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(Cu?*). The vertically oriented PPy nanotube arrays were electropolymerized by using modified zinc
oxide (ZnO) nanowire arrays as templates which were electrodeposited on indium-tin oxide (ITO) coated
glass substrates. The electrodes were functionalized by appending pyrrole-a-carboxylic acid onto the
surface of polypyrrole nanotube arrays by electrochemical polymerization. The carboxylic groups of the
polymer were covalently coupled with the amine groups of the tripeptide, and its structural features
were confirmed by attenuated total reflection infrared (ATR-IR) spectroscopy. The tripeptide modified
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Polypyrrole nanotube arrays PPy nanotube arrays electrode was used for the electrochemical analysis of various trace copper ions by
Zinc oxide nanowire arrays square wave voltammetry. The electrode was found to be highly sensitive and selective to Cu?* in the
Copper ions range of 0.1-30 wM. Furthermore, the developed biosensor exhibited a high stability and reproducibility,

despite the repeated use of the biosensor electrode.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymer (CP) nanomaterials are of great impor-
tance in a wide application areas concerning with electronics,
optoelectronics, energy storage and chemical/biological sensing

- [1]. Due to its environmental stability, good biocompatibility and
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micro-analytical systems and coupling with chemical/biological
species [3]. Especially, the functionalized CP nanowires (NW) and
nanotubes (NT) are predicted to be excellent sensing materials
relating with their features of high surface areas, porous structure,
abundant surface functionalities, and sensitive electron transduc-
tion [4]. Among the CP nanomaterials, PPy nanomaterials are very
attractive substrates for immobilization of biomaterials, rendering
their wide utilization for the design and construction of vari-
ous biosensors harnessing immobilized enzymes, and covalently
attached ligands or specific biological species [5-8].

Various methods, such as hard [9] and soft templating [10],
interfacial polymerization [11], and seed/oligomer-assisted syn-
thesis [12], have been developed to prepare CP nanomaterials,
but most CP nanomaterials suffer from insufficient adhesion to
the electrode substrates. Those CP nanomaterials have been used
to detect the analytes predominantly present in the gas phase.
To overcome these limitations, several strategies have been pro-
posed. Lee and co-workers reported a copper ions (Cu?*) biosensor
based on an overoxidized PPy NW layer. The overoxidized PPy
NW layer was formed by one step pyrrole electropolymerization
in the presence of sodium carbonate [5]. A biosensor based on
enzyme functionalized poly(pyrrole-3-carboxylic acid) NTs which
were immobilized onto a microelectrode substrate via covalent
linkages was developed by Jang and co-workers [3]. However, to
the best of our knowledge, no electrochemical biosensors have
been reported based on peptide modified PPy NT arrays elec-
trodes.

Controlling the orientation of CP nanomaterials during polymer-
ization is critically important [13]. Current research trends mainly
focus on the investigation of CP nanomaterial arrays, because they
exhibit a unique combination of morphology and intrinsic proper-
ties, such as high surface to volume ratio, fast oxidation/reduction
kinetic and electrical conductivity [14]. Hard-template assisted
synthesis has been a common approach to produce ordered CPs
nanomaterial arrays. The generally used two types of templates are
track-etched polymeric membranes and porous anodic aluminum
oxide (AAO) membranes [15,16]. The templates especially attracted
extensive interest due to their uniform pore diameters and ordered
porous distribution [17]. However, upon removal of the templates
the CP nanoarrays collapse onto the substrate, losing their orien-
tation. Thus, it is not easy to obtain the CP nanoarrays standing
vertically on a substrate after removing the templates [18,19]. On
the other hand, the high costs of template and the complex handling
processes also limit the applications using CPs nanomaterial arrays
[20]. Recently, studies on CP nanomaterial arrays without using
templates have attracted great attentions. Dilute chemical oxida-
tive polymerization has been introduced to synthesize polyaniline
nanofiber arrays [21]. Li et al. reported a one-step electropolymer-
ization strategy to synthesize polypyrrole (PPy) nanofiber arrays
in a biphasic electrochemical system [1]. Oriented PPy NW arrays
formed just using one-step electropolymerization by electrogen-
erating PPy in the presence of jointly non-acidic and weak-acidic
anions without any templates [22]. Nonetheless, these methods are
time-consuming, and the sizes of CP nanomaterial arrays are still
difficult to control [23].

