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ABSTRACT: The combination of supramolecules and
conducting polymers (CPs) has gained much attention for
the development of new immobilization matrices for
biomolecules. Herein, an amperometric biosensor based on a
novel conducting polymer, poly(2-(2-octyldodecyl)-4,7-di-
(selenoph-2-yl)-2H-benzo[d][1,2,3]triazole)) (PSBTz) and
β-cyclodextrin (β-CD) for the detection of cholesterol, was
constructed. The PSBTz film with β-CD was deposited on a
graphite electrode by electropolymerization technique to
achieve a suitable matrix for enzyme immobilization. More-
over, to justify the immobilization, alkyl chain containing
conducting polymer (PSBTz) was designed, synthesized and electrochemically polymerized on the transducer surface. Alkyl
chains in the structure of SBTz and hydroxyl groups of β-CD contributed to effective immobilization while protecting the
suitable orientation of the biomolecule. Cholesterol oxidase (ChOx) was covalently immobilized onto the modified surface using
N,N′-carbonyldiimidazole (CDI) as the cross-linking agent. After successful immobilization, amperometric biosensor responses
were recorded at −0.7 V vs Ag/AgCl in phosphate buffer (pH 7.0). The apparent Michaelis-Menten constant (KM

app), maximum
current (Imax), limit of detection (LOD), and sensitivity values were determined: 28.9 μM, 12.1 μA, 0.005 μM, and 5.77 μA/μM
cm2, respectively. The fabricated biosensor was characterized using scanning electron microscopy (SEM) and cyclic voltammetry
(CV) techniques. Finally, the prepared biosensor was successfully applied for the determination of cholesterol in blood samples.
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1. INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides that are
composed of α-D-glucopyranoside units linked in 1,4-
positions.1 α-CD (6 units), β-CD (7 units), and γ-CD (8
units) are examples that exhibit the different sizes of the
molecular cavities. This particular confirmation leads to a
certain selectivity toward host structures. Characteristically, the
molecular truncated cone structure of the CDs includes two
hydroxyl groups: the smaller rim bears primary hydroxyl groups
and the larger rim carries secondary hydroxyl groups.2 Besides
these hydrophilic top and bottom cavities, the cone is
composed of six-membered glucopyranoside units containing
C−H groups and glycosidic oxygen, which supplies hydro-
phobic character. Being hydrophobic inside and hydrophilic
outside, together with the presence of two types of hydroxyl
groups in their molecular structure, enables them to form new
supramolecular complexes with a variety of molecules
possessing interesting properties. Therefore, CDs have been
attracted great interest in several application fields in chemistry.
Also, because of their properties, such as biocompatibility and
nontoxicity, CDs have found use in the medicine, cosmetics,

and pharmaceuticals industries.3 In particular, β-CD provides
an ideal geometry to create a host−guest system for several
molecules, such as biotin,4 pyrrole,5 or poly(acrylic acid),6 etc.
Their particular geometry to form supramolecular complexes
with desirable properties provides proper biomolecule deposi-
tion in biosensing systems.
CPs have noteworthy electrochemical, structural, and optical

properties making them applicable in many research fields.7,8

They exhibit excellent conductivity and high mechanical
strength, and their processability leads to the development of
new materials in many research areas. Since CPs enable
structural and electronic modifications, superior properties of
CPs can be generated for the desired purpose. Considering that
CPs have the ability to mimic the natural environment for
biomolecules, CPs are charming materials for the immobiliza-
tion of biomolecules in biosensor construction.9−11 The
ingenious concept of combining the biorecognition element
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with the sensitivity of transducers has led to the development of
biosensors as sensitive and selective tools.12 Since most of the
transducers used for biosensor construction are made of CPs,
the biomolecule deposition of electropolymerized films is one
of the few methods that have attracted much attention.
Electropolymerization is a simple method that leads to the
reproducible growth of organic film with easy control of
polymer formation on the electrode surface.13 Furthermore,
surface morphology can be adjusted by arranging the thickness
of the polymer film. In this way, these types of transducers offer
extensive stability for the enzyme. Hence, considering their
compelling properties, electropolymerized films are promising
materials for biomolecule immobilization in biosensing systems.
Molecular design plays a crucial role in the development of

