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a b s t r a c t

Graphite-epoxy resin composite (GrEC) electrodes were modified with chitosan (Chit) films and char-
acterised using electrochemical impedance spectroscopy (EIS). Several film modifications were made
using different crosslinking agents: glutaraldehyde (GA), glyoxal (GO), epichlorohydrin (ECH) and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) together with N-hydroxysuccinimide (NHS) and
the characteristics of each of them evaluated in the presence of model electroactive compounds potassium
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hexacyanoferrate(III) and hexaammineruthenium(III) chloride. Immobilisation of functionalised carbon
nanotubes into chitosan matrices (Chit–CNT) using the same crosslinking agents was also investigated.
The impedance of the electrode with the best performance (GrEC/Chit–CNT/EDC–NHS) was characterised
as a sensor for dipyrone and hydroquinone and for a glucose biosensor by immobilisation of glucose oxi-
dase (GOx) on top of Chit–CNT using GA. Modelling and equivalent circuit analysis was carried out, with

aracte
unctionalised carbon nanotubes
ensor and biosensor

emphasis on diffusion ch

. Introduction

Electrochemical impedance spectroscopy (EIS) has been used in
any fields, particularly corrosion, but only, since the 1980, has it

ecome more widely applied, first to ion-selective electrodes [1]
nd then, more recently, to electrochemical sensors and biosen-
ors in general [2–5]. The impedance experiments are now easy
o perform with modern computer-controlled instrumentation.
evertheless, good experimental protocols with an assessment of
rrors and reproducibility, and interpretation and modelling of the
pectra, are difficult so that the spectra are often used, in the chem-
cal sensors’ field, more for diagnostic characterisation. Despite this
pparent limitation, differences between sensing electrode struc-
ures can be assessed in a way that is not possible by voltammetric
echniques such as cyclic voltammetry or pulse voltammetry, due
o the wide range of timescales probed by EIS. Full interpretation
f the impedance spectra of sensor systems often requires that
he molecular arrangement and structure at the electrode surface
r modified surface is predefined or organized in some way, thus

voiding non-uniformity at the nanoscale [6].

Many types of electrochemical sensor and biosensor assembly
ave been the object of research. Particularly interesting sensor
rchitectures include modifiers which can interact chemically with

∗ Corresponding author. Tel.: +351 239835295; fax: +351 239835295.
E-mail address: brett@ci.uc.pt (C.M.A. Brett).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.09.055
ristics and the significant features of the spectra are discussed.
© 2009 Elsevier Ltd. All rights reserved.

proteins, such as enzymes, and also with substrate electrode sur-
faces. Amongst these, chitosan has been shown to have interesting
properties. Chitosan (Chit) is a linear �-1,4-linked polysaccharide
(similar to cellulose) that is obtained by the partial deacetylation
of chitin, a main component of the shells of crustaceans such as
crab and shrimp. Chit possesses distinct chemical and biological
properties [7], because it has reactive amino and hydroxyl groups
in its linear high molar mass polyglucosamine chains which are
amenable to chemical modification [8–11]. Moreover, Chit is bio-
compatible, biodegradable, and is a non-toxic, natural and high
mechanical strength biopolymer with an excellent film-forming
ability and is also a very good matrix for enzyme or biomacro-
molecule immobilisation [8].

Carbon nanotubes (CNTs) are often used in sensors and biosen-
sors due to their chemical and mechanical properties. CNTs have
good conductivity due to defects in their structure and pro-
mote electron transfer reactions of various molecules; their use
as electrode modifiers can lead to a decrease of the overpoten-
tial, a decrease of the electrode response time, and an increase
of the available electroactive surface area of various electroactive
substances, in comparison with conventional carbon electrodes
[12–21]. Nevertheless, the low solubility of CNTs in most solvents

is the major problem to control for their use as modifiers in the fab-
rication of chemical sensors and/or biosensors. The strategies most
employed to disperse CNTs are: (i) functionalisation [16,21,22], (ii)
use of surfactants with sonication [23], and (iii) polymer wrapping
[24].

dx.doi.org/10.1016/j.electacta.2009.09.055
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:brett@ci.uc.pt
dx.doi.org/10.1016/j.electacta.2009.09.055
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ig. 1. Chemical structures of glyoxal (GO), glutaraldehyde (GA), epichloro-
ydrin (ECH), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-
ydroxysuccinimide (NHS).

