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Abstract A stable and specific electrochemical biosensor
based on a poly(3,4-ethylenedioxythiophene)—ethyl sulfate
(PEDOT-EtSO,4) matrix with high conductivity and stabil-
ity was easily fabricated. 1-Ethyl-3-methylimidazolium eth-
yl sulfate ([Emim][EtSOy4]), a halogen-free and relatively
hydrolysis-stable hydrophilic ionic liquid, was selected as
the supporting electrolyte for the one-step electrosynthesis
of the PEDOT-EtSO,4 matrix under the optimum conditions.
The PEDOT-EtSO,4 matrix electrosynthesized in the [Emi-
m][EtSO4] aqueous solution displayed high conductivity
and stability. Inspired by preceding studies, the electrochem-
ical biosensor based on the resulting PEDOT-EtSO,4 matrix
was facilely developed to determine the vitamin C (VC)
level in commercial juices. Ascorbate oxidase (AO) was
dip-coated on the surface of the as-prepared matrix, then
Nafion was covered on the surface of AO layers for pre-
venting the leakage of enzyme molecules. The fabricated
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biosensor displayed an excellent bioelectrocatalytic activity
to the oxidation of VC. Under optimal conditions, the fab-
ricated amperometric biosensor showed rapid response (less
than 2 s) to VC at a low potential of 0.2 V over a wide range
of concentrations from 8.0x107 to 1x10™> M with a high
sensitivity of 104.8 mA M ' cm 2, and the limit of detection
and the limit of quantification of presented method was
0.147 uM and 0.487 uM, respectively. Moreover, the bio-
affinity, specificity, stability, and reproducibility of the bio-
sensor were also evaluated. Finally, the biosensor was
employed to determine the content of VC in commercial
juice samples by amperometric and voltammetric methods.
The satisfactory results indicated that the as-prepared con-
ducting PEDOT-EtSO, films as immobilization matrix of
biologically active species could be a promising candidate
for the design and application of biosensors.

Keywords Biosensors - Poly(3,4-ethylenedioxythiophene) -
Ionic liquids - Ascorbate oxidase - Vitamin C

Introduction

The electrochemistry of inherently conducting polymers
(ICPs) in ionic liquids (ILs) has attracted considerable attention
in recent years [1-3]. Moreover, the utility of ICPs in ILs is
very promising for actuators, batteries, supercapacitors, light-
emitting electrochemical cells, electrochromic windows and
displays, photovoltaic cells, sensors, and biosensors [3—6].
Anions of the most common ILs are mainly halogen anions
such as hexafluorophosphate anion and tetrafluoroborate an-
ion [7]. These ions are known to be decomposed in water; as a
result, toxic and corrosive species such as hydrofluoric and
phosphoric acids are formed [7, 8], which has an adverse
effect on the bioactivity of organism, tissue, cell, and biolog-
ically active macromolecules. Interestingly, ILs with alkyl
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sulfate anions are halide-free and relatively hydrolysis-stable
compounds, which would be a promising alternative to indus-
trial application. These ions can avoid the liberation of toxic
and corrosive materials into the environment Thus, ILs with
alkyl sulfate anions are very beneficial to improve the perfor-
mance of biosensors, especially biosensors intimately associ-
ated with biologically active species.
1-Ethyl-3-methylimidazolium ethyl sulfate ([Emi-
m][EtSO,4], Scheme 1) is one of halogen-free and relatively
hydrolysis-stable ILs with alkyl sulfate anions. In addition to
physicochemical properties of the most common ILs, [Emi-
m][EtSO,] also possesses a number of desirable features such
as simple preparation, low cost, non-toxicity, hydrophilicity,
and stability in air [9]. [Emim][EtSO4] has been attracting
increasing attention due to amazing physicochemical proper-
ties [10—16] since this ionic liquid [9] was firstly synthesized.
Meanwhile, [Emim][EtSO,] has also been the focus of many
scientific investigation for widespread application such as
extraction [17], separation [18, 19], synthesis [20, 21], cataly-
sis [22], solubility [23], and the design of highly sensitive and
selective biosensors [24—29]. In conclusion, [Emim][EtSOy,],
the availability, application, and combination of a wide range
of ICPs with new biosensing techniques, could cause a re-
markable innovation in the design and construction of biosens-
ing devices, especially the electrochemical ones. Recently,
Bernardes et al. [30] reported four distinct structural regimes
of [Emim][EtSO,4] aqueous solution in the full concentration
range (isolated water molecules, chain-like water aggregates,
bicontinuous system, and isolated ions or small ion clusters).
Moreover, [Emim][EtSO,4] aqueous solution is also a cost-
efficient and “green” solvent system for electrochemistry.
Therefore, the preparation of high-performance and non-
toxicity ICPs in [Emim][EtSO,4] aqueous solution system is
significant in the immobilization of biologically active species.

Poly(3,4-ethylenedioxythiophene) (PEDOT), one of the
most stable and promising ICPs currently available, has
been widely applied in the development and application of
electrochemical biosensors and used as immobilization
materials of biologically active species. Recently, the elec-
trochemical synthesis and behaviors of PEDOT films in ILs
system with various pure ILs have been reported [31-37],
and their properties and application in sensing and biosens-
ing devices have also been studied. These biosensors fabri-
cated in ILs exhibited excellent performance and good anti-
interference to impurities [38, 39], which is very beneficial
to the design and application of biosensors.

Biosensor technology as a novel method for the determi-
nation of VC can overcome many disadvantages of tradi-
tional methods, including tedious and time-consuming
multi-step procedures, interference resulting from colored
substances or impurities present in real samples, and the
high cost of equipment, reagent, and operator training
[40-42]. Enzymatic method is more sensitive, accurate,
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specific, and efficient than traditional methods. Unfortunate-
ly, the use of expensive ascorbate oxidase (AO; EC 1.10.3.3,
Scheme 1) in routine measurement is uneconomical. The
AO-based biosensor technology for the determination of
vitamin C (VC) is an economical, practical, specific, accu-
rate, fast, efficient, and sensitive method. Hence, a variety of
AO-based biosensors for the direct or indirect determination
of VC content were developed by different materials and
methods (Table S3). Moreover, electrochemical methods
have also been employed for the fabrication of efficient
biosensors either directly or in combination with other ana-
lytical methods [43—45].

