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A novel enzymeless biosensor has been constructed for the quantitative estimation of creatinine using b-
cyclodextrin (bCD) incorporated poly-3,4-ethylenedioxythiophene (PEDOT) modified glassy carbon elec-
trode (GCE). The PEDOT film with and without bCD was deposited on a GCE by electropolymerization of
EDOT from an aqueous solution containing lithium perchlorate and bCD. Polymer films were character-
ized by UV–visible spectroscopy, cyclic voltammetry and scanning electron microscopy (SEM). The selec-
tive interactions of the bCD-incorporated PEDOT film with creatinine in neutral Tris buffer solutions were
elucidated using electrochemical impedance analysis. Complex formation between bCD and creatinine
was inferred from regular shifts in the electrode potential versus creatinine concentration. In the poten-
tiometric evaluation, the biosensor electrode exhibited a fast response time (60 s), linear shift in the
potential over a concentration range of 10�4–10�1 M with a lower detection limit of 5 � 10�5 M and good
stability, retaining nearly 95% of the initial response after 1 month of shelf life. The results of the studies
on the interferences from glucose, ascorbic acid, uric acid, urea and ammonium ions are also presented.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Creatinine is an end product of creatine metabolism in mamma-
lian cells. Its abnormal value indicates the renal, thyroid and mus-
cle dysfunctions of human beings. Thus, the estimation of
creatinine in blood/urine samples is very important in clinical
diagnostics for monitoring and treating various kidney disorders.
Conventional procedures such as spectrophotometry [1] and chro-
matography [2,3] are used to estimate the creatinine concentration
in clinical samples. But these methods have certain disadvantages
such as lack of selectivity [4] and need for expensive instrumenta-
tion. Electroanalytical methods using enzyme modified bio-elec-
trodes were routinely used for the selective creatinine detection.
However, the enzymatic method mainly involves creatinine dei-
minase which hydrolyzes creatinine into ammonium ion, the con-
centration of the latter being directly related to creatinine
concentration. For this purpose, ammonium ion selective elec-
trodes based on potentiometric [5–10] and amperometric [11,12]
approaches were developed. While sensing the enzymatically re-
leased ammonium ion, the endogenous ammonium ion present
in the sample poses interference problems and also enzyme mod-
ified electrode needs proper preservation. In view of these difficul-
ll rights reserved.

: +91 4565 227779.
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ties, development of a rapid, inexpensive, selective and sensitive
determination of creatinine is needed for clinical diagnostics.

Alternatively, enzyme-less approaches using neutral carriers
such as cyclodextrin and crown ethers, as ionophores for sensing
biologically important molecules have received significant recent
attention [13,14]. Cyclodextrins are the basket-shaped cyclic glu-
copyranose oligomer molecules with a hydrophobic internal cavity
and hydrophilic exterior. Cyclodextrin have the ability to form
inclusion complexes with guest molecules of appropriate size
through non-covalent interactions such as hydrogen bonding, elec-
trostatic and van der Waals forces [15]. Thus the complexing abil-
ity of cyclodextrin with some biologically important organic and
neutral molecules enables sensing of these molecules through
host–guest chemistry by potentiometry [16]. Kelly et al., have re-
ported a lipophilic cyclodextrin derivative as an ionophore for
the detection of guanidine, alkylated guanidine, creatinine and tet-
raalkylated ammonium ions including long chain surfactants [17].
Synthesis of creatinine imprinted poly bCD for the specific binding
of creatinine over creatine is reported by Tsai and Syu [18]. Attach-
ment of cyclodextrin to the electrode surface by various methods
such as self-assembled monolayers of a thiolated cyclodextrin on
the gold electrode [19–21], cyclodextrin-functionalized carbon
nanotubes [22–24] and incorporation of cyclodextrin in the poly-
mer backbone [25–28] have been extensively reported for diverse
sensing applications.

http://dx.doi.org/10.1016/j.jelechem.2011.08.001
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The cyclodextrin-modified electrodes have been shown to exhi-
bit varying catalytic behavior that would play an important role in
electrocatalysis and electrochemical sensors [26–28]. To the best of
our knowledge, the enzymeless estimation of creatinine using PED-
OT polymer-supported-bCD modified electrode has not been re-
ported so far. In the past, our group has reported the
electropolymerization PEDOT film in presence of hydroxypropyl-
bCD and its morphological, electrical and electrochemical proper-
ties [29]. In this paper, we made use of these electrode modifica-
tion protocols and the host–guest chemistry [25] in the
construction of the b-cyclodextrin incorporated PEDOT electrode.
Based on the host–guest chemistry, this novel potentiometric sens-
ing platform is used for the enzymeless determination of creatinine
for the first time.
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Fig. 1. Cyclic voltammetric growth pattern of PEDOT and PEDOT/bCD modified
electrode from 0.005 M EDOT + 0.01 M bCD + 0.1 M LiClO4; Scan rate: 0.05 V s�1.
2. Experimental