support materials. Unique properties of each molecule can be
associated in a new macromolecule that has superior properties
than those of the pristine ones. In this way, it is possible to
generate several properties in a structure that make it useful for
the desired purpose. Associating the macromolecules with CDs
can lead to interesting properties.14−16 The resulting feature
reveals fascinating biomaterials that mimic natural proteins;
hence, new versatile functions are created through synergic
effect of polymeric structures with CDs. There are numerous
studies for elaboration of polymeric units onto CDs with
different strategies. Ritter et al. reported on water-soluble N-
methacryloyl-11-aminoundecanoic acid/β-CD complex and the
polymerization behavior of this pseudo-rotaxane in an aqueous
medium.17 Ovsejevi and co-workers synthesized thiol-β-CD to
control polyphenol oxidase activity.18 Adeli et al. synthesized
amphiphilic co-polymers containing a CD core with poly-
(lactide) and poly(oxazoline) arms and investigated loading of
the guest molecules by amphiphilic co-polymers.19 Among all
these methods, electropolymerization is one of the easiest
methods to achieve newly designed supramolecule host−guest
systems. There is no need to arrange several parameters,
because it is a one-step preparation. It also does not require
further purification processes. Moreover, this method enables
co-polymerization of each substructure simultaneously, which
allows the formation of the target supramolecular system in a

solid support. Hence, incorporation of conducting polymers
onto CDs via electropolymerization opens a new perspective in
the field of enzyme immobilization.
Biosensors are widely used in many areas of clinical analysis,

such as environmental monitoring and the food industry.20−22

A biosensor device consists of a sensitive biorecognition
element intimately associated with a transducer element that
converts the biological response to an electrical signal. The
measured signal is a response of the biosensor for a specific
analyte in any test solution.23 Cholesterol monitoring is one of
the most studied topics in biosensors since determination of the
cholesterol concentration in blood is a considerably important
factor for human health. An increase in cholesterol is related to
various clinical disorders, such as heart disease, arterio-
sclerosis,24 hypertension,25 and diabetes,26 whereas a low level
of cholesterol is associated with conditions such as anemia,
wasting syndrome, etc.27 Therefore, in the past decades,
considerable effort has been devoted to the construction of
biosensors for biochemical analyses, because of their high
sensitivity, stability, reproducibility, and low cost.28,29 [The
mechanism used to form these biosensors is depicted in
Scheme 1.] For this purpose, amperometric cholesterol
biosensors have been proposed. ChOx is a model enzyme
that catalyzes the oxidation of cholesterol by molecular oxygen
to 4-cholesten-3-one and hydrogen peroxide upon applied
potential.
The motivation of this study is to describe an alternative

approach for the easy preparation of biosensing surface based
on a poly(2-(2-octyldodecyl)-4,7-di(selenoph-2-yl)-2H-benzo-
[d][1,2,3]triazole)) (PSBTz)-bearing β-CD with the objective
of providing an enhanced biosensor performance, as well as
improving immobilization platform. Immobilization via supra-
molecular interactions using β-CD as the anchor molecule has
the advantage of having modified surfaces that contribute fast
and selective determination of the cholesterol. Besides, its
suitable immobilization platform properties promote a robust
covalent attachment of the biomolecule on the surface. The
accuracy and reliability of the biosensor was tested by
determining the cholesterol concentration in serum samples.

Scheme 1. Preparation of the Proposed Biosensor

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5054493 | ACS Appl. Mater. Interfaces 2014, 6, 18290−1830018291



2. EXPERIMENTAL SECTION

ChOx (E.C.1.1.3.6) (37 U/mg protein) from Streptomyces sp.,
cholesterol, Triton-X 100, CDI, and β-CD were purchased
from Sigma−Aldrich and used with no further purification. A
solution of cholesterol (0.005 M) was freshly prepared by
dissolving cholesterol in 1% (v/v) Triton-X 100 in 2-propanol
(Merck). To obtain a clear solution, it was then diluted with 50
mM phosphate buffer solution (PBS) (pH 7.0), consisting of
0.025 M Na2HPO4 (Fisher Scientific Company) and 0.025 M
NaH2PO4 (Fisher Scientific Company), and distilled water.
Dichloromethane (DCM) and acetonitrile (ACN) were
purchased from Merck (Darmstadt, Germany). Tetrabutylam-
monium hexafluorophosphate (TBAPF6) was supplied by
Aldrich. The chemicals used in the synthesis of the monomer
were purchased from Sigma−Aldrich. All other chemicals were
analytical grade.
2.1. Apparatus. All amperometric measurements were

performed using potentiostat EmStat (PalmSens, Houten, The
Netherlands, www.palmsens.com) in a three-electrode cell
configuration consisting of a graphite electrode (Ringsdorff
Werke GmbH, Bonn, Germany, type RW001, diameter of 3.05
mm and 13% porosity) as the working electrode. A platinum
wire was used as the counter electrode. Measurement of
amperometric analyses were calculated as the average of four
measurements and standard deviations were given as ±SD.
Scanning electron microscopy (SEM) (JEOL, Model JSM-
6400) was used to investigate the surface morphology of the
constructed cholesterol biosensor. Cyclic voltammetry studies
were performed with a GAMRY Reference 600 potentiostat

(GAMRY Instruments, Inc., Warminster, PA, USA). Spec-
troelectrochemical studies of the polymer films were performed
with Varian Model Cary 5000 UV−vis spectrophotometer.
Structures were proven by nuclear magnetic resonance (NMR)
spectra recorded on a Bruker Model Spectrospin Avance DPX-
400 spectrometer with trimethylsilane (TMS) as the internal
reference.

