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A conducting polymer modified with sepiolite was utilized in the construction of a highly sensitive and
fast amperometric cholesterol biosensor. In this study a monomer; (10,13-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)dibenzo[a,c]phenazine (PHED)) was synthesized and then its polymer was coated on
a graphite electrode by electropolymerization to obtain a matrix for enzyme immobilization. Cholesterol
oxidase was immobilized onto polymer coated electrode by adsorption technique. Sepiolite was intro-
duced for a successful immobilization of the cholesterol oxidase. Immobilized enzyme kinetic parameters

Zg;v;?;etric biosensor (I(;,p". Imax) were evaluated by Michaelis-Menten kinetics and calculated as 0.031 mM and 6.06 A, respec-
Sepiolite tively. LOD and sensitivity were estimated as 0.36 uM and 1.64 mA/mMcm?. Characterization of designed

Clay biosensor was done to examine the effect of various factors such as enzyme amount, optimum pH and
shelf-life. A novel accurate and inexpensive cholesterol biosensor was developed for the determination

Conducting polymer
Cholesterol biosensor
Cholesterol oxidase

of total cholesterol in food samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Enzymes have several applications due to their unique proper-
ties such as high specificity, high catalytic efficiency and ability to
lower the activation energy. These properties are restricted with
some problems like instability and tendency to denaturation. In
order to overcome these problems use of immobilized enzyme is
the best solution [1]. Immobilization of enzymes has been widely
used in various industrial applications and construction of the
biosensors. Among the immobilization techniques, adsorption of
enzymes on solid supports is suggested to enhance their stabil-
ity against denaturation. This also enables the easy separation of
the enzyme from substrates. Via immobilization of enzyme on
a support, structure and activities of enzyme molecules can be
changed to achieve a stable and long-life biosensor [2,3]. Con-
ducting polymers (CPs) have been widely used in biosensors as
immobilization matrices [4,5] due to their good electrochemical
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and physical properties [6,7]. Besides polymer layer thickness can
be controlled during the electrochemical synthesis [8]. Moreover,
enzyme molecules can be easily fixed to the CP coated electrode
surface. In addition to use of CPs as immobilization matrices, inor-
ganic host matrices have many advantages such as high surface
area, mechanical strength, endurance to chemical inertness and
low production cost [2,9].

Cholesterol is a structural component of cell membrane and
fundamental for life. Development of reliable methods of quan-
titative cholesterol determination is very important since high
cholesterol level may cause narrowing of the arteries, hyperten-
sion and cardiovascular diseases [10,11]. Generally, cholesterol
is determined using spectrophotometric methods in both blood
and food samples [12]. However such methods are time consum-
ing, high cost due to expensive instrumentation and may contain
complicated procedures [13] where an expensive enzyme must
be used in each assay. However, biosensors have attracted much
attention among the devices for biochemical analyses due to their
good selectivity, cheapness, fast response and reproducibility [10].
The main purpose of this study is to constitute a new matrix for
the determination of cholesterol. Since immobilization of enzyme
molecules in suitable matrices is the main issue for the construction
of reliable biosensors; research on new immobilization matrices
for biomolecules has attracted much attention in the literature
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[14,15,8,16,17]. In the enzymatic reaction catalyzed by cholesterol
oxidase, cholesterol is oxidized to cholest-5-en-3-one by choles-
terol oxidase. Consequently, oxygen is used as the final acceptor
in enzymatic reaction to form hydrogen peroxide. Amperometric
measurement was monitored at -0.7V versus Ag reference elec-
trode by monitoring the decrease in oxygen level as a result of
enzymatic reaction.