Water is still an excellent, non-toxic, and inexpensive sol-
vent system compared with other solvent system in electro-
chemistry of ICPs. Hence, an ionic liquid—water mixture
system is an excellent, non-toxic, and cost-effective system
for electrochemistry of ICPs by combing advantages of the
two. In our previous work, the electrosynthesis of PEDOT
films in ILs/surfactant/H,O system indicated that IL-in-water
(IL/W) was the optimal system for the electropolymerization
of EDOT in comparison with water-in-IL (W/IL) and bicon-
tinuous, while the electropolymerization of EDOT did not
happen in W/IL [46]. In addition, AO-based electrochemical
biosensors based on PEDOT—carbon nanotubes for the detec-
tion of VC have also been studied [47, 48]. To the best of our
knowledge, so far, there is no report on the fabrication of the
biosensor based on the PEDOT—EtSO,4 matrix.

In the present work, the electrochemical synthesis and
behavior of PEDOT-EtSO, films were investigated in aqueous
solution containing various concentrations of [Emim][EtSO,].
Then a novel electrochemical biosensor based on the entrap
immobilization of AO on the surface of PEDOT-EtSO, mod-
ified glassy carbon disk electrode (GCE) for amperometric and
voltammetric detection of VC was simply fabricated. Finally,
the performance of the as-fabricated PEDOT-EtSO,4/AO/
Nafion biosensor was evaluated, and the VC in commercial
juices was also electrochemically determined using the
obtained biosensor at the same time.

Experimental section
Chemicals

AO (from cucumber Cucurbita sp), EDOT, and poly(sodi-
um 4-styrenesulfonate) (NaPSS, molar mass=70,000) were
purchased from Aldrich. [Emim][EtSO,4] was obtained from
Tokyo Chemical Industry Co., Ltd. Five percent Nafion
solution was obtained from DuPont Co., Ltd. Disodium
hydrogen phosphate dodecahydrate (Na,HPO,4 12H,0), so-
dium dihydrogen phosphate dihydrate (NaH,PO42H,0),
lithium perchlorate trihydrate (LiClO4-3H,0), and potassi-
um chloride (KCl) were purchased from Sinopharm
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Scheme 1 Electrochemical
preparation procedures and
mechanism of PEDOT-EtSO,4
matrix in [Emim][EtSOy4]
aqueous solution containing
EDOT, and the working
mechanism of the fabricated
biosensor for the detection of

VC
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Working mechanism of fabricated biosensor

Chemical Reagent Co., Ltd. Fifty millimolar of phosphate-
buffered solution (PBS, pH=6.5) was prepared from 50 mM
NaH,PO4-2H,0 aqueous solution and 50 mM Na,H-
PO,4 12H,0 aqueous solution. VC was purchased from Bio
Basic Inc. All reagents were analytical grade and used as
received without further purification. All solutions were
prepared using deionized distilled water.

Electrochemical measurements

All electrochemical experiments were performed in a three-
electrode cell. A GCE with a diameter of 3 mm was used as
working electrode, and a platinum wire with a diameter of
0.5 mm served as counter electrode. The reference electrode
was a saturated calomel electrode (SCE). The counter elec-
trode was carefully polished with abrasive paper (1500
mesh). The GCE was polished with alumina (Al,O3,
0.05 pum). Then the counter electrode and GCE were ultra-
sonically cleaned in turn with ethanol and deionized dis-
tilled water each for 5 min, respectively. Finally, they were
dried in air before each experiment. All solutions (except for
the solution containing VC) were deoxygenated by bubbling
with dry argon for 10 min prior to each experiment. All
experiments (except for the solution containing VC) were
performed under slight argon overpressure. [Emim][EtSO,4]
was used as supporting electrolyte for studying electrochem-
ical polymerization of EDOT and electrochemical properties
of PEDOT-EtSO, films. PEDOT-EtSO, films were

electrosynthesized in 10 mM EDOT aqueous solution with
different concentrations of [Emim][EtSO,4]. Cyclic voltam-
mograms (CVs) of monomer and polymer were obtained at
a potential scan rate of 100 mV s~ '. Electrochemical imped-
ance spectroscopy (EIS) of PEDOT-EtSO, modified GCE
was recorded at dc potential of 0.3 V vs. SCE, E,.=10 mV,
and the frequency range from 10 kHz to 0.1 Hz according to
the potential (E4.=0.3 V) of CVs of PEDOT-EtSO,4 modi-
fied GCE.

Electrochemical preparation of PEDOT-EtSO,4 matrix

The PEDOT-EtSO,4 matrix was prepared by one-step poten-
tiostatical polymerization in 10 mM EDOT aqueous solution
with different concentrations of [Emim][EtSO,4] at an ap-
plied potential of 1.10 V vs. SCE for 90 s on the surface of
bare GCE (Scheme 1). Then the matrix was washed repeat-
edly with double-distilled deionized water to remove [Emi-
m][EtSO,4] and EDOT. Electrochemical properties of
PEDOT-EtSO,4 matrix were investigated in monomer-free
aqueous solution with corresponding concentrations of
[Emim][EtSO,4] by CVs and EIS.