2.2. Synthesis of 2-(2-octyldodecyl)-4,7-di(selenoph-
2-yl)-2Hbenzo[d][1,2,3]triazole))(SBTz) (5). Tributyl-
(selenophen-2-yl)stannane (1), 9-(bromomethyl)nonadecane
(2), and 4,7-dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]-
triazole (4) were synthesized according to previously described
methods.30,31 Structures of monomer and intermediates were
proven by NMR spectra. 4,7-Dibromo-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole (852 mg, 1.53 mmol) and tributyl-
(selenophen-2-yl)stannane (2.8 g, 6.67 mmol) were dissolved
in tetrahydrofuran (THF) (100 mL). Bis(triphenylphosphine)-
palladium(II) dichloride (135 mg, 0.19 mmol) was added into
the solution and the reaction mixture was refluxed for 18 h
under argon atmosphere. After the reaction was completed, the
solvent was removed under reduced pressure. Column
chromatography was performed by silica gel using petroleum
ether and DCM (10:1) as the eluents, and product was
obtained as a yellow solid (790 mg, 78% yield) (see Scheme 2).
HRMS: calculated [M]+ = 660.2360, measured [M]+ =
660.2335.

1H NMR (400 MHz, CDCl3), δ (ppm): 8.1 (dd, J1 = 0.95
Hz, J2 = 2.90 Hz, 2H), 7.9 (dd, J1 = 0.95 Hz, J2 = 4.68, 2H) 7.5
(s, 2H), 7.32 (dd, J1 = 1.73 Hz, J2 = 3.89 Hz, 2H) 4.64 (d, J =

Scheme 2. Synthesis Pathway of SBTz
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6.42 Hz, 2H), 2.18 (m, 2.14−2.23, 1H), 1.25 (m, 1.12−1.32,
32H), 0.78 (m, 0.74−0.82, 6H). 13C NMR (400 MHz, CDCl3),
δ (ppm): 143.7, 140.3, 130.0, 128.9, 126.6, 123.9, 121.3, 75.6,
75.3, 37.7, 30.5, 30.4, 30.1, 28.4, 28.2, 28.1, 27.9, 24.9, 21.3,
12.7.
2.3. Biosensor Preparation. PSBTz and β-CD were

electrochemically prepared on previously cleaned graphite
electrodes. Electropolymerization was carried out in an aqueous
solution containing 0.1 M TBAPF6, 3 mM SBTz, and 0.6 mM
β-CD in 5:95 (v/v) DCM:ACN solution (total volume of 2
mL) with repeated scan intervals between −0.3 V and 1.5 V via
cyclic voltammetry with a scan rate of 100 mV s−1 (see Figure
5A, presented later in this work). For this reason, 6 M aqueous
stock solution of β-CD was prepared. Three millimolar (3 mM)
SBTz solution was prepared in 5:95 DCM:ACN with a 0.1 M
TBAPF6 electrolyte. Two microliters (2 μL) of β-CD stock
solution was injected into a monomer solution and 20 cycles of
CV were run to coat the electrode surface. The modified
electrode then was immersed in a 30 M CDI solution (0.06 g of
CDI dissolved in 2 mL of distilled water) and left for overnight
in a refrigerator for the activation of the hydroxyl groups of β-
CD using CDI chemistry. Finally, 2.5 μL (0.3 U) ChOx was
spread over the modified surface for the construction of a
robust cholesterol biosensor. Here, interactions between a
biomolecule and exterior free hydroxyl groups of β-CD should
be tough, to achieve efficient enzyme immobilization.
Subsequently, these hydroxyl groups of β-CD were activated
via CDI. This helps the linkage of amino groups of ChOx with
hydroxyl groups.32 After the enzyme immobilization, electrode
surface was left to dry at room temperature for 3 h and stored
at +4 °C overnight to obtain amperometric responses.
2.4. Measurement Procedure. Amperometric biosensor

measurements were done under ambient conditions in a cell
containing 10 mL 50 mM PBS, pH 7.0 under mild stirring.
During the amperometric measurements, after the background
signal reached a steady state, a certain amount of cholesterol
was injected into the reaction cell. Amperometric responses
were recorded by detecting the change in current. After each
measurement, the electrode was washed with distilled water
and the working buffer was refreshed. In amperometric studies,
the decrease in oxygen level was determined as the analytical
signal at −0.7 V vs Ag/AgCl and correlated with the substrate
concentration. During the experiments, a cholesterol solution
was prepared freshly and stored in darkness at room
temperature.