In this study immobilization of cholesterol oxidase (ChOx)
was performed via adsorption technique within a conduct-
ing polymer of 10,13-bis(2,3-dihydrothieno|3,4-b][1,4]dioxin-5-
yl)dibenzo[a,c]phenazine (PHED) and sepiolite which is a clay
mineral deserving many diverse applications due to its structural
characteristics compared to other clays [18]. This technique is
enhanced via strong -7 stacking of aromatic groups in the struc-
tures of polymer backbone and enzyme molecules to stabilize
tertiary structure of proteins. Conducting polymer of PHED (PPHED)
was coated by electropolymerization onto graphite electrode. Use
of this conducting polymer improved the electron transfer during
the enzymatic reactions, increased sensitivity and reduced detec-
tion limit. ChOx and sepiolite mixture was immobilized onto the
polymer coated graphite electrode to construct the amperometric
cholesterol biosensor. It was reported that sepiolite is non-toxic
and biocompatible [19,20]. Thus, sepiolite was used for the sta-
ble immobilization of the ChOx. In enzyme immobilization it is
crucial to fix enzyme molecules on biosensor surfaces for a long
time. For this purpose, generally, covalent binding is used between
enzyme molecules and support. In order to achieve these bindings,
the support should bear functional groups. Since PPHED do not
have functional pendant groups in its structure for the link between
enzyme molecules and support, sepiolite was used to fix enzyme
molecules to polymer coated electrode surface by adsorption. Sepi-
olite (Mg, H(SiO3)3xH,0) is a naturally occurring clay-like mineral
exhibiting microfibrous morphology which provides high surface
area and extended porous volume. Therefore, these properties
make sepiolite a good candidate as a support for immobilization
of materials via adsorption [21]. Due to the large surface area of
sepiolite and its needle shaped fiber structure, polymers can inter-
act with sepiolite via penetration through its structural channels
[22,23]. Moreover, reinforcing capability of sepiolite was enhanced
with polymeric matrices [22]. Thus, the introduction of sepiolite to
PPHED based biosensor is expected to enhance both the mechan-
ical properties and bioactivity of PPHED. Hence, efficient, highly
sensitive and fast response biosensor was successfully fabricated in
this work. Conducting polymer enables the efficientimmobilization
and charge transfer on the transducer surface in biosensor sys-
tem while, with its sandwich-like structure and channels sepiolite
enhances the enzyme immobilization and facilitates the adsorp-
tion of enzyme molecules on the electrode surface. A representative
preparation for the proposed biosensor was depicted in Scheme 1.
The biosensor was characterized by scanning electron microscopy
(SEM). Optimization and characterization studies were done and
practical application of modified electrode was achieved via deter-
mining total cholesterol in food samples.

2. Materials and methods
2.1. Materials

Cholesterol oxidase (E.C.1.1.3.6) (26.4U/mg protein) from
Pseudomonas fluorescens, cholesterol, Triton-X 100, tetra-
butylammonium  hexafluorophosphate  (TBAPFg), sepiolite
(MgyH>(Si03)3xH,0) and glutaraldehyde for enzyme immo-
bilization were purchased from Sigma-Aldrich and used with no
further purification. Dichloromethane (DCM) was purchased from
Merck (Darmstadt, Germany). A solution of cholesterol (0.005 M)
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Fig. 1. Repeated potential-scan electropolymerization of PHED in 0.1M
TBAPFs/DCM on the graphite electrode (10 cycles).

was freshly prepared by dissolving cholesterol in 1% (v/v) Triton-X
100 in 2-propanol (Merck). This mixture provides solubility and
stability of cholesterol in aqueous solutions at room temperature.
To obtain a clear solution it was then diluted with 50 mM PBS (pH
7.0) consisting of 0.025M Na,HPO,4 (Fisher Scientific Company)
and 0.025M NaH,PO,4 (Fisher Scientific Company) and distilled
water. The chemicals used in the synthesis of the monomer
were purchased from Sigma-Aldrich. All other chemicals were
analytical grade. Cholesterol oxidase colorimetric kit was obtained
from Human GmbH-65205 (Wiesbaden-Germany).

2.2. Apparatus

Electrochemical and amperometric measurements were per-
formed using Ivium CompactStat (The Netherlands) potentiostat in
areaction cell equipped with three electrodes consisting of graphite
electrode (Ringsdorff Werke GmbH, Bonn, Germany, type RW001,
3.05 mm diameter and 13% porosity) as the working electrode, plat-
inum wire as the counter electrode and a Ag wire as the pseudo
reference electrode. Measurement of amperometric analyses were
calculated as average of four measurements and standard deriva-
tions were given as £SD. In order to perform the surface imaging
of the constructed cholesterol electrode, scanning electron micro-
scope (SEM) (JEOL JSM-6400 model) was used.