In the present work, electrochemical impedance spectroscopy
as used in order to characterise graphite-epoxy resin compos-

te (GrEC) electrodes modified with chitosan films crosslinked
ith glutaraldehyde (GA), glyoxal (GO), epichlorohydrin (ECH), and

-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) together
ith N-hydroxysuccinimide (NHS) (EDC–NHS), structures shown

n Fig. 1. The immobilisation of functionalised carbon nanotubes
nto chitosan matrices using the four crosslinkers was also evalu-
ted. The best electrode composition (GrEC/Chit–CNT/EDC–NHS)
as further applied to sensor and biosensor development and

ested by EIS with different analytes, hydroquinone, dipyrone, and
lucose. Equivalent circuit fitting was mostly carried out with the
nclusion of finite Warburg diffusion elements, to reflect the shape
f the spectra, and has been done in some recent diagnostic anal-
sis of CNT-based biosensors. Characteristics of the sensors and
iosensors developed are discussed.

. Experimental

.1. Apparatus

Electrochemical impedance measurements were carried out
sing a Solartron 1250 Frequency Response Analyser, coupled to a
olartron 1286 Electrochemical Interface (UK) controlled by ZPlot
oftware. The voltage perturbation was 10 mV rms over a frequency
ange from 65 kHz to 0.1 Hz with 10 frequencies per decade, and
ntegration time 60 s.

A three-electrode electrochemical cell was used for the mea-
urements with graphite-epoxy composite, bare and/or modified,
orking electrode, Pt foil as auxiliary electrode and saturated

alomel electrode (SCE) as reference.
The pH measurements were done with a CRISON 2001 micro

H-meter (Spain).
All experiments were performed at room temperature, 25 + 1 ◦C.

.2. Chemicals

Multi-walled carbon nanotubes (MWCNTs) were obtained from
anoLab (USA). Araldit epoxy resin and Araldit hardener were
urchased from Ceys S.A. (Spain). Graphite powder (grade #38)
as obtained from Fisher Scientific Corporation (USA). Chitosan

Chit) of low molecular weight with a degree of deacetyla-

ion of 80%, glucose oxidase (GOx; E.C. 1.1.3.4) from Aspergillus
iger, type II, lyophilized powder, 15,000–25,000 units/g solid,
nd �-d(+)glucose were obtained from Aldrich (Germany). Gly-
xal (GO) (40%, v/v solution) and epichlorohydrin (ECH) (99%,
/v solution) were obtained from Aldrich (Germany). Glutaralde-
Acta 55 (2010) 6239–6247

hyde (GA) (25%, v/v solution), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) were purchased from Sigma (Germany) and N-
hydroxysuccinimide (NHS) was from Fluka (Germany). Potassium
hexacyanoferrate(III) was acquired from Merck (Germany) and
potassium chloride was from Fluka (Germany). Hexaammineruthe-
nium(III) chloride was acquired from Merck (Germany). Millipore
Milli-Q nanopure water (resistivity >18 M� cm) was used for the
preparation of all solutions.

For electrochemical experiments the supporting electrolyte
was sodium phosphate buffer saline (NaPBS) (0.1 M Na2HPO4/
NaH2PO4 + 0.05 M NaCl) pH 7.0 or 0.1 M KCl.

2.3. Pretreatment of multi-walled carbon nanotubes

Multi-walled carbon nanotubes (MWCNTs) were purified and
functionalised as described elsewhere [16]. A mass of 120 mg of
MWCNT was stirred in 10 mL of a 3 M nitric acid solution for 20 h.
The solid product was collected on a filter paper and washed several
times with nanopure water until the filtrate solution became neu-
tral (pH ∼= 7). The functionalised MWCNTs obtained were then dried
in an oven at 80 ◦C for 24 h. Nitric acid usually causes significant
destruction of carbon nanotubes and introduces –COOH groups at
the ends or at the sidewall defects of the nanotube structure.