3. RESULTS AND DISCUSSION
3.1. Electrochemical, Spectroelectrochemical, and

Kinetic Properties of SBTz. 3.1.1. Electrochemical Proper-
ties. The SBTz monomer was electrochemically polymerized
via CV by sweeping the potential between 0.0 and 1.5 V. After
the synthesis of PSBTz in 0.1 M TBAPF6/DCM:ACN, further
CV studies were performed to investigate the redox properties
in 0.1 M TBAPF6/ACN at a scan rate of 100 mV s−1.
In the first cycle of repeated potential scan electro-

polymerization, the irreversible monomer oxidation peak was
recorded at 1.18 V for SBTz. With consecutive cycles,
observation of a new reversible redox couple with an increasing
current intensity illustrates the formation of an electroactive
polymer film (see Figure 1A).
In addition to redox behaviors, both HOMO−LUMO energy

levels and p-type/n-type doping properties of the resulting
polymer PSBTz were also explored using the same solvent

supporting electrolyte couple, as reported in Figure 1B. PSBTz
has p-doping property with a reversible redox couple at 1.22 V/
1.00 V. The HOMO energy level of the polymer was calculated
as −5.88 eV from the onset of the oxidation by calibrating the
reference electrode against Fc/Fc+ and calculating the energy
levels relative to the vacuum level. As mentioned previously,
PSBTz shows only p-doping property; hence, LUMO energy
level could not be calculated from cyclic voltammograms.
Instead, it was determined as −4.06 eV using the optical-band-
gap value and the HOMO energy level (Table 1).
In order to probe the scan rate dependence of the anodic/

cathodic peak currents, cyclic voltammograms were recorded at
different scan rates (50, 100, 150, 200, 250, and 300 mV/s) in a
monomer-free medium, and the results are summarized in
Figure 2. This linear dependence illustrates the formation of
well-adhered polymer films and the nondiffusion controlled
doping/dedoping processes.

3.1.2. Spectroelectrochemistry. The change in electronic
absorption spectra via stepwise oxidation offers a chance to
correlate the optical responses of the polymer films with their
structures. In this way, one can get deep perspective on
structure−property relations, which enables one to design the
synthesis of functional polymers with proper modifications on
the polymer backbone. Spectroelectrochemical studies of the
PSBTz were carried out using an ultraviolet−visible−near-
infrared (UV-Vis-NIR) spectrophotometer in a 0.1 M
monomer-free TBAPF6/ACN solution via incrementally
increasing the potential between 0.0 V and 1.2 V.

Figure 1. (A) Repeated potential scan electropolymerization of PSBTz
at 100 mV/s in 0.1 M TBAPF6/DCM:ACN (5:95, v/v) solution by
sweeping the potential between 0.0 and 1.5 V on an ITO electrode (up
to 10 cycles). (B) Single scan cyclic voltammogram of PSBTz in a
monomer-free 0.1 M TBAPF6/ACN solution.
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After applying constant potential to remove any trapped
charge and dopant ion coming from electrochemical polymer-
ization, neutral film absorption was recorded. Later, stepwise
oxidation was performed. The potential ranges were
determined in accordance with the CV results (Figure 3A).
As seen in Figure 3A, during stepwise oxidation, as the
absorption in the visible region decreased, new absorption

bands (namely, polaron and bipolaron bands) appeared (at 860
and 1220 nm, respectively).
PSBTz has a maximum absorption wavelength in the visible

region centered at 527 nm. Consistent with its neutral
absorption maxima, the corresponding polymer exhibits a
purple color in its neutral state, as reported in Figure 3B. The
optical band gap of PSBTz was calculated from the onset of the
lowest-energy π−π* transition to be 1.82 eV. According to the
calculated Eg value, PSBTz can be regarded as a low-band-gap
polymer, which makes it applicable in different research fields.
As illustrated in Figure 3B, in the neutral state, PSBTz has s
purple color. Further oxidation results in a blue color in the
fully oxidized state, with green color intermediates.

3.1.3. Electrochromic Contrast and Switching Studies.
Switching time can be defined as the time required for one full
switch between neutral and oxidized states of a polymer. The
ability of a polymer to change its color between two extreme
states rapidly with significant color change is very important for
electrochromic applications.
The switching times of PSBTz and the percent transmittance

changes (optical contrasts) at polaron and bipolaron regions
were explored via kinetic studies. The kinetic studies were
performed in 0.1 M TBAPF6/ACN solution between the
neutral and fully oxidized states of the polymer by applying
potentials at intervals of 5 s. The corresponding wavelengths
were determined from electronic absorption maxima as 860 and
1120 nm.
Potential was swept between the neutral (0.0 V) and oxidized

(1.4 V) states to illustrate a percent transmittance of 40% at
1220 nm and 16% at 860 nm (Table 2). The recorded
switching times at corresponding wavelengths and mentioned
potentials were 1.5 and 4.2 s, respectively (see Figure 4).