Herein, we first report a novel electrochemical biosensor har-
nessing the tripeptide Gly-Gly-His (GGH) covalently attached to
PPy NT arrays on an indium-tin oxide (ITO) coated glass elec-
trode for determination of Cu2* with the lower concentration. PPy
NT arrays were electropolymerized with controlled dimensions
and morphologies by using a zinc oxide (ZnO) NW arrays as a
versatile template. The carboxyl group of the polymer was mod-
ified to accommodate tripeptide molecules for Cu?* capture. In the
present study, the GGH modified PPy NT arrays biosensor proved
its capability to determine the concentration of Cu?* in the range
of 0.1-30 wM.

2. Experimental

2.1. Materials and characterization

Pyrrole (98%), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylamino propyl)-carbodiimide hydrochloride (EDC), cop-
per(Il) chloride hydrate, potassium chloride (KCI, 99.5%), zinc
chloride (ZnCl,), lithium perchlorate (LiClO4), methylene chlo-
ride (CH,Cly), and acetonitrile (ACN) were purchased from
Aladdin Chemistry Co. Ltd. (Shanghai, China). GGH, pyrrole-
a-carboxylic acid (99%, Py-a-COOH) and tetrabutylammonium
hexafluorophosphate were obtained from Sigma-Aldrich. 2-
(N-morpholino)ethanesulfonic acid (MES) hydrate, ammonium
acetate, sodium hydroxide, and sodium chloride were used for
buffer solutions. All chemicals were of reagent grade and used
without further purification.

All solutions were freshly prepared using freshly de-ionized
water (18.2 MS2 cm, Pall Corp., USA). 100mM MES (pH 6.8) was
used in further modification steps. Stock solution of copper ions
(5mM) was prepared in 50 mM ammonium acetate buffer (pH 7.0)
and diluted to give various concentrations of copper ions.

Surface morphology of the electrodes was examined by scan-
ning electron microscopy (SEM, Hitachi S-4800, Japan). Attenuated
total reflection infrared (ATR-IR) spectra were obtained by infrared
spectrophotometry (Thermo Scientific Nicolet iS 10), using an ATR
platform by pressing the solid electrodes onto the GaAs crystal.
Cyclic voltammetry of the electrode was conducted in a cop-
per ion-free buffer (50 mM ammonium acetate, 50 mM NaCl, pH
7.0) at a sweep rate of 100mVs~!. All electrochemical analysis
was performed in a conventional three-electrode cell comprising
the modified electrode as a working electrode, a platinum plate
as a counter electrode, and a saturated calomel electrode (SCE)
in saturated KCl solution as a reference electrode using a CHI
660C electrochemical workstation (Chenhua Instruments, Shang-
hai, China).

2.2. Preparation of ZnO NW array electrodes

ZnO NW arrays were prepared by electrodeposition process
according to the previous literature [24]. Prior to the electrodepo-
sition, the indium-tin oxide (ITO) coated glass (1 cm x 5cm) was
cleaned in an ultrasonic bath for 20 min each in acetone, ethanol,
and distilled water, respectively. The electrolyte wasa 1 x 103 M
ZnCl, and 2 M KCl ultrapure aqueous solution, saturated with bub-
bling oxygen. The applied potential was operated at —1V versus
SCE for 90 min and the deposition was conducted at a temperature
of 80°C.

2.3. Preparation of PPy-COOH NT array electrodes

Carboxyl end-capped PPy (PPy-COOH) NT arrays were elec-
tropolymerized in three steps by using the ZnO NW arrays as
templates. The PPy was electropolymerized in a methylene chloride
solution containing 0.01 M pyrrole and 0.05M tetrabutylammo-
nium hexafluorophosphate by chronoamperometry at 1.20V for
90s. After a thorough rinse with fresh ethanol, the ZnO/PPy hybrid
nanoarray electrode was transferred into a cell to create ZnO/PPy-
COOH hybrid nanoarrays, 0.01 M Py-a-COOH in ACN containing
0.05M LiClO4 as supporting electrolyte. A voltage at 2.0V was
applied for 15 min to ensure the a-terminus C—C coupling between
PPy and Py-a-COOH [25]. Then, the ZnO/PPy-COOH hybrid nanoar-
ray electrode was immersed in fresh ethanol to eliminate the
residual monomer. Subsequently, the electrode was immersed in
1 M HCl solution for a few seconds to remove ZnO from the hybrid
nanoarrays. The obtained PPy-COOH NT arrays electrode was rinsed
with de-ionized water and stored in 50 mM ammonium acetate
buffer (pH 7.0).
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Fig. 1. A schematic of the GGH modified PPy NT arrays electrode synthesis and its putative complexation with Cu?*.