2.4. Preparation of graphite-epoxy composite electrode

Graphite-epoxy composite electrodes were used as electrode
substrates. These were prepared using graphite powder and Araldit
epoxy resin/hardener by hand-mixing in the ratio 70:30 (m/m), as
described previously [25]. The resulting paste was placed into the
tip of a 1 mL insulin plastic syringe, and a copper rod with diameter
equal to the inner size of the syringe was inserted to give exter-
nal electrical contact. The resulting electrodes had 5 mm diameter,
geometric area 0.196 cm2, and their thickness was 5–7 mm. Before
each use, the surface of the composite electrode was wetted with
Milli-Q water and then thoroughly smoothed, first with abrasive
paper and then with polishing paper, Kemet (UK).

2.5. Preparation of the film electrodes containing functionalised
MWCNTs

A 1.0% m/m Chit stock solution was prepared by dissolving
100 mg of Chit powder in 10 mL of 1.0% (v/v) acetic acid solution
and stirred for 3 h at room temperature until complete dissolution.
The Chit solution was stored under refrigeration at 4 ◦C when not
in use.

A dispersion of 1.0% m/v functionalised MWCNTs in 1.0% m/m
chitosan was prepared by sonication of 2 mg of functionalised
MWCNTs in 200 �L of 1.0% m/m Chit in 1.0 % (v/v) acetic acid solu-
tion for 2 h.

All chitosan-containing films were obtained using either
1.0% m/m Chit solution or 1.0% m/v functionalised MWCNTs in
1.0% m/m chitosan together with one of the crosslinkers placed
directly onto the graphite-epoxy composite electrode; the detailed
procedure is given elsewhere [26]. Briefly, the graphite-epoxy com-
posite electrode was covered, in all cases, by first dropping 10 �L
of 1% m/m Chit or 10 �L of 1% m/v MWCNTs in 1.0% m/m Chit and
leaving it to dry for 1 h. After solvent evaporation, a second aliquot
of 10 �L of Chit or MWCNT/Chit dispersion was dropped on the
surface and the coated electrode was again left for solvent evapora-
tion at room temperature in air for approximately 1 h. Then, 10 �L

of 0.02 M NaOH solution was placed on the surface and dried for
40 min, followed by another aliquot of the same reagent, the pur-
pose being to deprotonate the amino groups of Chit by changing the
pH at the electrode surface. In the case of the EDC–NHS crosslinker,
this procedure with NaOH solution was performed only once in
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rder to neutralize the medium at the electrode surface avoid-
ng an increase pH value more than 7. The electrode was washed
horoughly with phosphate buffer solution.

After this, the crosslinker was incorporated by dropping 10 �L
f one of the following solutions on the surface: (a) 2.0% (v/v) of GO
olution in buffer, (b) 2.5% (v/v) GA solution in buffer, (c) 2.5% (v/v)
CH in 0.1 M NaOH solution (pH 10) and (d) 0.5% (m/v) EDC/0.5%
m/v) NHS solution in buffer. The assemblies were left to dry for 2 h
efore use.

The electroactive area of each electrode was determined
xperimentally from the cyclic voltammetry of potassium hexa-
yanoferrate(III), as described in [27].

.6. Enzyme immobilisation

Glucose oxidase was immobilised on top of the electrodes pre-
iously modified as described above. The electroactive area of the
lectrodes was 0.64 ± 0.10 cm2. Volumes of 10 �L of 1% (m/v) GOx,
�L of 2.5% (m/v) BSA and 5 �L of 2.5% (v/v) GA were mixed care-

ully with a thin glass rod directly on top of the electrode and left
o react for 1 h. Before use, the excess of GA was washed out with
0 �L of phosphate buffered saline (pH 7.0).

.7. Analysis of impedance spectra

Impedance spectra were analysed by fitting to equivalent elec-
rical circuits using ZView software (Scribner Associates, USA). All
f these included a Warburg element, ZW, which was modelled as
n open circuit finite Warburg element, as already used for other
NT-modified electrodes [28]. The circuits are shown in Fig. 2 and
ill be referred to and the meaning of the modelling explained
ithin the results and discussion section.

The basic elements are the cell resistance, R�, composed of the
olution and the bulk composite resistances, in series with different
ombinations. The constant phase element, CPE, was modelled as
non-ideal capacitor:

PE = −1
(Ciω)˛ (1)

here the capacitance C describes the charge separation at the dou-
le layer interface and the ˛ exponent is due to the heterogeneity
f the surface. Rct is the charge transfer resistance.