2.3. Synthesis of 10,13-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-
5-yl)dibenzo[a,c]phenazine
(PHED)

Synthesis and characterization of the monomer, PHED was pre-
pared according to a previously described method [24]. After the
synthesis of 10,13-dibromodibenzo[a,c]phenazine, via Stille cou-
pling reaction with tributyl(2,3-dihydrothino|[3,4-b][1,4]dioxin-5-
yl)stannane, PHED was synthesized successfully.

2.4. Preparation of poly(10,13-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)dibenzo[a,c]phenazine) (PPHED) film by
electropolymerization

A graphite electrode was polished on an emery paper and rinsed
several times with distilled water. PHED was polymerized elec-
trochemically on graphite electrode (area 0.07 cm?) using 0.1 M
TBAPFg as the supporting electrolyte in DCM with repeated scan
intervals between 0.0 and 1.30V versus Ag wire pseudo-reference
electrode with a scan rate of 100mV s~ for 10 cycles (Fig. 1). After
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Scheme 1. The schematic representation of construction of the proposed biosensor.

electropolymerization was completed, polymer coated surface of
the electrode was rinsed with distilled water to remove possible
organic impurities. 10 cycle polymerization refers to 0.1 coul/cm?
where the thickness of the polymer is 180 nm.

2.5. Biosensor preparation

The electrochemically prepared polymer was constructed on
bare graphite electrode. 3.0 mg sepiolite was dissolved into 5mL
of 50mM sodium phosphate buffer solution (PBS) pH 7.0 in a
beaker and stirred at room temperature overnight. 1.5 mg (39 U)
of cholesterol oxidase was dissolved in 50 mM PBS pH 7.0. 10 pL
of ChOx and sepiolite mixture was spread over polymer coated
graphite electrode. After that, glutaraldehyde was also spread over
the electrode as the crosslinking agent (prepared in 50 mM PBS
pH 7.0) and then left to dry for 3h at room temperature. Glu-
taraldehyde was used as the protein cross-linking agent and has
undoubtedly found a wide application in enzyme immobilization
technology [25]. The enzyme electrode was rinsed with distilled
water to remove unbound enzyme molecules and it was stored
at 4°C for overnight. Hence, this modified graphite electrode was
successfully achieved.

2.6. Amperometric biosensor measurements

Amperometric studies were performed in a reaction cell
containing 10mL phosphate buffer solution (50mM, pH 7.0)
under mild stirring. After each measurement buffer solution was
refreshed and electrodes were washed with distilled water and
kept in phosphate buffer solution (50 mM, pH 7.0) for 3 min. Unless
the buffer is refreshed, there may be accumulation of excess sub-
strate in the bulk solution close to the electrode diffusion layer. In
higher concentrations, this may cause substrate inhibition effect on
the biosensor. Moreover, this can bring the faster enzyme satura-
tion and the linear range may be shortened. Hence, the buffer was
refreshed for each measurement. 60 measurements of cholesterol

were carried out although not consecutively. Decrease in oxygen
level as a result of enzymatic reaction was monitored at —0.7V
versus Ag reference electrode in phosphate buffer. When the back-
ground current reached a steady state, freshly prepared substrate
(cholesterol) was added to the medium; the current change was
recorded as biosensor response. All experiments were carried out
at ambient conditions. The reaction medium (buffer solution) was
refreshed before the measurements. During the experiments, sub-
strate solution was stored in dark at room temperature.

3. Results and discussion
3.1. Optimization studies

The proposed cholesterol biosensor was optimized in order to
improve the interactions between the enzyme and layers of work-
ing electrode including sepiolite and conducting polymer. Polymer
layer thickness, amount of the enzyme, sepiolite, the crosslinker
and also pH of the biosensor environment are very important
parameters in the construction of the biosensor.