Table 1. Summary of Electrochemical and Spectroelectrochemical Properties of PSBTz

Em
ox Ep‑doping (V) Ep‑dedoping (V) HOMO (eV) LUMO (eV) λmax (nm) Eg

op (eV)

PSBTz 1.18 1.22 1.00 −5.88 −4.06 527 1.82

Figure 2. (A) Scan rate dependence of PSBTz at 50, 100, 150, 200,
250, and 300 mV/s. (B) Related oxidation/reduction plots.

Figure 3. (A) Electronic absorption spectra for PSBTz in 0.1 M
TBAPF6/ACN solution between 0.0 and 1.2 V. (B) Colors of the
PSBTz film under different applied potentials.

Table 2. Summary of Kinetic and Optical Studies of PSBTz

optical contrast (%) switching time (s)

1220 nm 40 1.5
860 nm 16 4.2

Figure 4. Optical contrasts and switching times monitored at different
wavelengths for PSBTz film in 0.1 M TBAPF6/ACN solution.
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3.2. Electrochemical Polymerization of the SBTz
Containing β-CD. Figure 5 shows cyclic voltammograms of
the combination of PSBTz with β-CD film on the electrode
surface. Electropolymerization was performed by mixing certain
amounts of β-CD and SBTz in 0.1 M TBAPF6/5:95
DCM:ACN solution with repeated scan intervals between
−0.3 V and 1.5 V with a scan rate of 100 mV s−1 (Figure 5A).
As mentioned above, pristine SBTz was electropolymerized in
0.1 M TBAPF6/5:95 DCM: ACN solution at 0.0 and 1.5 V with
a scan rate of 100 mV s−1. In this study, β-CD with a
hydrophobic internal cavity and a hydrophilic outer surface and
SBTz, which has an alkyl chain on its backbone, were combined
as an alternative immobilization matrix to fabricate biosensor to
form an effective surface layer. Covalent bonds were used to
merge hydroxyl groups of β-CD and amine groups of enzyme
molecule. It was reported that after the incorporation of
polymer chains into the β-CD, polymer networks can be easily
formed due to inclusion interactions.33,34

Furthermore, to get the best combination for a high
biosensor performance, the β-CD content was tested. Different
concentrations of β-CD were prepared (9 × 10−3, 6 × 10−4, and
6 × 10−5 M) in the polymerization solution. As shown in Figure
5B, the highest charge involved in the film formation was
calculated as 16.02 mC for the optimum electrode (6 × 10−4 M
for β-CD/PSBTz). When the β-CD amount was increased or

decreased, charge was calculated as 10.4 mC for 9 × 10−3 M β-
CD/PSBTz and 13.88 mC for 6 × 10−5 M β-CD/PSBTz,
respectively. For the pristine PSBTz, the charge was calculated
to be 9.42 mC. Such differences can prove proper modification
of the electrode surface with β-CD. When the concentration of
β-CD was increased in the monomer solution, the charge
deposition of the films decreased (Figure 5B). This may be
associated with the slower electron transfer from the electrode,
which is due to the presence of an insulating β-CD composite
film.35 Moreover, the reduction in current may hinder one from
obtaining a proper and homogeneous film, because of the
excess presence of β-CD on the electrode surface. In addition,
diffusion problems may occur because of the limited electron
transfer from the enzyme molecule to the polymer’s active
center. On the other hand, with low amounts of β-CD, the
enzyme molecule could not be fixed onto the PSBTz/β-CD-
coated surface, which results in leaching of the enzyme from the
electrode surface. Hence, maximum interaction and satisfactory
immobilization of the enzyme molecules were achieved with an
optimum amount of β-CD. Furthermore, differences can be
observed the position of the oxidation peaks (Figure 5B). For
the pristine PSBTz, the oxidation peak was found at Eox = 1.12
V, whereas for the optimum electrode of PSBTz/β-CD, the
peak was observed at Eox = 1.20 V. The difference was
calculated as ΔEox = 0.08 V. This slight difference proves the
modification of the electrode surface. Moreover, independent
of the β-CD concentration in the solution, the general trend
was observed as a shift to a higher oxidation potential in the
presence of β-CD. This is illustrated in Figure 5B.
In addition, the presence of β-CD in the polymer film was

proven via UV-vis absorption spectroscopy. To further
investigate the β-CD and PSBTz film formation on the
electrode surface, absorption spectra of pristine PSBTz and
PSBTz/β-CD were recorded. Pristine PSBTz film exhibits a
purple color in its neutral state, as shown in Figure 6. Since
PSBTz is purple and β-CD is colorless (absorbs in the UV
region), increasing the β-CD ratio decreased the absorption
intensity in the visible region and shifted the absorption to
lower wavelengths. On the other hand, decreasing the β-CD
ratio increased the absorption intensity in the UV region and
shifted the absorption to higher wavelengths.