The definition of the Warburg element used is

W (Wo) = Rdifctnh([i�ω]˛)
(i�ω)˛ (2)

here Rdif is a diffusion resistance of electroactive species, � a time
onstant depending on the diffusion rate (� = l2/D, where l is the
ffective diffusion thickness, and D is the effective diffusion coeffi-
ient of the species), and ˛ = 0.5 for a perfect uniform flat interface.
t “high” frequencies the impedance behaviour is that of infinite
iffusion (phase angle 45◦) and at “low” frequencies it tends to
hat of a capacitor (phase angle 90◦). Values of ˛ of less than 0.5
xpress the fact that the interface is not uniform (as happens with
PE non-ideal capacitance when ˛ < 1).

. Results and discussion

.1. Electrochemical impedance of different crosslinking agents
or chitosan–MWCNT cast on the electrode surface
Electrodes were prepared from GrEC and chitosan with and
ithout carbon nanotubes using four different crosslinkers: GO,
A, ECH and EDC–NHS, see structures in Fig. 1, and the crosslink-

ng mechanisms are described in previous work [26]. GO and GA
ind covalently with amino groups from Chit releasing water; ECH
Fig. 2. Equivalent electrical circuits used to fit the impedance spectra. R� is the cell
resistance, CPE1 a constant phase element modelled as a non-ideal capacitor, Rct

the charge transfer resistance, Rf a film resistance and ZW a Warburg impedance
modelled as an open finite Warburg element Wo. See text for details.

binds covalently with hydroxyl groups from Chit releasing water
and chloride anion. EDC–NHS has a more complex crosslinking
mechanism and acts like a catalyst: EDC first covalently attaches
to the –COOH groups present on the surface of the graphite-epoxy
composite electrode, which then reacts with NHS, substituting
EDC, covalently attaching to the functionalised electrode surface
whilst releasing 1-(3-dimethylamino)propyl-3-ethylurea. Further-
more, such structures facilitate Chit reaction in which it substitutes
NHS, in this way covalently “gluing” the electrode surface with Chit
amino groups, releasing unchanged NHS.

EIS was used to shed light on the influence of the different
crosslinking agents and of incorporating MWCNT. Impedance spec-
tra were recorded in 3 mM K3Fe(CN)6 in 0.1 M KCl either at the
open circuit potential (OCP), which was in the range +0.15 to
+0.25 V depending on the film-modified electrode composition, or
fixed at +0.15 V vs. SCE. The OCP was close to the midpoint poten-
tial from CVs [26] in the case of GA and GO, but it was around
50 mV more positive than the midpoint for ECH and EDC–NHS
crosslinked MWCNT–chitosan electrodes. Spectra recorded at OCP
and at +0.15 V were similar. The discussion below will focus on
spectra recorded at +0.15 V because at fixed potential it is easier to
control the redox processes at different electrodes.
In all cases, the spectra obtained include two regions: a semicir-
cular part at high frequencies corresponding to the electron transfer
process and a linear part at lower frequencies corresponding to dif-
fusion control (Fig. 3). For the electrodes without MWCNT, i.e. with
only chitosan and crosslinkers, the semicircle is not so well defined,
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Fig. 3. Complex plane impedance spectra of graphite composite electrodes with
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Table 1
Equivalent circuit fitting data from impedance at carbon nanotubes immobilised
into chitosan using different crosslinkers. The spectra were recorded at +0.15 V vs.
SCE.

Film composition Rct (� cm2) C (�F cm−2 sn−1) ˛

CHIT–GO 22 0.04 0.70
CHIT–GO–MWCNT 36 154 0.81
CHIT–GA 91 0.45 0.72
CHIT–GA–MWCNT 17 207 0.89
CHIT–ECH 238 1.9 0.73

interfacial capacitance of the modified electrodes. The spectra
demonstrate that both resistivity and electrode surface structure
changed with the modification of the graphite-epoxy composite,
as expected.
hitosan (a) with and (b) without carbon nanotubes with different crosslinkers: (�)
DC–NHS; (�) GO; (©) GA; (�) ECH at OCP in 3 mM K3Fe(CN)6 and 0.1 M KCl. Lines
ndicate fitting using the equivalent circuit in Fig. 2a.

uggesting that electron transfer is partially blocked by the porous
hitosan polymer, see Fig. 2b, as was observed previously [29].