It was observed that when a biosensor with the pristine con-
ducting polymer was constructed it is hard to fix the enzyme
molecules on the polymer coat due to the incompatibility of the
enzyme with the hydrophobic polymer pendant groups. It was
noted that without sepiolite, the enzyme molecules leached from
the electrode surface due to the incompatibility of the enzyme
molecules and polymer. Therefore, it was even impossible to keep
the enzyme molecules on the electrode surface hence; no ampero-
metric response could be recorded. Various solid matrices such as
sepiolite, bentonite and chitosan have been considered for enzyme
immobilization in order to construct biosensors [1].

On the other hand, some researchers reported that conducting
and electrochemically generated polymers were used as immobi-
lization matrices. By using these organic polymers, properties of
constructed biosensors were improved [6,26]. Besides, due to the
presence of aromatic and highly conjugated structure of PPHED,
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Fig. 2. (A) Effect of sepiolite amount (in phosphate buffer, 50 mM, pH 7.0, 25°C,
—0.7V), (B) effect of cycle number (in phosphate buffer, 50mM, pH 7.0, 25 uM
cholesterol, 25°C, —0.7 V). Error bars show standard deviation (SD) of three mea-
surements.

tertiary structure of enzyme molecule is stabilized and enhanced
via strong ;r-m stacking of aromatic groups in the structures of poly-
mer backbone. Also, electrostatic and hydrophobic interactions,
both from different protein residues and the involved particular
surfaces, may contribute for good interaction between enzyme
molecule and the sepiolite [27]. Combination of organic polymer
and sepiolite improved the stability of enzyme molecules and well
immobilization. This is confirmed by preparing a biosensor consist-
ing only sepiolite as the support which came up with even worse
response (Fig. 2).

Constructed biosensor was optimized with respect to sepiolite,
enzyme amount and glutaraldehyde, pH and conducting polymer
thickness. Since the sensitivity and stability of the biosensor change
with the medium conditions, it is important to define optimum
conditions for modified biosensor. The optimum electrode shows
the best responses.

First, the amount of sepiolite in enzyme solution was optimized.
For this optimization study, amperometric responses of the biosen-
sors with different sepiolite amounts were investigated. In these
experiments, amount of enzyme, crosslinker amount and scan
number during polymerization (30 cycles) in biosensor construc-
tion were kept constant. Four different biosensors with polymer
coated electrode were prepared and calibration curves for choles-
terol were obtained. While increasing sepiolite amount, surface
characteristics of biosensors were changed. Since sepiolite as a
clay mineral is highly porous in nature, enzyme molecules may be
trapped in sepiolite channels and three dimensional structures of
the immobilized enzyme molecules were fixed. Hence, the amount

of sepiolite improves the success of the immobilization and perfor-
mance of the biosensor. With lower amounts of sepiolite, enzyme
molecules could not be fixed properly onto PPHED coated electrode
which resulted inlower responses. Accordingly, low concentrations
of analyte could not be detected with these biosensors. Fig. 2(A)
shows that the optimum sepiolite amount was found as 3 mg/5 mL
in PBS (pH 7.0). Satisfactory immobilization of the enzyme
molecules were achieved with the biosensor containing sepiolite
amount of 3 mg. Hence, the best results were recorded with this
sepiolite amount and this was kept as is in following studies.

The polymer thickness was optimized by adjusting the scan
number during electropolymerization. When the thickness of poly-
mer film increases, the stability and fine structure of a polymer
film destroyed. On the contrary, very thin films may be unable to
protect the enzyme molecule from the environmental effects and
deteriorate the immobilization matrix characteristics. In order to
investigate the effect of polymer layer thickness, polymerization
was achieved on the graphite electrode with different scan num-
bers (15, 30, 45 and 60 scans) (Fig. 2(B)). The best responses were
obtained by 30 cycle electropolymerization.