2.4. Modification of PPy-COOH NT array electrode with GGH
tripeptide

The modification of PPy-COOH NT array electrode with tripep-
tide (GGH) was performed as reported elsewhere [26,27]. The
carboxyl terminal groups of the PPy-COOH were activated in a solu-
tion of 50 mM EDC/50 mM NHS in 100 mM MES (pH 6.8) for 3 h.
After a thorough rinse with 25 mM MES buffer, the polymer elec-
trode was reacted overnight with GGH (3 mg mL~!)in 100 mM MES
buffer to form the peptide conjugated PPy-COOH (PPy-GGH) elec-
trode. The modified electrode was rinsed thoroughly with 25 mM
MES buffer and stored at room temperature in 50 mM ammonium
acetate buffer (pH 7.0) prior to use.

2.5. Metal ion sensing

The PPy-GGH nanoarray electrode was immersed in 20 mL of
50 mM aqueous ammonium acetate buffer solution (pH 7.0) at var-
ious concentrations of copper ions for 10 min and washed with
copper-free ammonium acetate buffer. The bound metal ions on
the PPy-GGH nanoarray electrode were reduced at —1.0V for 605,
and the electrochemical response was measured by square wave
voltammetry (SWV) using a frequency of 15Hz, an amplitude of
25mA, and a step voltage of 4 mV. After each SWV measurement,
the electrode was rinsed with ammonium acetate buffer, placed in
0.1 M ethylenediaminetetraacetic acid (EDTA) solution for regen-
eration, rinsed with acetate buffer, reduced and measured by SWV
in a fresh ammonium acetate buffer to ensure complete stripping
of all metal ions.

3. Results and discussion

3.1. Preparation and characterization of PPy-GGH nanoarray
electrodes

Fig. 1 illustrates the steps involved in the electrodepostion of
ZnO NW arrays, electropolymerization and preparation of PPy-
COOH NT arrays and the GGH tripeptide modification processes.
ZnO NW arrays were electrodeposited on the surface of ITO glass

substrate, and the ZnO NW arrays were used as a template for
preparation of PPy NT arrays. A layer of PPy was covered around
the ZnO NW arrays by electropolymerization, and then a monolay-
ered PPy-COOH was formed through the coupling reaction between
the a-terminus of PPy and the a-end of Py-a-COOH [28]. The ZnO
NW array template was removed by using HCl solution to obtain the
PPy-COOH NT arrays. Subsequently, the monolayer carboxyl termi-
nal groups of the PPy-COOH NT arrays were activated and modified
with GGH tripeptide for Cu?* electrochemical detection. The use
of oriented ZnO NW arrays as templates has been proposed as an
alternative to AAO template because of the easily scalable depo-
sition techniques and its facile removal through etching [19,29].
Moreover, the aligned nanostructures of the functional materials
can be found to be advantageous for applications [1,23].

3.1.1. Surface morphology

The structures of the ZnO NW arrays and PPy NT arrays were
investigated by SEM analysis. According to the literature [30], low
concentration of Zn%* precursor is the key for growing ZnO NW, and
high concentration of Cl~ also favors the growth of ZnO NW [31].
The inset of Fig. 2a is a low-magnified SEM image of ZnO NW arrays,
showing the ZnO NW arrays grown on ITO glass substrate, which
have a random orientation. It can be seen that the ZnO NWs are
aligned nearly perpendicular to the substrate. The ZnO NWs range
from 380 nm to 410 nm in diameter and around 1.6 pm in length.
The top surface of the ZnO NWs becomes thinner and has a slightly
hexagon facet, which is in good agreement with the morphology
reported by Tena-Zaera and co-workers [24]. In order to obtain
PPy-COOH NT arrays, PPy was firstly electropolymerized onto the
surface of the ZnO NWs, achieving the ZnO/PPy hybrid arrays. The
second step toward PPy-COOH NT arrays involves the electropoly-
merization of Py-a-COOH onto the ZnO/PPy hybrid arrays. Fig. 2b
and c shows the morphology of PPy and PPy-COOH NT arrays after
selectively removing the ZnO template. The free standing PPy and
PPy-COOH NT arrays on the surface of ITO glass were obtained.
Obviously, the SEM images reveal that both PPy and PPy-COOH NT
arrays represent homogenous nanostructures. The walls thickness
of the PPy NT arrays is ca. 60-70 nm, and the carboxylation of PPy
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Fig. 2. SEM images of (a) ZnO NW arrays, (b) PPy NT arrays, and (c) PPy-COOH NT arrays.