Figure 5. Cyclic voltammograms of (A) PSBTz/β-CD modified
electrode from 3 mM SBTz + 0.6 mM (in 2 mL) β-CD + 5:95
DCM:ACN solution containing TBAPF6 (up to 5 cycles) and (B) fifth
cycles of PSBTz and PSBTz/β-CD at different β-CD concentrations.

Figure 6. UV-vis absorption spectra for pristine PSBTz and after the
insertion of β-CD into the polymer structure at different
concentrations.
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3.3. Optimization Studies of the Biosensor. Protection
of the activity of the biomolecule on the electrode surface is a
key parameter in establishing a biosensor. Successful prepara-
tion of the effective surface depends on the surface character-
istics, the characteristics of the chosen materials, and the
biological properties of the enzyme molecules while protecting
their 3D structure.
When pristine PSBTz was coated on the electrode surface,

amperometric signals decreased, compared to thae observed
with β-CD (see Figure 7A). The presence of pristine

conducting polymer was not enough to fix the enzyme
molecule on the electrode surface. Although the conducting-
polymer-based biosensor provides superior biosensor perform-
ance, because of their functional architectures, it is not enough
to obtain a proper orientation and binding of the enzyme on
the electrode. On the other hand, incorporation of the
polymeric structures bearing β-CD led to an increase in the
biosensor response, as well as serving as an appropriate
platform for enzyme deposition. Much attention was given in
recent years to the supramolecular complex of β-CD, because
of its significance for the selectivity and interactions with the
guest molecules and also their industrial importance.36 Hence,
all of these binary interactions were enhanced to hold the
biomolecule without losing its biocatalytic activity.

To improve the characteristics of the biosensor, the thickness
of the polymeric film was investigated. For this purpose, four
bare electrodes coated for different cycles (10, 20, 30, and 40)
of electropolymerization were tested to obtain the best
amperometric signal by keeping the other parameters constant.
If the film layer is not suitable for the stabilization of 3D
structure of enzyme molecules, diffusion problems may occur
between the PSBTz-coated electrode and the biomolecule. As
seen in Figure 8A, the highest response was recorded for the
film coated for 20 cycles (64.08 mC, equivalent to a thickness
of 99.68 nm).
To examine the effect of pH on the biosensor performance,

solutions of pH 6.0, 6.5, 7.0, 7.5 (50 mM PBS, 25 °C), and 8.5
(50 mM sodium bicarbonate buffer, 25 °C) were prepared. In
Figure 8B, an optimum response was recorded at pH 7.0. The

Figure 7. (A) Effect of β-CD on PSBTz/ChOx biosensor (in 50 mM
PBS, pH 7.0, 25 °C, −0.7 V); error bars show the standard deviation
(SD) of three measurements. (B) Amperometric response of the
PSBTz/β-CD/ChOx after successive additions of 10 and 5 μM
cholesterol in 50 mM PBS (pH 7.0, 25 °C, −0.7 V).

Figure 8. Effect of (A) scan number, (B) pH (50 mM phosphate
buffer at pH 6.0, 6.5, 7.0, 7.5, and 50 mM sodium bicarbonate buffer at
pH 8.5), and (C) enzyme amount on the biosensor response. Error
bars show the standard deviation (SD) of three measurements.
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pH of microenvironment can influence the analytical character-
istics of enzyme-based biosensors. Extremely high or low pH
values may result in the loss of activity bringing low
amperometric responses. The optimum amount of enzyme
was also investigated and determined as 0.3 U (Figure 8C).
3.4. Electrochemical Characterization of the Electro-

des. In order to investigate the changes in the effective surface
area after each additional layer on the electrode surface, CV
studies were performed in the potential range between 0 and
+1.0 V in a solution of 5 mM Fe(CN)6

3−/4− containing 0.1 M
KCl and PBS (50 mM, pH 7.0). Successive formation of layers
onto the electrode surface resulted in different interfacial
structures as seen in Figure 9. Experiments were carried out for

bare graphite electrode as well as PSBTz/β-CD and PSBTz/β-
CD/ChOx modified electrodes under optimum conditions.
The average value of the electroactive surface area (Ip) was
calculated according to the Randles−Sevcik equation:37