The effect of the enzyme amount on the amperometric response
was also investigated in the presence of 25 M cholesterol. For
this optimization, five different biosensors were constructed with
five different amounts of ChOx ranging from 21U to 42 U. ChOx
enzymes were immobilized on the modified electrode surface and
optimum amount of enzyme was found as 1.5mg. As illustrated
in Fig. 3(A), an efficient interaction with enzyme molecules and
sepiolite modified polymeric layer was not observed without the
optimum amount of enzyme. Moreover, it was observed that with
the excess loading of enzyme molecules, the enzyme layer removed
from the sepiolite and polymeric layer. In addition, enzyme layer
gets thicker which may bring diffusion problems and slow electron
transfer on the electrode.

In order to detect the effect of glutaraldehyde (GA) used in
biosensor construction, four different biosensors containing differ-
ent amounts of GA (0.5, 1.0, 1.5 and 2.5% in PBS (pH 7.0)) were
prepared. GA was used as a bifunctional cross-linking agent in
sensor construction to improve the 3D structure of the enzyme
molecules. Hence, enzyme molecules can be easily fixed to the elec-
trode surface by the help of GA. The best responses were obtained
with 1% GA.

Moreover, bioactivity is affected by the pH of the medium;
hence the pH optimization was investigated using 50 mM phos-
phate buffer solution in a range of pH 6.0-7.5 and 50 mM sodium
bicarbonate buffer at pH 8.0 in the presence of substrate (25 uM).
For all the experiments, concentration of phosphate buffer concen-
tration was used as 50 mM [15]. The experiments were performed
with freshly prepared enzyme electrodes. Fig. 3(B) displays the
effect of pH on amperometric response current of the biosensor. At
high acidic or basic conditions enzyme molecules lose their activity.
The optimum enzyme activity was found at pH 7.0.

3.2. Characterization

Surface morphologies of the polymer coated graphite elec-
trode, sepiolite modified graphite electrode and ChOx immobilized
graphite electrode were determined by SEM. In Fig. 4(A), the SEM
image of the sepiolite showed typical fibrous shape contrary to
the ones for other common clays. In Fig. 4(B-C), the image was
taken after 30 cycles of electropolymerization on graphite. The sur-
face morphology of the polymer film shows the porous, cauliflower
and homogenous structure of the conducting polymer. Also, it was
clearly shown that polymer was spread over the electrode surface
homogeneously. The morphology of the surface changed drasti-
cally after immobilization of ChOx in Fig. 4(D). This change can be
due to the fact that enzyme molecules hold on the surface of the
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sepiolite. In addition penetration of enzyme molecules through the
cavities of sepiolite may form electrostatic interactions between
enzyme and PPHED. Moreover, it can be derived from the figure
that the 3D structure of enzyme molecules were protected during
the successful immobilization. This means that the enzyme was
well-immobilized onto the modified electrode surface.

Table 1

Some characteristic of the proposed biosensor.
Parameter
Linear range 0.0-40.0 pM
KyP 0.031 mM
Irnax 6.06 p.,A
LOD 0.36 uM

Sensitivity 1.64 mA/mMcm?

3.3. Analytical properties, repeatability and storage stability of
the cholesterol biosensor

After all optimizations, kinetic parameters (KyP?, Inax), from the
Lineweaver-Burk plot and sensitivity were shown in Table 1. Cali-
bration curve for cholesterol was plotted according to the responses
of biosensor for different amounts of cholesterol (Fig. 5). The
biosensor showed a very low limits of detection (LOD) value which
was calculated using S/N (signal-to-noise ratio) =3 criterion. Ky is
the indication for affinity of enzyme molecule to substrate. In this
study, it was found that KzPP value is 0.031 mM for sepiolite modi-
fied ChOx biosensor. The Ky, value of immobilized enzyme is lower
than the free enzyme. This may be related to steric effect of the
active site by the sepiolite and PPHED and conformational changes
in the enzyme molecules. K;F® is extremely smaller than the ones
reported in earlier studies (Table 2). This shows the effectiveness
and success of the immobilization matrix, sensitivity of the biosen-
sor and applicability in other operations. In recent years, several
studies related to conducting polymer based cholesterol biosensors
reported in literature are summarized in Table 2.