Spectra were fitted using the Randles-type equivalent electrical
ircuit in Fig. 2a. The high frequency region of the spectra, which
epresents the charge transfer and charge separation within the
arious types of Chit film, was analysed in more detail. The values
f R� were slightly different for each type of film: ∼80 (EDC–NHS),
85 (GO), ∼100 (ECH) and ∼115 � cm2 (GA). After modification
ith MWCNT a small decrease in the R� values was observed. These
ifferences can be explained by the fact that each crosslinker forms
different film structure, which is also changed in the presence of
WCNTs in the film.
The values of the charge transfer resistance decreased signif-

cantly with almost all crosslinkers (except GO) when including
anotubes, see Table 1, as would be expected when the MWCNT
ause an electrocatalytic effect. The capacitance values increased in
ll cases with the addition of carbon nanotubes due to an increase
n the electroactive area of the electrode, showing easier electron
ransfer in the presence of MWCNT within the Chit-crosslinker

odified films. The lowest charge transfer resistance values were

btained for ECH followed by EDC–NHS, GA, and finally GO,
eaning that at ECH and EDC–NHS crosslinked MWCNT–Chit films

he electron transfer is facilitated. This is in agreement with cyclic
oltammetry where the best crosslinkers were EDC–NHS and ECH:
CHIT–ECH–MWCNT 4 279 0.74
CHIT–EDC–NHS 50 120 0.85
CHIT–EDC–NHS–MWCNT 12 213 0.89

although the order of EDC–NHS and ECH is changed in the case of
EIS, the values of the charge transfer resistance are very close to
each other so no clear distinction can be made as to which is better
[26].

Electrochemical impedance spectra recorded at bare, chitosan
and chitosan-nanotube electrodes, crosslinked with EDC–NHS, in
0.1 M KCl solution, with and without 3.0 mM Ru(NH3)6Cl3, at
the open circuit potential (OCP), which was ∼+0.15 V vs. SCE are
shown in Fig. 4. The reason for adding the redox couple is that, in
the literature, impedance spectra recorded at other types of CNT
biosensor-modified electrodes (to be described below in Section
3.2.2) mostly used hexacyanoferrate(II) and ruthenium hexaam-
mine(III) redox couples and measurements at OCP [30–33]. All bare
and Chit-modified electrodes exhibited similar behaviour with the
impedance values varying about 20% between three equal elec-
trodes (not shown).

Unmodified GrCE exhibited a non-ideal capacitive behaviour
over the whole frequency range and the imaginary part of the
impedance reached a value of ∼12 k� cm2 at 0.1 Hz, as seen in Fig. 4.
There was no change in the spectra with and without Ru(NH3)6

3−

at the OCP at this kind of electrode.
The GrEC/Chit electrodes had much lower imaginary impedance

values than at the bare GrEC electrode, attributed to an increased
Fig. 4. Complex plane impedance spectra at GrEC, GrEC/Chit, and GrEC/Chit–CNT
electrodes at OCP in 0.1 M KCl (�) without and (�) with 3 mM Ru(NH3)6Cl3. Lines
indicate fitting using the equivalent circuits in Fig. 2b for GrEC, GrEC/Chit and in
Fig. 2a for GrEC/Chit–CNT electrodes.
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Table 2
Parameters from Wo in impedance spectra obtained by equivalent circuit fitting at different electrodes in 0.1 M KCl and with addition of 3.0 mM Ru(NH3)6Cl3 at open circuit
potential (OCP).

Electrode Solution composition Cdl (�F cm−2) Rct (� cm2) Rdif (Wo) (� cm2) � (Wo) (s) ˛ (Wo)

Bare Electrolyte 1.95 – 3.2 0.001 0.41
+Ru(NH3)6

3+ 0.82 – 8.3 0.001 0.40

Chit Electrolyte 1.16 – 3.6 0.001 0.41
–

16
16

f
t
d
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a
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w

+Ru(NH3)6
3+ 2.28

Chit–MWCNT Electrolyte 44.8
+Ru(NH3)6

3+ 44.8

The spectra at the GrEC/Chit–MWCNT electrodes were different
rom those without MWCNT, with a charge transfer semicircle in
he high frequency region and a linear diffusion part in the mid-
le and low frequency region. The imaginary impedance value at
.1 Hz dropped to 0.4 k� cm2, again showing an increase in capac-

tance and the decrease of the real impedance and demonstrating
n increase in conductivity of these electrodes after modification
ith MWCNTs.