2.1. Chemicals and materials

3,4-ethylenedioxythiophene (EDOT) and lithium perchlorate
were purchased from Sigma Aldrich and used as received. All the
other chemicals: b-cyclodextrin (Cavitron), creatinine hydrochlo-
ride (Himedia Lab) and tris-hydroxylaminomethane (Sisco Re-
search Lab) of analytical grade were used without further
purification. All the solutions were prepared using Milli-Q water
of 18.2 M X cm resistance. 10 mM Tris buffer solution was em-
ployed as the supporting electrolyte. Electrochemical experiments
were carried out in a three-electrode cell at 25 �C. All potentials
were measured vs. normal calomel electrode (NCE) using a plati-
num foil as the counter electrode. A glassy carbon electrode (BAS,
3 mm dia) was used as the working electrode. GCE surface was pol-
ished with 0.05 lm alumina powder and then cleaned by ultrason-
ication prior to electropolymerization of EDOT. Cyclic
voltammetric experiments were performed on a BAS 100-B elec-
trochemical workstation.

2.2. Electrode modification and characterization

Electropolymerization was carried out from an aqueous solu-
tion containing 0.1 M LiClO4 + 0.01 M bCD + 0.005 M EDOT. The po-
tential range employed for electropolymerization cycling was
�0.6–1.2 V vs. NCE scanned at 0.05 V s�1. Potentiometric measure-
ments were conducted at 25 �C in 0.01 M Tris buffer solution as
background electrolyte using a digital E2373A Hewlett–Packard
multimeter. The morphology of the polymer film deposited on an
indium tin oxide (ITO) coated glass substrate was characterized
by scanning electron microscopy (Hitachi make, model H-300)
and the complex formation between EDOT and bCD was studied
using double beam UV–visible spectrophotometer (Thermo Fisher
Scientific, Model Evolution 300). Electrochemical impedance spec-
tra were recorded with an IM-6 impedance analyzer and THALES
4.13 software was used for curve fitting.
3. Results and discussion

3.1. Preparation of PEDOT and PEDOT/bCD modified electrodes

Fig. 1 shows the cyclic voltammetric pattern of PEDOT film for-
mation on GCE with and without bCD in solution. In general, vol-
tammetric curves showed a sharp increase in the EDOT monomer
oxidation current beyond 0.8 V with the formation of cation radi-
cals in the first step of the electropolymerization [30]. In the ab-
sence of bCD, two redox peaks at �0.040 V and 0.240 V were
observed during the forward scan and a single reduction peak at
�0.280 V in the reverse scan. In the presence of bCD, the redox
peaks merge to appear as a broad single oxidation peak at
0.410 V with a corresponding reduction peak at �0.150 V. Deposi-
tion and growth of PEDOT polymer film in the presence and ab-
sence of bCD was evidenced by a steady increase in the
characteristic oxidation current. The onset potential of EDOT poly-
merization is found to be 0.710 and 0.840 V respectively with and
without bCD. The decrease in the onset potential of EDOT polymer-
ization in the presence of bCD indicates that the formation of cat-
ion radicals is facile. Nevertheless, reduced voltammetric currents
were observed for the PEDOT–bCD composite film as the film now
contains an electronically insulating component, i.e., bCD [Fig. 1d].
A similar observation of slow electropolymerization kinetics was
earlier found in the case of aniline in presence of bCD as reported
by Rokovic et al. [31]. It is also likely that the reduction in current
can arise due to the fact that bCD-incorporated PEDOT films tend to
be compact rather than being porous in nature. Inclusion of bCD
during electropolymerization of EDOT was found from the UV–vis-
ible spectroscopic studies presented in the following section.

3.2. UV–visible spectral characterization

Incorporation of bCD into the PEDOT polymer film was studied
by UV–visible spectroscopy. Fig. 2 shows the UV–visible spectrum
of PEDOT and PEDOT/bCD modified ITO coated glass substrate.
PEDOT modified electrode shows an absorption maximum at
536 nm whereas, PEDOT/bCD prepared under similar experimental
conditions shows an absorption maximum at 554 nm with an
additional peak at 350 nm that may signify the presence of bCD
in the polymer film. Two noteworthy observations, viz., (a) a red
shift of 18 nm; and (b) the appearance of an additional absorption
peak clearly show the presence of bCD in the polymer chains of
PEDOT. Similar observations were reported earlier on the incorpo-
ration of hydroxypropyl-bCD within the PEDOT film during aque-
ous electropolymerization of EDOT with hydroxypropyl-bCD [29].