As seen from Fig. 5, the biosensor shows fast response to sub-
strate. This confirms the efficiency of the immobilization matrix.
Moreover, it is proved that electron transfer through the matrix
and the transducer is very fast which brings the high sensitivity
and low detection limit (Table 3).

The lifetime of the modified electrode was determined by mea-
suring the amperometric response during 28 days. During the
experiments, activity loss of 15% was observed on the 28th day.
For a cholesterol biosensor, this long period shows the reliability
and superiority of the constructed biosensor. The biosensor was
kept at +4°C when not in use.

For the investigation of interference effects of some substances,
such as ascorbic acid, urea and glucose were tested. Ascorbic acid,
urea and glucose solutions (1 mM-0.1 M) were injected to reac-
tion cell containing 50 mM PBS (pH 7.0). Under the experimental
conditions, no interference effect was detected in the sample appli-
cations. Hence, the constructed biosensor was applied in various
applications.

Table 2
Various studies from the literature involving cholesterol oxidase.
Conducting polymer Immob. tech. Km/[Vinax O Imax Linear range Ref.
Poly(3,4-ethylenedioxypyrrole) Entrapment 3.4mM/ NR [28]
34 pAcm—2
Poly(3,4-ethylenedioxythiophene) Entrapment 1.3mM/17.9 NR [29]
RAcm—2
Polypyrrole(Ppy) Entrapment 9.8 mM/NR 1.0-8.0mM [30]
Poly(3-thiopheneacetic acid) Covalent binding NR 0.0-8.0mM [31]
P(NMPY)-PTS Entrapment 4.35 mM/NR 2.0-12.0mM [32]
P(AAm-co-AA)/PEI Covalent binding 2.72mM/0.908 NR [3]
mM min~!
Au electrode Adsorption 2.94 mM/0.66 Up to 2.1 mM [33]
WA
ZnO/Au electrode Adsorption 2.1 mM/NR 0.65-10.34 mM [34]
Gold nanoprticle/carbon nanotube Adsorption 0.29 mM/NR 0.01-5.0mM [35]
Pt/Au/Zn0O nanorods Adsorption 1.84 mM/NR 0.1-759.3 pnM [36]
PPHED-sepiolite Adsorption 0.031 mM/6.06 pA 1.0-40.0 puM This work

NR: not reported.
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Fig. 4. Surface characteristics of (A) sepiolite (B) conducting polymer (PPHED) (with 2500x magnification) (C) PPHED (with 5000x magnification) (D) ChOx immobilized

conducting polymer coated sepiolite modified via SEM images.
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Fig. 5. Calibration curve for cholesterol (in 50 mM phosphate buffer, pH 7.0, 25°C,
—0.7 V). Error bars show standard deviation (SD) of three measurements. (A typical
amperometric signal to 50 wM cholesterol in phosphate buffer, 50 mM, pH 7.0 given
as inset).

Table 3
Determination of cholesterol in food samples by constructed biosensor and refer-
ence procedure.

Sample Reference PPHED-sepiolite Relative error
method (mM) biosensor (mM) (%)

Liquid oil 0.75 + 0.120 0.67 + 0.078 10.60

Margarine 3.66 + 0.013 3.72 £ 0.085 1.64

Butter 1 2.21 + 0.041 2.09 +0.113 542

Butter 2 2.68 +0.117 2.33 4 0.007 13.06

3.4. Detection of cholesterol in food samples

The constructed biosensor was tested for food samples including
butter, margarine and liquid oil. Determination of the cholesterol
was done according to a previously described method [37]. 7.5¢g
of the samples were added to 1 M KOH solution in methanol. After
the mixture was boiled under reflux for 30 min, centrifugation was
done at 4000 rpm for 5 min and then the extracts were diluted to
50 mL with ethyl acetate. These food samples were injected (as the
substrate) into 50 mM PBS (pH 7.0) for the amperometric measure-
ment and current change was monitored. Also, these food samples
were analyzed for cholesterol by using cholesterol kit as the refer-
ence method. It was clearly shown that amperometric results and
reference method were very close to each other.