Fabrication of PEDOT-EtSO4/AO/Nafion electrode
Five microliters of 0.3 gL' AO was dip-coated on the

surface of PEDOT-EtSO4 modified GCE using a Finnpip-
ette. After PEDOT-EtSO4/AO modified GCE was dried in
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air, 5 uL of 5% Nafion solution was dropped on the surface
of AO layer to prevent possible enzyme molecules leakage
and eliminate foreign interferences. Then PEDOT-EtSO,/
AO/Nafion modified GCE was allowed to air-dry at room
temperature (Scheme 1), and the obtained PEDOT-EtSO,/
AO/Nafion modified GCE was stored in PBS at 4 °C when
not used.

Measurements of VC electrochemical biosensor

The steady-state current response (/) of the fabricated bio-
sensor for the amperometric detection of VC was carried out
in VC standard solution at a working potential of 0.2 V vs.
SCE. Different concentrations of VC ([VC]) standard sol-
utions were prepared using 50 mM PBS (pH=6.5). The
PEDOT-EtSO4/AO/Nafion modified GCE served as the
working electrode. All electrolysis cells were set in a ther-
mostat, in which the temperature can be set constant at 25 ©
C. In addition, peak current densities of the fabricated bio-
sensor for the voltammetric detection of VC was also
recorded in PBS containing different [VC] at potential scan
rate of 100 mV s '. In steady-state amperometric experi-
ments, current-time (/) curves for the successive addition
of VC standard solutions or sample solutions to a stirred cell
with a stirring rate of 400 rpm at an operating potential of
0.2 V vs. SCE were recorded.

Working mechanism of VC electrochemical biosensor

The working mechanism of the fabricated biosensor for the
bioelectrocatalytic oxidation of VC could be summarized as
follows: the biosensor could facilitate the bioelectrocatalytic
oxidation of VC to L-dehydroascorbic acid (DHA) and
water (H,O) in the presence of oxygen (O,), and then the
PEDOT-EtSO, acted as a direct electron-transfer mediator.
AO molecules immobilized on the surface of PEDOT—
EtSO4 matrix could specifically recognize and bind to the
two reactants VC and O,. Then complex enzyme-catalytic
process occurred, and a series of signals were accompanied
and converted into electrical signals. Meanwhile, these elec-
trical signals were captured by PEDOT-EtSO, matrix and
transferred to GCE. Finally, they were detected and recorded
by potentiostat—galvanostat under computer control. Nafion
layer prevented the possible leakage of AO molecules and
eliminated foreign interferences.

Determination of VC content in commercial juices

All commerecial juices containing VC were purchased from a
local supermarket. VC sample solutions were prepared from
kinds of commercial juices containing VC and 50 mM PBS
(pH=6.5). Finally, the content of different VC sample sol-
utions was determined by amperometric and voltammetric
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methods using the fabricated VC electrochemical biosensor.
Values were calculated by linear equation of the fabricated
biosensor.

Apparatus

All electrochemical experiments were performed with a
potentiostat—galvanostat (Model 263A; EG&G Princeton
Applied Research). Samples were added with the Finn pi-
pette (Labsystems, Helsinki, Finland). The pH value was
measured with a Delta 320 pH meter (Mettler-Toledo In-
strument, Shanghai, China). The temperature was controlled
with a type HHS thermostat (Shanghai, China). EIS meas-
urements were carried out using an Autolab Frequency
Response Analyzer System (AUT30.FRA2-Autolab, Eco
Chemie, BV, The Netherlands).

Results and discussion

Effect of [Emim][EtSO,4] concentration
on electropolymerization of EDOT

To electrochemically synthesize the high-quality and high-
performance PEDOT-EtSO, matrix of vitamin C electro-
chemical biosensor, the effect of [Emim][EtSO4] concentra-
tion on electropolymerization of EDOT was investigated in
an aqueous solution with different [Emim][EtSO4]
concentrations.

Chronoamperometry

EDOT was potentiostatically polymerized in aqueous solu-
tion with various [Emim][EtSO4] concentrations at an ap-
plied potential of 1.1 V (Fig. 1). Current densities firstly
ascended sharply for lower [Emim][EtSO4]concentrations
or declined for higher [Emim][EtSO,4] concentration, and
then reached a plateau (Fig. 1 inset). This phenomenon
was attributed to the electropolymerization mechanism of
EDOT. Only a very limited amount of PEDOT-EtSO, films
could be obtained on the bare GCE surface when molar
ratios of [Emim][EtSO4]J/EDOT were lower than 1:4 or
higher than 80:1, indicating that the concentration of [Emi-
m][EtSO4] strongly influenced the electrosynthesis of
PEDOT-EtSO, films. The concentration of dissociated ions
in aqueous solution was very low when the concentration of
[Emim][EtSO4] was lower, which would adversely affect
the electropolymerization of EDOT due to the lower con-
centration of the supporting electrolyte. The viscosity of
[Emim][EtSO,4] increased with increasing the concentration
of [Emim][EtSO,4]. As a result, the formation of EDOT"®
and PEDOT-EtSO, films and diffusion processes would be
hindered during the formation of PEDOT-EtSO, films
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(Scheme 1). In addition, PEDOT-EtSO, films were easily
prepared at molar ratios of [Emim][EtSO,4] to EDOT be-
tween 1:1 and 40:1, revealing that the effect of the concen-
tration of [Emim][EtSO4] on the electropolymerization of
EDOT could be attributed to structural features of [Emi-
m][EtSO,4] aqueous solution [30]. Isolated water molecules
and isolated ions or small ion clusters are unsuitable for
electrochemical preparation of PEDOT-EtSO, films at very
low or high concentration of [Emim][EtSO,], while chain-
like water aggregates and bicontinuous system are beneficial
to the electrosynthesis of PEDOT-EtSO, films in aqueous
solution with the appropriate [Emim][EtSO,4] concentration.
Therefore, an optimal molar ratio of 10:1 was chosen for the
electrosynthesis of PEDOT-EtSO, films and used in the
following experiment based on results presented above and
a series of comparison experiments.