γ= × AD n CIp 2.69 105 1/2 3/2 1/2

where n is the number of electrons participating in the redox
reaction, A is the area of the electrode (cm2), D is the diffusion
coefficient of the molecule in solution (cm2 s−1), C is the
concentration of the probe molecule in the bulk solution (mol
cm−3), and γ is the scan rate (V s−1). The increase in the peak
currents can be attributed to an increase in the effective surface
area. The electroactive surface areas for the bare electrode,
PSBTz/β-CD modified electrodes, and PSBTz/β-CD/ChOx
modified electrodes were 0.062 cm2, 0.065 cm2, and 0.036 cm2,
respectively. As seen in Figure 9, bare electrode exhibited a
well-defined oxidation peak (69 μA). After PSBTz/β-CD was
coated onto the bare electrode, a slight increase in the oxidation
current (73 μA) was observed. This can be attributed to the
increase in the effective surface area due to the electrodeposited
polymer layer. Moreover, the electrochemically generated
supramolecular system (PSBTz/β-CD) may not provide a
conductive pathway for electron transfer and promote electron-
transfer reactions as much as PSBTz can. Even it is the case, the
increase in effective surface area proved that elaboration of
polymeric units onto CDs makes the transducer appropriate
enough for enzyme immobilization. On such a surface, ChOx
was immobilized onto the polymer-coated electrode and the

decrease in the oxidation current (41 μA) was the direct
evidence of successful immobilization of enzyme on the
modified transducer surface.

3.5. Surface Characterization of the Biosensor. The
morphology of the electrode surface was examined by SEM. As
shown in Figures 10A−D, the surface morphology was notably
changed after each modification. The pristine PSBTz-coated
electrode surface can be described as having a typical
cauliflower-like structure (Figure 10A). In Figures 10B and
10C, the film depicts a morphology that proves successful
coating onto the electrode surface. The porous morphology of
the β-CD allowed the homogeneous electropolymerization of
the monomer through β-CD surface. Moreover, such a
modification proves that the unique structure of the β-CD
was protected during the electropolymerization (Figures 10B
and 10C). Because of the wrinkled structure of surfaces,
enzyme molecules can penetrate into the polymeric layer where
enzyme molecules are freely oriented. After the ChOx
immobilization, surface was drastically changed and the protein
molecules are well-adhered onto this modified surface, because
of the high surface area. This homogeneous 3D structure helps
stabilization of the enzyme molecules while improving the
biosensor performance. Hence, SEM images confirmed
successful incorporation of the PSBTz into the β-CD and
enzyme deposition on the electrode surface.

3.6. Analytical Characterization. The analytical character-
ization of the biosensor was investigated with an enzyme
electrode constructed under optimum conditions. Biosensor
responses were recorded for varying cholesterol concentrations
and a calibration curve was obtained (Figure 11). The proposed
biosensor showed perfect linearity in a range of 0.15−22.5 μM
cholesterol, as given by y = 0.4093x − 0.0797 and R2 = 0.9908.
Compared to values reported in the literature (0−8 mM for
poly(3-TPAA)/ChOx/Pt,38 0.05−16.0 μM for KWNTs/
ChOx/GCE,39 0.01− 5.0 mM for GNPs-MWCNTs/
ChOx40), satisfactory parameters were obtained with the
proposed biosensor.
Moreover, the limit of detection (LOD) was also calculated

as 0.005 μM, according to S/N = 3. This shows the capacity of
the biosensor to sense small amounts of substrate. It shows that
the LOD is very good, compared to that of other studies. For
example, a cholesterol biosensor prepared using a conducting
poly(thionine) film gives a LOD value of 6.3 μM.41 In another
example, based on a PEDOT/PMB/ChOx on glassy carbon
electrode, the LOD was calculated to be 1.6 μM.42 In addition,
the proposed biosensor showed extremely high sensitivity (5.77
μA/μM cm2), compared to a cholesterol biosensor (4.49 mA/
M cm2, and ref 41, having a value of 0.18 μA/cm2/μM).41

The biosensor signals corresponding to 25 μM cholesterol
were measured six times to prove the repeatability of the
biosensor response. The standard deviation (SD) and the
relative standard deviation (RSD) were calculated as 0.10 and
4.57%, respectively. Also, operational stability of the biosensor
was investigated under optimum conditions. With regard to the
stability and durability of the biosensor, there exists only 5%
activity loss during 32 measurements upon the addition of a 25
μM substrate. The biosensor showed superior activity over this
period while keeping 95% activity of the biomolecule. Kinetic
parameters were determined using a Lineweaver−Burk plot.43

The apparent Michaelis−Menten constant (KM
app) and max-

imum current (Imax) were calculated to be 28.9 μM and 12.1
μA, respectively. A detailed comparison of the properties of the
biosensor has been summarized in Table 3.