4. Conclusions

A novel sepiolite modified conducting polymer based highly
sensitive and fast response amperometric cholesterol biosensor
was developed successfully. After combination of conducting poly-
mer and sepiolite on the electrode surface, the quality of the
immobilization of the enzymes and stability of the biosensor were
enhanced. Surface characteristic of this constructed biosensor was
confirmed by SEM. The fabricated biosensor exhibits excellent
kinetic parameters such as Ky*, Imax, low LOD and high stability.
Hence, the biosensor was successfully applied for the detection of
cholesterol in food samples.

References

[1] LJ. Kennedy, P.K. Selvi, A. Padmanabhan, K.N. Hema, G. Sekaran, Chemoshpere
69 (2007) 262.


http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0005

S. Soylemez et al. / Colloids and Surfaces B: Biointerfaces 111 (2013) 549-555 555

[2] M. Ghiaci, H. Aghaei, S. Soleimanian, M.E. Sedaghat, Appl. Clay Sci. 43 (2009)
308.
[3] B. Akkaya, F. Sahin, G. Demirel, H. Tumturk, Biochem. Eng. ]. 43 (2009) 333.
[4] W.Zhao, G.Zhang, L. Jiang, T. Lu, X. Huang, ]. Shen, Colloid. Surf. B 88 (2011) 78.
[5] A. Ramanavicius, Y. Oztekin, Z. Balevicius, A. Kausaite-Mikstimiene, V. Krik-
stolaityte, I. Baleviciute, V. Ratautaite, A. Ramanaviciene, Proc. Eng. 47 (2012)
825.
[6] E. Baskurt, F. Ekiz, D. Odaci Demirkol, S. Timur, L. Toppare, Colloid. Surf. B 97
(2012) 13.
[7] A. Ramanaviciene, W. Schuhmann, A. Ramanavicius, Colloid. Surf. B 48 (2006)
159.
[8] O. Turkarslan, S.K. Kayahan, L. Toppare, ]J. Solid State Electrochem. 13 (2009)
657.
[9] C. Mousty, Anal. Bioanal. Chem. 396 (2010) 315.
[10] X.Tan, M. Li, P. Cai, L. Luo, X. Zou, Anal. Biochem. 337 (2005) 111.
[11] B.C. Ozer, H. Ozyériik, S.S. Celebi, A. Yildiz, Enzyme Microb. Technol. 40 (2007)
262.
[12] S. Brahim, D. Narinesingh, A. Guiseppi-Elie, Anal. Chim. Acta 448 (2001) 27.
[13] Y.C. Tsai, S.Y. Chen, C.A. Lee, Sens. Actuat. B: Chem. 135 (2008) 96.
[14] S. Cosnier, S.D. Silva, D. Shan, K. Gorgy, Bioelectrochemistry 74 (2008) 47.
[15] S. Singh, P.R. Solanki, M.K. Pandey, B.D. Malhotra, Sens. Actuat. B: Chem. 115
(2006) 534.
[16] A.Kumar, A. Rajesh, S.K. Chaubey, B.D. Grover, Malhotra, ]. Appl. Polym. Sci. 82
(2001) 3486.
[17] ].B. Claver, P.S. Velazquez, M.C. Miron, L.F. Vallvey, Talanta 86 (2011) 178.
[18] E. Ruiz-Hitzky, P. Aranda, A. Alvarez, J. Santaren, A. Esteban-Cubillo, Dev. Clay
Sci. 3(2011) 393.
[19] D.B. Warheit, C.M. Sayes, S.R. Frame, K.L. Reed, Toxicol. Lett. 192 (2010) 286.
[20] M.A. Lizarbe, N. Olmo, ].G. Gavilanes, Biomaterials 8 (1987) 35.
[21] P.Aranda, R.Kun, M.A.M. Luengo, S. Letaief, I. Dekany, E.R. Hitzky, Chem. Mater.
20(2008) 1.
[22] D.Killeen, M. Frydrych, B. Chen, Mater. Sci. Eng. C 32 (2012) 749.
[23] E.R. Hitzky, ]J. Mater. Chem 11 (2001) 86.
[24] S. Tarkuc, Y. Arslan Udum, L. Toppare, J. Electroanal. Chem. 643 (2010) 89.
[25] B.Li, Y. Chen, X. Chen, D. Liu, H. Niu, J. Xiong, ]. Wu, ]. Xie, . Bai, H. Ying, Process.
Biochem. 47 (2012) 665.