In addition, the thickness of PEDOT-EtSO, matrix was
also studied in the aqueous solution with different [Emi-
m][EtSO,4] concentrations. A set of current transients were
shown in Fig. 1 inset during electropolymerization of EDOT
containing different concentrations of [Emim][EtSO,4]. Two
or more stages were clearly observed at different concen-
trations of [Emim][EtSO,]. The initial stage in electropoly-
merization of EDOT was a combination of instantaneous 2D
and 3D mechanisms since electropolymerization of EDOT
was under charge transfer control rather than diffusion. In
the later stage in electropolymerization of EDOT, layer-by-
layer growth mode was in accordance with the Stranski—
Krastanov model [49-51]. It is an important feature that the
layer-by-layer growth mode demonstrates the electrochem-
ical feasibility of ultrathin PEDOT films, and this plays an
important role in modern biosensors [49—51]. In comparison
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Fig. 1 The potentiostatical polymerization of EDOT in different con-
centrations of [Emim][EtSO,4] aqueous solutions. /nset: chronoampero-
metric curves recorded with molar concentration ratios of EDOT/
[Emim][EtSO4]=1:1, 1:2, 1:5, 1:10, 1:40, and 1:80

with electropolymerization of EDOT with different concen-
trations of [Emim][EtSO,], the nucleation process took least
time at approximately 100 mM [Emim][EtSO,], further
indicating that the electropolymerization of EDOT was
greatly influenced by the viscosity and concentration of
[Emim][EtSO4]. The thickness of PEDOT-EtSO, films
was controlled by the total charge passed through the cell,
which was read directly from /—¢ curves displayed on a
computer. In our previous studies [51], the thickness of films
directly influenced the performance of biosensor based on
PEDOT matrix. Therefore, a deposition time of 90 s was
selected for subsequent experiments.

Cyclic voltammetry

EDOT was electrochemically polymerized by successive
CVs between —0.95 V and 1.15 V vs. SCE in different
concentrations of [Emim][EtSO,4] (Fig. 2). As shown in
Fig. 2a and f, the successive CVs of EDOT exhibited
similar characteristics at very low or high concentrations
of [Emim][EtSO4]. The increase of redox current densi-
ties was not obvious with increasing the cycle numbers
of potential scan, implying that the electropolymerization
of EDOT was significantly influenced at very low or
high concentrations of [Emim][EtSO,4]. The main reason
resulted in the phenomenon was in agreement with that
mentioned above. The increase of redox current densities
(Fig. 2b—e) was very clear with increasing the cycle
numbers of potential scan when concentrations of [Emi-
m][EtSO,4] were in the range 10 to 400 mM, suggesting
that the amount of conducting polymers electrodeposited
on the surface of bare GCE increased. Moreover, cathod-
ic peaks at about —0.5 V were very visible, and clear
broad anodic waves appeared between 0 and 0.8 V.
However, cathodic peaks gradually disappeared and an-
odic waves significantly weakened (Fig. 2e—f) when the
concentration of [Emim][EtSO4] increased gradually,
which was similar with our reports [51]. This phenome-
non was related to the electropolymerization mechanism
of EDOT of physicochemical properties of [Emi-
m][EtSO4] (Scheme 1). Successive CVs of EDOT in
Fig. 2c and d showed better characteristics in comparison
with other successive CVs of EDOT in Fig. 2, indicating
that the electropolymerization of EDOT easily proceeded
at appropriate concentration range, which was in accor-
dance with electropolymerization of EDOT in ILs micro-
emulsion [46]. In addition, visual inspection revealed
that large amounts of PEDOT-EtSO, films were
obtained on the surface of bare GCE. The molar ratios
of [Emim][EtSO4]J/EDOT were 10:1, and the successive
CVs of EDOT in Fig. 2d illustrated best characteristics,
which further indicated that a molar ratio of 10:1 was
deemed optimal and used in subsequent experiments.
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Fig. 2 Successive CVs of
EDOT at molar concentration
ratios of [Emim][EtSO,]/
EDOT=a 4:1, b 1:1, ¢ 1:5,

d 1:10, e 1:40, f 1:80

0.35 mA cm”

Potential / V vs. SCE

Electrochemical behaviors of PEDOT-EtSO, films

Electrochemical properties of the electrode matrix directly
influenced the performance of the electrochemical biosensor,
hence electrochemical behaviors of the prepared PEDOT—
EtSO,4 matrix were also studied in a monomer-free aqueous
solution with corresponding [Emim][EtSO,4] concentration.

Cyclic voltammetry of PEDOT-EtSO, films

Electrochemical behaviors of PEDOT-EtSO, films deposit-
ed potentiostatically in different concentrations of

@ Springer
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[Emim][EtSO,4] were investigated in monomer-free aqueous
solution with corresponding [Emim][EtSO4] concentration
(Fig. 3a). Cyclic voltammetric curves did not show any clear
oxidation or reduction peaks in the potential range —0.3 to
0.3 V, but merely a rectangle-like shape (Fig. 3a), indicating
good capacitive characteristics of PEDOT—EtSO, films. In
addition, values of voltammetric charges (Ocv) and voltam-
metric capacitances (Ccy) at E4.=0.3 V for obtained
PEDOT-EtSOy, films are listed in Table S1. A concentration
of 100 mM seems to be a turning point. Ocy and Ccy values
gradually increased with increasing the concentration of
[Emim][EtSO4] in the range of 12.5 to 100, which was
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Fig. 3 Electrochemical
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associated with the doping level of PEDOT films. QOcy and
Ccv values gradually decreased with increasing concentra-

log f( f/ Hz)

scanned in monomer-free aqueous solution with 100 mM
[Emim][EtSO,4] at the potential scan rate of 100 mV s

—-1.