3.3. Scanning electron microscopic studies

The SEM image in Fig. 3a shows highly porous network mor-
phology of the PEDOT film deposited from aqueous solution con-
taining LiClO4. It is worth pointing out that the bright regions of
the image reveal highly conducting nature of the polymer film.
Fig. 3b shows the SEM image of the PEDOT film deposited in the
presence of bCD. This relatively compact film shows smooth and
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Fig. 3. SEM images of (a) PEDOT (b) PEDOT/bCD films on ITO glass substrates.
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Fig. 4. Schematic of (a) EDOT/bCD inclusion complex formation, (b) electropoly-
merization of EDOT/bCD inclusion complex, and (c) bCD/creatinine interactions.
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globular aggregate morphology. These images suggest that the
morphology is distinctly different from that of the PEDOT depos-
ited without bCD. As EDOT monomer is known to form a 1:1 inclu-
sion complex with bCD [32] (according to the scheme in Fig. 4), the
electropolymerized film contains a significant amount of bCD
which may decide the final morphology of the composite film.

In Fig. 4, the process of complex formation between bCD/EDOT
and bCD/creatinine is illustrated. It is well established that cyclo-
dextrin is a basket-shaped molecule with a hydrophobic interior
and hydrophilic exterior. The EDOT monomer interacts with the
hydrophobic walls of the internal cavity and undergoes polymeri-
zation as described in the electrochemical studies above. The
hydrophilic outer surface favors hydrogen bonding/van der
Waals-type interactions (non-covalent) with creatinine. These
non-covalent interactions are revealed in the dependence of the
polymer chemical potential on the creatinine concentration, cor-
roborated by the results obtained in the electrochemical imped-
ance measurements.

3.4. Electrochemical impedance measurements

Impedance spectroscopy is an effective tool for the analysis of
the changes that take place at an interface during a (bio) recogni-
tion event [33]. This technique is based on the measurement of
the response of the electrochemical cell to a small-amplitude
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alternating potential. In the present investigation, when creatinine
interacts with PEDOT/bCD electrode causing a change in the ac re-
sponse. These changes can be explained according to the Randles’
equivalent circuit in the two frequency regions, high and low that
can be distinguished to understand the changes in the faradaic
impedance.

Fig. 5a shows the Nyquist plot for the PEDOT film deposited
with and without the addition of bCD. In general, the impedance
curve includes a semicircle region lying on the axis followed by a
straight line as the frequency approaches lower values. The semi-
circle portion observed in the higher frequency region corresponds
to the charge-transfer process and the straight line part in the low-
er frequency region represents the diffusion-limited process. The
experimental results were subjected to a simulated fit using Thales
4.13 software version that suggests a Randle’s equivalent circuit
consisting of simple circuit elements, like charge transfer resis-
tance (Rct), solution resistance (Rs) and the film capacitance (C).
We observed that in the CPE model, the deviation between exper-
imental and simulated curves assuming the Randle’s circuit is min-
imum, suggesting CPE to be �1. By measuring the semicircle
diameter, the charge transfer resistance (Rct) of the modified elec-
trode is determined to be 80.36 X for the PEDOT modified elec-
trode which is undoubtedly due to a faster charge transfer
process involving the conducting polymer matrix. The PEDOT film
deposited in the presence of bCD exhibits a resistance value of
3.412 k X, indicating that the charge transfer process is slow at
the polymer surface because of the introduction of bCD in the
matrix.

Interestingly, when bCD interacts with creatinine molecule a
decrease in the resistance value of the polymer film was observed.
This may be interpreted that when creatinine interacts with the
exterior hydrophilic regions of bCD, a specific accumulation of cre-
atinine molecule occurs. This is likely to happen via hydrogen
bonding-like (Fig. 4) interactions between the amide hydrogen of
creatinine with the available oxygen atom in the bCD [13]. This
phenomenon can result in a reduction in the charge-transfer resis-
tance of the modified electrode interface. Nyquist plots of the PED-
OT/bCD modified electrode in the presence of different
concentration levels of creatinine in 0.1 M Tris buffer are shown
in Fig. 5b.
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As discussed above, the Rct values show a regular shift to lower
resistance values with increase in the creatinine concentration in
the solution. About 0.62 k X shift in the resistance of the modified
electrode was observed per decade change in the creatinine con-
centration. Similar changes in the Rct value were reported for poly-
pyrrole/bCD in presence of varying amounts of dopamine analyte
[34]. Thus, a consistent shift of resistance value observed in the
case of the modified electrode as a function of creatinine concen-
tration points to the creatinine-sensitive characteristics of the
present PEDOT/bCD modifier.
3.5. Potentiometric estimation of creatinine

From the impedance measurements, it is now established that
the interaction between creatinine and bCD results in a measurable
signal at the modified interfaces. For expediency, potentiometric
estimation techniques are resorted to in this present study to esti-
mate the creatinine concentration in the given solution. Fig. 6
shows the potentiometric calibration curve of potential response
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Table 1
Potentiometry of creatinine and effect of creatinine on impedance characteristics at PEDOT and PEDOT–bCD films.