[26] S. Soylemez, F. Ekiz Kanik, A.G. Nurioglu, H. Akpinar, L. Toppare, Sens. Actuat.
B: Chem. 182 (2013) 322.
[27] B. Wicklein, M. Darder, P. Aranda, E. Ruiz-Hitzky, ACS Appl. Mater. Interfaces 3

(2011) 4339.

[28] O. Tiirkaslan, S.K. Kayahan, L. Toppare, Sens. Actuat. B: Chem. 136 (2009)
488.

[29] O. Turkarslan, S.K. Kayahan, L. Toppare, J. Solid State Electrochem. 13 (2009)
663.

[30] S. Singh, A. Chaubey, B.D. Malhotra, Anal. Chim. Acta 502 (2004) 234.

[31] P.C. Nien, P.Y. Chen, K.C. Ho, Sensors 9 (2009) 1794.

[32] P.R. Solanki, S.K. Arya, S.P. Singh, M.K. Pandey, B.D. Malhotra, Sens. Actuat. B:
Chem. 123 (2007) 829.

[33] A.Parraa, E.Caseroa, F. Parientea, L. Vazquez, E. Lorenzoa, Sens. Actuat. B: Chem.
124 (2007) 30.

[34] S.P. Singh, S.K. Arya, P. Pandey, B.D. Malhotra, S. Saha, K. Sreenivas, V. Gupta,
Appl. Phys. Lett. 91 (2007) 063901.

[35] L. Zhu, L. Xu, L. Tana, H. Tan, S. Yang, S. Yao, Talanta 106 (2013) 192.

[36] C. Wanga, X. Tanb, S. Chena, R. Yuana, F. Hua, D. Yuana, Y. Xianga, Talanta 94
(2012) 263.

[37] N. Pena, G. Ruiz, AJ. Reviejo, ].M. Pingarron, Anal. Chem. 73 (2001) 1190.

Saniye Soylemez is a PhD student through OYP program in collaboration with Ordu
University.

Fulya Ekiz Kanik is a PhD student at the Department of Biotechnology, Middle East
Technical University. During her MSc studies she managed to publish six papers in
the field of biosensors.

Simge Tarkuc is a senior scientist presently working at the Chemistry Department
of Delft University.

Yasemin Arslan Udum is an associate professor in Gazi University. Her expertise
includes electrochromic devices using conducting polymers.

Levent Toppare is a professor of Chemistry, Middle East technical University. His
research interests include synthesis of conducting polymers and their applications
in electrochromics, photovoltaics, OLEDs and biosensors.


http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0010
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0015
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0020
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0025
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0030
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0035
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0040
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0045
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0050
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0055
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0060
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0065
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0070
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0075
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0080
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0085
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0090
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0095
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0100
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0105
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0110
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0115
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0120
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0125
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0130
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0135
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0140
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0145
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0150
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0155
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0160
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0165
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0170
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0175
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0180
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185
http://refhub.elsevier.com/S0927-7765(13)00449-9/sbref0185

	A sepiolite modified conducting polymer based biosensor
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Apparatus
	2.3 Synthesis of 10,13-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)dibenzo[a,c]phenazine (PHED)
	2.4 Preparation of poly(10,13-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)dibenzo[a,c]phenazine) (PPHED) film by electrop...
	2.5 Biosensor preparation
	2.6 Amperometric biosensor measurements

	3 Results and discussion
	3.1 Optimization studies
	3.2 Characterization
	3.3 Analytical properties, repeatability and storage stability of the cholesterol biosensor
	3.4 Detection of cholesterol in food samples

	4 Conclusions
	References