>

tion of [Emim][EtSO4] in the range of 100 to 400 mM,
which might influence the doping level of PEDOT films.
In addition, PEDOT-EtSO, films were continuously

almost unchanged current densities of polymer films
revealed that obtained PEDOT-EtSO, films have good
electrochemical activity and stability, which is very
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beneficial to the design and application of biosensors. Cy-
clic voltammetric responses of PEDOT films electrosynthe-
sized in [Emim][EtSO4] aqueous solution also compared
with that obtained in the traditional supporting electrolyte
aqueous solution such as PSSNa and LiClO4 (Fig. S1A);
anodic and cathodic peak current densities of PEDOT-
EtSO, films were obviously increased. Enhanced peak cur-
rent densities indicated the high electrical conductivity of
dopant (EtSO,4 ) in PEDOT films. Moreover, the peak-to-
peak separation of 100 mV of PEDOT-EtSO, was much
lower than that of 122 mV of PEDOT-PSS and PEDOT-
ClOy. The smaller peak-to-peak separation indicated a faster
electron transfer of the dopant (EtSO,4 ) in PEDOT films.

Impedance plots of PEDOT-EtSO, films

EIS is an effective method for probing features of the
surface-modified electrode. Therefore, the impedance
spectra of the PEDOT-EtSO,4 modified GCE was studied
in the [Emim][EtSO4] concentration range of 6.25 to
800 mM (Fig. 3b—e). Bode and Nyquist plots of the as-
prepared PEDOT-EtSO,4 modified GCE were recorded by
EIS. All Bode plots of the PEDOT-EtSO,4 modified GCE
demonstrated the frequency dependence of the magnitude
|Z] and phase angle () (Fig. 3b, e) and were separated
into three regions: the high-frequency region, medium-
frequency region, and low-frequency region. Nyquist
plots are shown in Fig. 3b with the real part (Z..) on the
X-axis and the imaginary part (Z;,,) on the Y-axis. From all
Nyquist plots of PEDOT-EtSO,4 modified GCE (Fig. 3b),
two distinct regions can be seen: a Warburg diffusion
impedance with a characteristic 45° slope at high frequen-
cy range and a nearly vertical line which represents a pure
capacitive region in the low frequency range, which was
similar with Nyquist plots of most PEDOT films reported
in previous studies [50, 52].

In the high-frequency region in Bode plots, |Z| value was
weakly dependent on frequency, and the phase angle was
near zero (Fig. 3c). Moreover, The |Z] value decreased with
the increase in [Emim][EtSO,4] concentration, which was
related to the doped level of anions (EtSO, ). The ionic
conductivity of ILs increased with increasing ILs concen-
tration in lower concentration range [46], which could de-
crease ionic resistance of PEDOT—EtSQO, films and improve
the conductivity of polymer films. The high-frequency re-
gion in Nyquist plots, a Warburg-like region, was presented
by a line inclined at approximately 45° in complex plane;
this was similar to previous reports on EIS of oxidized
PEDOT film electrodes [54, 55]. The high-frequency inter-
section with the Z,. axis depends strongly on the concentra-
tion of [Emim][EtSO4] and is consequently determined by
the solution resistance (R). R (Table 1) was found to be
inversely proportional to the concentration of the supporting
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electrolyte ([Emim][EtSO,]), which was in good agreement
with the literature [54].

In the middle-frequency range, “knee frequency”, the
crossing of the high-frequency inclined line with the low-
frequency vertical line divided Nyquist plots into the high-
and low-frequency region (Fig. 3b inset). Knee frequencies of
PEDOT-EtSO, modified GCE were derived approximately
from the enlarged Nyquist plots in Fig. 3b inset and are listed
in Table 1. Knee frequencies increased with the increase in
[Emim][EtSO,4] concentration, and higher knee frequencies
revealed that PEDOT-EtSO, films had faster charge transfer.
As can be seen from logf—C plots in Fig. 3d, the whole
capacitance was reached below “knee frequency”; the capac-
itance strongly depended on the frequency for higher values.

The region where log f—log |Z] plots displayed a slope
close to —1 can be regarded as the low-frequency region
(Fig. 3c). The capacitance (C) of conducting polymer films
was calculated according to the equation C = (27/Zin) ",
where f is the frequency of the impedance and Z,, is the
imaginary part of the impedance [50, 53]. The characteriza-
tion of near —1 slope in Fig. 3¢ indicated that this region was
a typical capacitive behavior (Fig. 3d).

The low-frequency region in Nyquist plots was related to
the capacitance of the PEDOT-EtSO, modified GCE
(corresponding to low-frequency region of Bode plots).
The Z;, of all impedance sharply increased and all plots
tended to a vertical line at the low-frequency region, indi-
cating a good capacitance behavior. Maximum capacitance
values (Cp,ax) Were calculated from Z;,, value at the lowest
frequency (0.1 Hz) using the equation mentioned above.
The data are presented in Table 1; C,,. values gradually
increased with increasing concentration of [Emim][EtSOy4]
when the concentration of [Emim][EtSO4] was less than
100 mM, while C,,,x values gradually decreased with in-
creasing concentration of [Emim][EtSO,4] when the concen-
tration of [Emim][EtSO,4] exceeded 100 mM (Fig. 3d),
indicating that a concentration of 100 mM was a turning
point. The main reason was relative to the doping level and
viscosity of [Emim][EtSO,]. In addition, C,,,x values were
also in accordance with that in EIS capacitance (Cgg),
which was directly read from an Autolab Frequency Re-
sponse Analyzer. However, the variation trend between Z;;,,
and the [Emim][EtSO4] concentration was contrary to the
variation trend between C,,,x and [Emim][EtSO,4] concen-
tration according to the equation mentioned above. Similar-
1y, Zim,» Zie, and |Z] followed a similar trend (Table 1). These
results also indicated that 100 mM [Emim][EtSO,4] was the
optimal concentration, and obtained PEDOT-EtSO, films
had better electrochemical properties in comparison with
other concentrations of [Emim][EtSOy].