Figure 9. Cyclic voltammograms of graphite bare electrode, as well as
PSBTz/β-CD and PSBTz/β-CD/ChOx in 5 mM Fe(CN)6

3−/4−

containing 0.1 M KCl and pH 7.0 PBS.
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The designed biosensor should be interference-free to obtain
a reliable and highly selective response. The effect of potential
interferents such as glucose and urea were investigated. For this
purpose, these interfering species (in a concentration range of
0.1 mM and 1 mM) were injected to the reaction cell under
optimum conditions instead of substrate. The proposed
biosensor revealed no response for such interferents. The
proposed biosensing system was only selective for cholesterol.
Hence, the biosensor can be used for real samples, even in the
presence of such interferents during the analysis.
Figure 7B shows the typical current−time (I−t) character-

istics of the cholesterol biosensor, measured at various
cholesterol concentrations (5 and 10 μM). Figure 7B shows
that the proposed biosensor gives an accurate, fast, and reliable
response. Thus, successful design of the surface using PSBTz
and β-CD shows an appropriate microenvironment for the
enzyme molecule while improving the biosensor performance.

3.7. Sample Application. The feasibility of the biosensor
for cholesterol detection was tested by analyzing different real

Figure 10. SEM images showing the surface characteristics of (A) PSBTz, (B) PSBTz/β-CD, (C) PSBTz/β-CD, and (D) ChOx-immobilized
PSBTz/β-CD via under optimized conditions.

Figure 11. Calibration curve for cholesterol (in 50 mM PBS, pH 7.0,
25 °C,−0.7 V). Error bars show the standard deviation (SD) of three
measurements. (Linear range was given as an inset.)

Table 3. Comparison of Some Characteristics of Cholesterol Biosensors Reported in the Literaturea

immobilization matrix KM
app/Imax linear range sensitivity ref

poly(3,4-ethylenedioxypyrrole) 3.4 mM/34 μA cm−2 NR 10 μA mM−1 cm−2 44
poly(3,4-ethylenedioxythiophene) 1.3 mM/17.9 μA cm−2 NR 14.3 μA mM−1 cm−2 45
graphene−Pt nanoparticle 5.0 mM/NR NR 2.07 μA mM−1 cm−2 46
ZnO/chitosan 8.63 mg dL−1/NR 5−300 mg dL−1 1.41 × 10−4 A mg dL−1 47
graphene oxide 1.05 mM/NR 0.0005−0.0465 mM 5.71 μA/μM/cm2 48
PSBTz/β-CD 28.9 μM/12.1 μA 0.15−22.5 μM 5.77 μM/μM cm2 this work

aNR = not reported.
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blood serum samples. The serum samples were injected to the
cell instead of cholesterol without any pretreatment. The
cholesterol contents of the biosensor were estimated from the
calibration curve. As shown in Table 4, the results are in good

agreement with the values obtained from a local hospital.
Therefore, the biosensor is a reliable and accurate tool for
cholesterol determination in real samples.

4. CONCLUSIONS
Herein, we have designed and synthesized a novel monomer,
SBTz, and developed a novel cholesterol biosensor in
combination with β-CD as a new immobilization platform.
PSBTz bearing β-CD was prepared by electropolymerization
and used as an immobilization platform for ChOx. β-CD served
as an excellent biocompatible microenvironment for biomole-
cule deposition enabling both covalent attachment of the
enzyme using its outer hydroxyl groups. PSBTz provided
enhanced biosensor performance via retaining activity of the
enzyme. The constructed biosensor was characterized in detail
by SEM and CV analyses. The biosensor was used to analyze
cholesterol content and may act as an alternative sensing
system for cholesterol analysis in real samples. The designed
biosensor has potential, because of its short response time, easy
fabrication, and excellent sensitivity and selectivity.
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(4) Larrañeta, E.; Isasi, J. R. Self-Assembled Supramolecular Gels of
Reverse Poloxamers and Cyclodextrins. Langmuir 2012, 28, 12569−
12574.
(5) Nissrin, I.; Dounia, B.; Hanane, Z.; Mohammed, E. K.; Khalid, R.
T. The Electrochemical Behavior of Neurotransmitters at a Poly-
(Pyrrole-β-Cyclodextrin) Modified Glassy Carbon Electrode. Anal.
Lett. 2005, 38, 1869−1885.
(6) Guo, X.; Abdala, A. A.; Bruce, L.; Lincoln, S. F.; Khan, S. A.;
Prud’Homme, R. K. Novel Associative Polymer Networks Based on
Cyclodextrin Inclusion Compounds. Macromolecules 2005, 38, 3037−
3040.
(7) Arslan, A.; Kıralp, S.; Toppare, L.; Yagcı, Y. Immobilization of
Tyrosinase in Polysiloxane/polypyrrole Copolymer Matrices. Int. J.
Biol. Macromol. 2005, 35, 163.
(8) Isı̧k, S.; Toppare, L.; Cianga, I.; Yağcı, Y. Immobilization of
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