Concentration of creatinine (M) Potentiometry (Slope per decade) (mV) Impedance (Rct values) (X)

PEDOT PEDOT/bCD PEDOT PEDOT/bCD

10�5–10�4 2 6 129.22 2.96 k
10�4–10�3 16 59 132.88 2.33 k
10�3–10�2 94 67 105.78 1.68 k

Table 2
Influence of pH on the potentiometric response of creatinine in a concentration range
of 10�3 and 10�2 M.

pH Slope (mV) Remarks

4.0 22 ± 1 Potential stable
5.0 40 ± 1 Potential stable
6.0 52 ± 1 Potential stable
7.0 61 ± 1 Potential stable
8.0 P98 Potential unstable
9.0 P146 Potential unstable
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of the modified electrode versus logarithm of creatinine concentra-
tion. The response of the modified electrode exhibits a Nernstian
behavior over a range of 10�4–10�2 M creatinine concentration
with a slope value of about 60 mV decade�1. The response time
of the biosensor is found to be less than 60 s. In addition, the slope
value does not change by more than 1.0 mV decade�1 over a period
of one month. Potentiometric response of PEDOT/bCD electrode to
creatinine can be explained by the interactions between bCD and
creatinine as studied by electrochemical impedance. The Rct and
electrode potential respond systematically to changes in creatinine
concentration when PEDOT/bCD is used [Table 1].

The influence of pH on the potentiometric response of biosensor
was studied using creatinine solutions in the concentration range
of 10�4–10�1 M. The solution pH was adjusted by the addition of
a few drops of dilute hydrochloric acid or sodium hydroxide. Ta-
ble 2: The influence of pH on the potentiometric response of mod-
ified electrode was studied using 10�3 and 10�2 mol l�1 creatinine
solutions.

From the Table 2, it is clear that the sensor response is pH-
dependent. Below a pH value of 7.0, the sensor exhibits sub-Nerns-
tian behavior whereas in the alkaline pH range the sensor reveals
an apparent super-Nernstian behavior associated with unstable
potential response. It is likely that other equilibria set in when cre-
atinine is dissolved in alkaline solutions that may include species
like OH� and amide formation. This regime thus is not amenable
to potentiometric determination of creatinine. Hence, the value
under neutral pH conditions is valid for sensing creatinine under
physiological pH conditions.

3.6. Interference studies

3.6.1. Potentiometric selectivity coefficient (KPot
cre ) of creatinine

potentiometric sensors
The potentiometric response of the present creatinine sensor

was examined in the presence of possible interfering molecules
Table 3
Selectivity coefficients (KPot

cre ) of creatinine potentiomet-
ric PEDOT/-CD sensor.

Interferents log Kpot
cre

Glucose 6.5 � 10�2

Ascorbic acid 4.4 � 10�1

Uric acid 4.9 � 10�1

Urea 8.1 � 10�2

Ammonium 4.2 � 10�2
such as glucose, uric acid, urea, ammonium ion and ascorbic acid.
Potentiometric selectivity coefficient KPot

cre was determined using
the separate solution method [35] and used for the evaluation of
degree of interference. Table 3 shows the selectivity coefficients
of the creatinine sensor with possible interfering molecules.

The results obtained revealed that glucose exhibits minimum
interference while ascorbic and uric acid interfere with creatinine
analysis considerably with a coefficient value of 10�1. Since these
interfering molecules are anionic in nature in aqueous solutions,
their interferences may be suppressed using permselective mem-
branes (ca. Nafion) on the modified electrode [36]. Our future stud-
ies will focus attention to the elimination of interferences to arrive
at a creatinine-specific potentiometric sensor based on PEDOT/
bCD.

4. Conclusions

We have reported for the first time, a novel enzymeless poten-
tiometric creatinine biosensor based on PEDOT/bCD modified GCE
electrode. The modifications were effected on a glassy carbon elec-
trode employing electropolymerization and characterized using
UV–visible spectroscopy, SEM and electrochemical impedance
techniques. The molecular recognition interactions between bCD
and creatinine are thought to occur via weak non-covalent interac-
tions between amide hydrogen of creatinine and glucopyranose
oxygen atom in the bCD. Potentiometric evaluation of the present
modifier exhibits Nernstian response per decade concentration
change of creatinine in a range of 10�4–10�1 M. The results of
the studies on the interference from glucose, ascorbic acid, uric
acid, and urea and ammonium ion are presented with a possible
future perspective.
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