The ionic resistance (R;.,) of PEDOT-EtSO, films was

calculated by Rj,, = 3 {Z{OW — leligh:| , where Z{OW is the low-
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Table 1 Bode and Nyquist plots of the PEDOT-EtSO, matrix recorded using the Autolab Frequency Response Analyzer System

[Emin][EtSO4] (mM) 800 400 200 100 50 25

Zee (kQ) 1.33 1.33 0.994 0.856 1.694 2216
Zim (kQ) 13.59 12.86 8.723 6.089 7.705 7.861
Cpis (UF) 117.2 123.9 182.5 261.5 206.7 202.6
Knee (Hz) 10 6.30 3.98 3.16 1.26 1

@ ~84.38° ~84.06° ~83.46° ~81.91° ~77.3° ~73.62°
R, (Q) 211.6 281.5 388.3 506.1 1197.1 1689.5
Zi () 2513 346.1 464.6 593.5 1372.8 1882.4
Rion (Q) 119.1 193.8 2289 2622 527.1 578.7
Crnax (UF) 117.75 124.53 183.74 264.2 211.86 211.13
2] (kQ) 13.52 12.79 8.666 6.028 7.526 7.542

The PEDOT-EtSO,4 matrix was prepared by one-step potentiostatical polymerization in 10 mM EDOT aqueous solution with different concen-
trations of [Emim][EtSO4] at an applied potential of 1.10 V vs. SCE for 90 s on the surface of bare GCE. EIS results of PEDOT-EtSO, modified
GCE were recorded at dc potential of 0.3 V vs. SCE, E,.=10 mV, and the frequency range from 10 kHz to 0.1 Hz. Z., Z,,, Cgs, |Z|, and @ were
obtained from Autolab Frequency Response Analyzer at the frequency of 0.1 Hz

frequency limiting resistance, which was obtained by the real
axis intercept of a linear regression through the low-frequency
data; Z}’ligh is the high-frequency intercept with the real imped-
ance axis [55]. It can be seen that the length of the Warburg-
like region (N Ziow — Z{ﬁgh> decreased with increasing con-

centration of [Emim][EtSO,] (Table 1), indicating that the R;,,
of PEDOT-EtSO, films increased with decreasing concentra-
tion of the supporting electrolyte ([Emim][EtSO4]]). The low-
er R;,, suggested that the ion transport in PEDOT-EtSO4
films was much faster. In addition, PEDOT-EtSO, films
obtained in 100 mM [Emim][EtSO,4] aqueous solution has
lower resistance according to results mentioned above and
presented in Table 1, revealing that the as-prepared PEDOT—
EtSO,4 matrix in IL/W containing 100 mM [Emim][EtSOy4]
had good electrochemical properties. Moreover, the lower R,
also implied that the as-prepared PEDOT-EtSO, films had
higher conductivity.

To further confirm electrochemical properties of obtained
PEDOT-EtSO, films, Nyquist and Bode plots of PEDOT—
EtSO, films also compared with that of PEDOT films
obtained in the traditional supporting electrolyte such as
PSSNa and LiClO4 (Fig. SIB and C). In the high-
frequency region in Bode plots, the |Z| value of PEDOT-
EtSO,4 modified GCE at phase angle close to zero was
minimum (Fig. S1B), suggesting that [Emim][EtSO,4] pos-
sessed higher ionic conductivity than PSSNa and LiClOy,
which decreased the R;,, of PEDOT modified GCE, indi-
cating that the obtained PEDOT-EtSO, films had better
conductivity due to lower resistance. Furthermore, Bode
plots also revealed that PEDOT-EtSO,4 had maximal capac-
itance and @. In Nyquist plots of PEDOT-EtSO,4 modified
GCE (Fig. S1C), it was found that the resistance of
PEDOT-EtSO,4 modified GCE in 0.1 M KCI aqueous solu-
tion containing 5 mM Fe(CN)s>"* redox couple was

significantly lower than that PEDOT-PSS (PEDOT-CIO,)
modified GCE in 0.1 M KCl aqueous solution containing
5 mM Fe(CN)s> ™ redox couple (Table S2 and Fig. S1C);
these could be ascribed to the effect of the ionic conductivity
on doping ions. Moreover, in CVs of PEDOT-EtSO,4 mod-
ified GCE, the reduced peak-to-peak separation and en-
hanced voltammetric peak current densities were observed
in comparison with PEDOT-PSS (PEDOT—CIO,4) modified
GCE (Fig. S1A), suggesting that the PEDOT-EtSO4 mod-
ified GCE exhibited a fast electron transfer. Hence, the
prepared conducting PEDOT-EtSO, matrix with good elec-
trochemical properties would be beneficial for the subse-
quent development and application of biosensing devices.

Detection of VC
Voltammetric detection of VC

Figure 4 shows peak current densities of the biosensor for
the bioelectrocatalytic oxidation of VC. It could be seen that
the bioelectrocatalytic oxidation of VC began to appear
from —0.05 V and reached a maximum value at approxi-
mately 0.15 V. Moreover, peak current densities gradually
increased with increasing the [VC], suggesting that the
fabricated biosensor possessed an excellent bioelectrocata-
lytic performance for the bioelectrocatalytic oxidation of
VC. In addition, the oxidation peak potential of the biosen-
sor for the bioelectrocatalytic oxidation of VC was gradually
shifted to a less-positive potential when [VC] was higher
than 1 mM, which ascribed to the consumption of dissolved
O, in surrounding enzymes.