Almost all spectra could be fitted to a circuit consisting of a cell
esistance in series with a constant phase element (CPE) and a finite

arburg element (W ): –R –CPE–W – for the spectra without
0 � o

NT (Fig. 2b, bare composite electrode and modified with chi-
osan) and a Randles-type equivalent circuit (Fig. 2a, as above) for
he MWCNT-modified electrodes. The CPE describes a capacitance
hich increases with chitosan modification. The different circuit

ig. 5. Complex plane impedance spectra at GrEC/Chit–CNT–EDC–NHS sensor at differen
as ∼20 mV vs. SCE. Lines indicate fitting using the equivalent circuit in Fig. 2c at OCP an
16.4 0.009 0.43

.2 24.6 0.064 0.45

.9 21.4 0.060 0.44

for the GrEC/Chit–MWCNT is a reflection of the fact that the some
pathways to the electrode substrate include MWCNT in parallel
with others that do not. Data from analysis of the impedance spec-
tra are presented in Table 2. Apart from the considerations made
above, they show that the charge separation is much larger in the
presence of MWCNT, the diffusion resistance of an electroactive
species through the chitosan matrix is also much higher as well
as the Warburg time constant. There is some effect of the ruthe-
nium cationic species on the charge separation in Chit-modified
electrodes.

The impedance results show that modification of graphite-

epoxy composite with CNTs attached to the electrode
surface by crosslinked chitosan have much better char-
acteristics for application as sensors than unmodified
electrodes.

t potentials in 0.1 M NaPBS pH 7.0, in the presence and absence of dipyrone. OCP
d 0.15 V without dipyrone and in Fig. 2d for all the other spectra.
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Table 3
Equivalent circuit fitting of impedance data at carbon nanotubes immobilised into chitosan using EDC–NHS as crosslinker in 0.1 M phosphate
buffer, pH 7.0 with and without dipyrone (dipy). OCP was ∼20 mV vs. SCE.

E (V vs. SCE) Solution composition Rdif (Wo) (� cm2) � (Wo) (s) ˛ (Wo) Rf (k� cm2)

OCP Buffer 18 0.063 0.46 –
+1 mM dipy 17 0.053 0.46 –
+2 mM dipy 18 0.054 0.46 –

0.15 Buffer 19 0.051 0.46 –
+1 mM dipy 18 0.048 0.46 5.9
+2 mM dipy 17 0.043 0.45 2.4

0.57 Buffer 19 0.044 0.47 7.8
+1 mM dipy 17 0.040 0.46 3.2
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in the region where H2O2 reduction, O2 reduction and FAD/FADH2
redox processes take place [35], and which are therefore of interest
for biosensor functioning, in the presence and absence of dissolved
oxygen in the buffer solution. These spectra are presented in Fig. 7a
and show that there was no significant difference between them in
+2 mM dipy 17

.2. Investigation of sensors and biosensor based on
hitosan–MWCNT–EDC–NHS

.2.1. Chitosan–MWCNT–EDC–NHS sensors for dipyrone and
ydroquinone

As found above, the best crosslinking agent for application of the
hit–CNT-modified electrode is EDC–NHS [26], so the performance
f Chit–MWCNT–EDC–NHS was tested by EIS in phosphate buffer.
he electrode was applied to the determination of some important
nalytes, exemplified here by dipyrone and hydroquinone. Spectra
ere also recorded in the absence and presence of these com-
ounds in order to examine electrode performance in the presence
f analyte.

Fig. 5 presents complex plane impedance spectra at different
otentials in 0.1 M phosphate buffer solution, pH 7.0, and with the
ddition of 1 and 2 mM dipyrone at different potentials, where the
ost pronounced oxidation peaks of dipyrone were found (0.15 and

.57 V [34]) and at OCP, which was ∼0.02 V vs. SCE. At OCP, where
o peaks occur in cyclic voltammetry, no changes were obtained in
he complex plane spectra on addition of analyte. However, at the
ther potentials studied, the spectra had lower impedance values
n the low frequency region after dipyrone addition, showing the
ower diffusion resistance with each addition of aliquot of 1 mM
ipyrone to the buffer solution. Nevertheless, only small changes
ere obtained in the high frequency region.