The linear relationship between peak current densities and
[VC] is shown in Fig. 4 inset. Obviously, the value of peak
current densities linearly increased with increasing the [VC],
revealing that the unknown content of VC could be
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Fig. 4 The oxidation peak current of the fabricated biosensor in PBS
containing different [VC], an increment in [VC] is 0.1 mM in concen-
tration range from 0.2 to 1 mM and 1 mM in concentration range from
2 to 10 mM, respectively. /nset: the linear portion of [VC] range

successfully detected using the fabricated biosensor. Moreover,
the biosensor showed a linear range up to 1 mM (y=0.196x+
0.2668, R*=0.9947) with a sensitivity of 191.6 mA M "' cm >
(from the slope of the linear part in Fig. 4 inset). The limit of
detection (LOD) and limit of quantification (LOQ) were cal-
culated using the following equations:

LOD = 3s/m LOQ = 10s/m

where s is the standard deviation of the peak current of the
lowest concentration of the linearity range and m is the slope of
linear equation in Fig. 4 inset. LOD and LOQ were calculated
as 0.0742 mM and 0.2474 mM, respectively. These results
indicated that the fabricated biosensor had an excellent perfor-
mance for the bioelectrocatalytic oxidation of VC. Oxidation
peak densities displayed a gradual deviation from linearity
when [VC] was higher than 1 mM, possibly because insuffi-
cient amounts of the dissolved O, due to the consumption of
the dissolved O, in surrounding enzyme.

Amperometric determination of VC
Working potential

Changes in current responses of the fabricated biosensor at
different working potentials are shown in Fig. S2. The
working potential of the biosensor is in a range of —0.1 to
0.2 V; [ increased rapidly in the beginning, and then reached
a steady state within 2 s, which indicated that the current
response of the biosensor was controlled by kinetics of the
enzyme-catalyzed reaction and electrochemical processes.
However, current responses became almost constant when
the working potential varied from 0.2 to 0.5 V, indicating
that the biosensor response was limited by the diffusion of
substrates and products.

@ Springer

The relationship between current responses and working
potentials indicated that very little working potential depen-
dence was observed at potential above 0.2 V. A lower
working potential was desirable for avoiding the interfer-
ence of reducing agents in real samples. Therefore, the
working potential of 0.2 V was selected as the optimal
working potential of the as-fabricated biosensor for subse-
quent experiments. Moreover, the working potential was
significantly lower than that in previous reports (Table S3).

Current—time curves

The bioelectrocatalytic performance of the fabricated bio-
sensor towards the oxidation of VC was investigated by
chronoamperometry. Figure 5 shows /¢ plots of the biosen-
sor in PBS containing various [VC] at the working potential
of 0.2 V. Obviously, current responses gradually increased
with increasing the [VC], revealing that this method is
suitable for detecting the unknown content of VC. I-[VC]
relationship revealed that there was a wide linearity of the
current response versus [VC] from 8.0x1077 to 1x10° M
(y=0.1048x+0.0009, R*=0.9997), with a sensitivity of
104.8 mA M' ¢cm 2, LOD of 0.147 uM, and LOQ of
0.487 uM. In addition, /- curves of the biosensor exhibited
a fast response time (approximately 2 s). However, the
response time gradually lengthened at higher [VC], and
the curve exhibited a gradual deviation from linearity. The
main reason for this phenomenon is the consumption of
dissolved O, amounts resulting in the insufficient O, dis-
solved in surrounding enzyme, and AO molecules became
progressively saturated with increasing the concentration of
substrate. In contrast to previous reports, the analytical
performance of the AO-based biosensor is listed in Table
S3. From these results, we could see that the fabricated
biosensor had wider linear range, faster current response,
lower detection limit, and higher sensitivity, which ascribed
to superior electrochemical properties of the prepared con-
ducting PEDOT-EtSO,4 matrix.

Performance of VC electrochemical biosensor
Bioaffinity and bioactivity

The bioaffinity of the fabricated biosensor was obtained by
Lineweaver—Burk plots in Fig. 6a. Parameters were calcu-
lated by the Lineweaver—Burk equation as follows:

I Ky 11
1 I

max

[vei

IIITIaX
I(mapp (the apparent Michaelis—Menten constant) and I,
(the apparent maximum steady—state current response) val-

ues were calculated by the equation above. After linear

ax
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Fig. 5 It plots of the fabricated biosensor for addition of successive
aliquots of VC in PBS under optimized experimental conditions. /nset:
current responses of the biosensor for the bioelectrocatalytic oxidation
of VC in different [VC] and the linear portion of [VC] range

regression, an equation of the form y—A4+Bx was obtained.
The inverse of 4 is I,

max?

as at that point, x is zero; whereas
/

Ky 18 calculated as B (4)"', as at that point, y is zero.

K;napp and I, values were 8.688 mM and 1.051 mA cm 2,

respectively. These values were significantly lower than that
in our previous reports [50, 51]. Michaelis—Menten constant

a
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Fig. 6 The bioaffinity and bioactivity of the fabricated biosensor and
I-[VC] relationship of the biosensor. /nset: Lineweaver—Burk plots of
the biosensor under optimized experimental conditions (a), the deter-
mination of E; of the biosensor (b)

is a measure of enzymatic affinity for substrates and corre-
sponds to the concentration of substrate at 1/2 V.. It is
inversely proportional to the enzymatic affinity for its sub-
strates. Therefore, the lower value of K;napp indicated the
high bioaffinity of the fabricated biosensor to substrates.

In addition, the apparent activation energy (E;) of the
fabricated biosensor was obtained by In 7 vs. 1/T graph in
Fig. 6b. The In 7 vs. 1/T graph depicts the relationship
between the Napierian logarithm of 7 and the inverse of
the temperature. The value of E, was calculated by the
Arrhenius equation as follows:

! /

E E
Ink =Inky— -2 = InJ/ =Inly — -2
n n Ky RT n nioy RT

After linear regression, an equation of type y=A4+Bx was
obtained, and then the apparent activation energy was
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Fig. 7 The stability of the fabricated biosensor: repeatability (a),
reproducibility (b), and storage stability(c)
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Fig. 8 Current responses of the fabricated biosensor were recorded in
constant VC solutions containing 1 mM different substances

calculated from E; = BR. The value of E; was
17.819 kI M "', which was much lower than that in previous
reports [51]. The lower value of E; meant that PEDOT—
EtSO4/AO/Nafion electrode possessed higher bioactivity
and bioaffinity towards substrates, which was in agreement

with the lower value of K;mpp.

Stability

The repeatability and reproducibility of the biosensor are
very important parameters when testing its analytical per-
formance. However, biologically active species have limited
stability, especially when they are removed from native
microdomains, and immobilized in the non-native matrix.
Thus, the reproducibility and repeatability of the fabricated
biosensor should be evaluated.

The repeatability of the fabricated biosensor in terms of
repetitive use in PBS containing 0.5 mM VC is presented in
Fig. 7a. The coefficient of variation was 0.476% for 50

successive assays, showing a fairly good repeatability of
PEDOT-EtSO4/AO/Nafion electrode.

The reproducibility of the fabricated biosensor was
evaluated via the comparison of the current response of
the prepared 13 PEDOT-EtSO4,/AO/Nafion electrodes.
These electrodes were tested independently for current
responses of VC bioelectrocatalytic oxidation (Fig. 7b),
providing a coefficient of variation value of 0.563%.
Good results indicated an efficient and reproducible im-
mobilization process for AO molecules on the surface of
conducting PEDOT-EtSO, matrix. The excellent repeat-
ability and reproducibility demonstrated the high stability
of the as-fabricated biosensor and the controllable process
for the quantity of enzyme.

The storage stability or shelf-life of the fabricated bio-
sensor was also assessed by its storage and operational
efficiency. To determine the storage stability or shelf-life
of the as-fabricated biosensor, measurements were carried
out periodically every day in the first 2 weeks and every
4 days in the second 2 weeks. The biosensor was used for
only this purpose and it was stored in PBS at 4 °C. No loss
of the bioactivity in current response was observed for
11 days and decreased approximately 6% after being stored
for 20 days (Fig. 7c). Moreover, 85.71% of bioactivity still
remained even after stored for 4 weeks. The high stability of
the as-fabricated biosensor also suggested that the as-
prepared conducting PEDOT-EtSO, matrix as enzyme car-
riers has high stability. [Emim][EtSO,4] and Nafion provide
the biocompatible environment for biologically active AO
macromolecules.

Specificity

Different substances such as carbohydrates, amino acids,
organic acids, and alcohols were used to test the specificity
of the biosensor. /-¢ curve in Fig. 8 showed that the addition
of 0.1 mM VC caused a noticeable change in current re-
sponse, while the successive addition of 1 mM 18

Table 2 The content of VC in commercial juices determined using the fabricated PEDOT-EtSO4/AO/Nafion biosensor, and VC sample solutions
containing 50 mM PBS (pH=6.5) prepared from kinds of commercial juices with VC content

Commercial drinks [VC] (mg/mL)

[VC] by amperometric method (mg/mL)*

[VC] by voltammetric method (mg/mL)*

Mean RSD % Recovery % Mean+SD RSD % Recovery %
Fruit blend 0.1 0.094 0.617 94 0.093 2.052 93
Vitamin water 0.2 0.195 0.468 97.5 0.192 1.208 96
Lemon juice 0.225 0.216 0.283 96 0.212 1.025 94.222
Mizone 0.2 0.194 0.391 97 0.193 1.105 96.5
Orange juice 0.13 0.124 0.395 95.385. 0.123 1.108 94.65

RSD relative standard deviation
* Average value of five replications
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compounds (glucose, fructose, sucrose, L-glutamic acid, L-
aspartic acid, DL-alanine, L-glycine, inositol, DL-malic acid,
oxalic acid, citric acid, edetic acid, thiamine, nicotinic acid,
mannite, sorbierite, melamine, and urea) did not cause an
significant change in current response, revealing that the as-
fabricated biosensor has good anti-interference ability, and
AO molecules and Nafion film provide good selectivity for
the determination of VC. In addition, the current response or
peak current of the as-fabricated biosensor was also deter-
mined in PBS containing a constant VC and 18 compounds
with the concentrations of 1x10™* and 1x107> M, respec-
tively. Results are listed in Table S4; these substances did
not cause significant interference in current responses of the
fabricated biosensor, further indicating that the as-fabricated
biosensor had good specificity.

Determination of VC in commercial juices

To establish the viability of the biosensor for real sample
analysis, Table 2 gives analytical results for the determina-
tion of VC in commercial juices. Values obtained by the
fabricated biosensor were in good agreement with that given
by the manufacturer, which demonstrated the feasibility and
reliability of the present method. Therefore, good results
indicated that the fabricated biosensor could be employed
to the determination and analysis of VC in real samples.

Conclusion

The conducting PEDOT-EtSO4 matrix with good electro-
chemical properties was easily prepared by the one-step
potentiostatical polymerization of EDOT in [Emim]
[EtSO4]-in-water with the appropriate concentration of
[Emim][EtSO4]. CVs and EIS results indicated that the
obtained PEDOT-EtSO,4 matrix had high conductivity
and stability. AO molecules were successfully immobi-
lized on the surface of the resulting PEDOT-EtSO, ma-
trix by the high selective Nafion layer. The fabricated
PEDOT-EtSO4/AO/Nafion biosensor could be employed
for direct, fast, and specific determination of VC in com-
mercial juices using amperometric and voltammetric
methods. In addition, the biosensor also exhibited high
bioaffinity, good bioactivity, wide linear range, fast cur-
rent response, low detection limit, pronounced sensitivity,
high stability, and good specificity. The good performance
of the fabricated biosensor and good results for the deter-
mination of VC in commercial juices will benefit agricul-
tural application in real samples in the near future, and the
obtained conducting PEDOT-EtSO, matrix as immobili-
zation matrix of biologically active species also provides
a promising platform for the development and application
of biosensing devices.
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