The spectra at OCP and at 0.15 V (the latter without dipyrone
ddition), were best fitted just with R� and open Warburg ele-
ent, Wo, in series (Fig. 2c). However, the spectra at 0.15 and 0.57 V,

fter addition of dipyrone (at 0.57 V even without addition of ana-
yte) lost their linearity in complex plane plots (Fig. 5) and so at
hese potentials a film resistance, Rf, was added in parallel with Wo

eflecting the duplex nature of the film in that only parts of it have
ctive sites available for reaction (Fig. 2d). The values of the param-
ters from equivalent circuit analysis are presented in Table 3. R�

as 31 ± 2 � cm2 at all potentials studied in buffer without and
ith dipyrone. As expected, the Warburg element values changed
ith addition of dipyrone. Rdif changes slightly and decreases by

–2 � cm2 with analyte addition showing slightly faster diffusion;
decreases with each addition of analyte; and the exponent ˛ also
ecreases with addition of dipyrone. The film resistance, Rf, also
ecreases with increase of dipyrone concentration, showing that
he analyte increases diffusion of the charged species, counter ions
r dipyrone oxidation products, through the porous film as well as
he area through which this occurs.

Spectra were recorded with the same electrode in pH 4.1 0.1 M

cetate buffer in the presence of 1 mM hydroquinone at OCP
∼+0.15 V vs. SCE) and at +0.2 V vs. SCE, shown in Fig. 6 in com-
lex plane plots. The spectra obtained were different: at +0.2 V a
emicircle part and a linear part are seen, as reported above (see
ection 3.1), whilst at OCP no semicircle was observed. The spectra
0.038 0.46 2.0

were fitted using two different circuits: at OCP a cell resistance R�

in series with a Warburg element Wo (no electrode reaction, Fig. 2c)
and at +0.2 V a Randles circuit was necessary (Fig. 2a) with a pure
capacitance rather than a CPE. The values of parameters obtained
from fitting at +0.2 V showed almost the same value of the cell resis-
tance, as expected (∼75 � cm2), and the value of Rct is very small
(5.5 � cm2); the value of C1 was 140 �F cm−2.

These results demonstrate the potentialities of EIS for the char-
acterisation of such types of modified electrode structure used as
sensors and can lead to quantitative determination protocols for
different analytes. Additionally, it demonstrates the different inter-
actions of analytes at the modified electrode surfaces, shown here
by the different equivalent circuits needed for fitting the experi-
mental data.

3.2.2. Chitosan–MWCNT–EDC–NHS/GOx biosensor
Impedance spectra were recorded at GrEC/Chit–CNT/GOx

biosensors at different potentials, 0.1, 0.0, −0.1, −0.3, and −0.45 V,
Fig. 6. Complex plane impedance spectra at GrEC/Chit–CNT–EDC–NHS sensor at
OCP (∼0.15 V) (�) and 0.2 V (�) vs. SCE in 0.1 M acetate buffer pH 4.1, in the presence
of 1 mM hydroquinone. Lines indicate fitting using the equivalent circuit in Fig. 2c
at OCP and in Fig. 2a at +0.15 V.
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ig. 7. Complex plane impedance spectra at GrEC/Chit–CNT/GOx biosensor at dif-
erent potentials in 0.1 M NaPBS pH 7.0: (a) before and (b) after oxygen removal.
ines indicate fitting using the equivalent circuit in Fig. 2c.

his potential region. Deoxygenation of the buffer solution shifted
he impedance to lower values in the high frequency region but
id not introduce any other changes in the low frequency region
Fig. 7b). These results, obtained with and without dissolved oxy-
en in solution, lead to the conclusion that dissolved oxygen affects
he biosensor characteristics, as expected.

In order to study biosensor performance, impedance spectra
ere also recorded after the addition of glucose to the buffer solu-

ion, under the same conditions as without glucose, including also
n deoxygenated solutions, see Fig. 8. Addition of 1 mM glucose
o the buffer solution slightly decreased the values of imaginary
mpedance and the real part of impedance became very slightly

igher in the high frequency region (Fig. 8a, inset) having an oppo-
ite effect in the region of low frequency. The same shift was
bserved after addition of a further 1 mM of glucose; however, this
hift was smaller than the previous one. This was probably because
Fig. 8. Complex plane impedance spectra at GrEC/Chit–CNT/GOx biosensor at−0.3 V
vs. SCE (a) with and (b) without dissolved O2 in 0.1 M NaPBS, pH 7.0, in the absence
and presence of 1 and 2 mM of glucose. Lines indicate fitting using the equivalent
circuit in Fig. 2c.

of saturation of the biosensor, since the linear range of the biosensor
was up to 0.8 mM [35].

In the deoxygenated buffer solution the behaviour was essen-
tially the same as in the presence of oxygen: the same shift
in the impedance values were observed in the low frequency
region after addition of 1 mM of glucose and in the high fre-
quency region the spectrum is shifted closer to zero; no significant
changes was observed after addition of another aliquot of 1 mM
glucose These results lead to the conclusion that oxygen might be
trapped in the biosensor membrane or in the composite electrode
The equivalent circuit in Fig. 2c was used to fit all spectra, i.e. R�

in series with Wo. The cell resistance had a value of 30 ± 2 � cm2

at all potentials, in the presence and absence of oxygen in buffer
solution. It decreases 1–2 � cm2 after the first glucose addition



6246 R. Pauliukaite et al. / Electrochimica Acta 55 (2010) 6239–6247

Table 4
Parameters from Wo in impedance spectra obtained by equivalent circuit fitting at GrEC/Chit–CNT/GOx-modified electrodes in 0.1 M NaPBS
in the presence and absence of dissolved oxygen at −0.1, −0.3, and −0.45 V vs. SCE.

E (V vs. SCE) Solution Rdif (Wo) (� cm2) � (Wo) (s) ˛ (Wo)

Presence of O2

−0.1 Buffer 23 0.078 0.46
+1 mM gluc 21 0.075 0.46
+2 mM gluc 20 0.073 0.46

−0.3 Buffer 21 0.063 0.46
+1 mM gluc 20 0.062 0.46
+2 mM gluc 20 0.061 0.47

−0.45 Buffer 21 0.071 0.46
+1 mM gluc 20 0.067 0.46
+2 mM gluc 19 0.066 0.46

Absence of O2

−0.1 Buffer 21 0.072 0.46
+1 mM gluc 21 0.073 0.46
+2 mM gluc 21 0.072 0.46

−0.3 Buffer 20 0.061 0.47
+1 mM gluc 21 0.062 0.48
+2 mM gluc 21 0.061 0.47

−0.45 Buffer 20 0.066 0.46
+1 mM gluc 20 0.067 0.46
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+2 mM gluc 20

nd then remains constant in the absence of oxygen, however, it
sually remained constant after glucose addition in the solutions
ith O2. The equivalent circuit parameters obtained at different
otentials in the presence and absence of oxygen and glucose are
resented in Table 4. Analysis of the impedance data demonstrates
hat almost no changes are observed at the electrode surface after
lucose addition in the absence of O2. However, in the presence
f oxygen resistance of diffusion and factor �, related to the diffu-
ion time, decreased slightly with addition of analyte to the buffer
olution.

Impedance spectra recorded at other types of CNT biosensor-
odified electrodes at OCP, had a similar profile to those reported in

his work and were analysed using the Randles equivalent electrical
ircuit [30–33].

The impedance data demonstrated that the electrode surface
oes not change with applied potential but does change slightly
ith the presence or absence of oxygen and almost not at all in

he presence of the enzyme substrate, glucose. This type of sens-
ng architecture, which is an extremely promising alternative as

biosensor [26,34] shows the desirable criterion of not altering
ts characteristics when functioning in the presence of the ana-
yte.

. Conclusions

Electrochemical impedance spectroscopy was used to char-
cterise chitosan-modified electrodes with different crosslinkers
egarding their effectiveness together with the immobilisation
f functionalised MWCNT in different aqueous media. Successful
odelling of the spectra was based on the use of diffusional ele-
ents for the different modified electrode structures. The electrode
odified with chitosan and carbon nanotubes using EDC–NHS

rosslinker was sensitive to changes in dipyrone and hydroquinone
nalyte concentration and EIS can be used to obtain information

bout the behaviour resulting from the film modification. With an
xternal glucose oxidase layer, EIS shows that the glucose biosen-
or characteristics remain the same in the presence of the enzyme
ubstrate, which augurs well for application of this biosensor archi-
ecture.
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