NT arrays to give rise to PPy-COOH NT arrays rarely affects the mor-
phological features since neither the overall NT structure nor the
apparent diameter of the NT changed [5]. The morphology of the
PPy NT arrays is of cauliflower shape, similar as that of the final PPy-
COOH NT arrays. It is worth mentioning that the overall structure of
the PPy-COOH is mostly governed by the PPy underlayer, and there
should be only slight changes on the carboxyl end-capped surface
[25]. The cauliflower surface structure of the PPy-COOH NT arrays
could allow a large surface area for efficient binding of Cu?* ions.

3.1.2. ATR-IR spectroscopy

The ATR-IR spectrum of PPy NT arrays is displayed in Fig. 3a.
The band is observed at 1041 cm~!, corresponding to the N—H in-
plane deformation vibration of pyrrole rings. The band assigned to
the C—H in-plane stretching vibration appears at 1306 cm~! [32].
The bands at 1462 and 1167 cm~! can be attributed to the C—C ring
and C—N stretching vibrations, respectively [33]. The C=C stretch-
ing vibration of pyrrole ring in PPy can be found at 1540 cm~! [34].
The spectrum of PPy-COOH NT arrays (Fig. 3b) exhibits a charac-
teristic band at 1709 cm~!, which attributed to the monolayer of
carboxylic acid groups, accounting for successful incorporation of
the carboxyl group from Py-a-COOH to the surface of PPy NT arrays
[35]. The PPy NT arrays can be further overoxidized at high positive
potential (i.e. 2.0V). Oxygen-containing groups were introduced
as a result of overoxidation, along with the loss of the cationic
charge on the pyrrole nitrogen [36]. As shown in Fig. 3b, the peak
at about 1625 cm™! is attributed to the C=0 stretching, indicating
that the overoxidation process occurred at the pyrrole rings and
carbonyl groups were introduced in the polymer backbone after

overoxidation [37]. The modification of the tripeptide GGH on
the PPy-COOH NT arrays revealed one carboxylic acid group of
PPy-COOH NTs replaced by one tripeptide molecule (Fig. 1), In
the ATR-IR spectrum of PPy-GGH nanoarrays (Fig. 3c), the band
at 1708 cm~! increased attributed to the C=0 groups introduced
by the tripeptide GGH, the result is in good agreement with the
predicted surface structure of PPy-COOH functionalized with GGH
through an amide bond.

3.1.3. Cyclic voltammetry

The electrochemical behaviors of the PPy NT arrays and PPy-
COOOH NT arrays were investigated by cyclic voltammetry in a
copper ion-free buffer (50 mM ammonium acetate, 50 mM NacCl, pH
7.0) at a sweep rate of 100mV s~! (Fig. 4a). The cyclic voltammo-
gram of the PPy NT arrays is depicted in Fig. 4a (dash line), a slight
coupling anodic and cathodic peaks are observed close to +0.62 and
—0.36V, respectively. The PPy NT arrays are subjected to a repro-
ducible redox process, which is the well known characteristic of
an electrochemical system employing the pyrrole series [38]. The
PPy NT arrays were overoxidized by applying the potential of 2V
during the formation process of PPy-COOH NT arrays. Due to the
irreversible degradation process of the PPy NT arrays by overox-
idation (solid line, Fig. 4a), the peak current of the PPy-COOH NT
arrays decreases distinctly after incorporation of Py-a-COOH onto
the surface of PPy NT arrays [36].

Fig. 4b shows the cyclic voltammograms recorded for the
PPy-GGH nanoarray electrode (solid line) and the PPy-GGH nanoar-
ray electrode with Cu?* captured in copper solution (dash line)
for 10 min. The electrochemical response for the bare PPy-GGH
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Fig. 3. ATR-IR spectra for the (a) PPy NT arrays electrode, (b) PPy-COOH NT arrays electrode, and (c) PPy-GGH nanoarray electrode.

nanoarrays shows no obvious electrochemical response between
—0.6 and +0.6 V. For the Cu?* captured electrode, a few apparent
redox peaks appeared at —0.148V and —0.168 V. These peaks are
clearly attributed to the redox reaction of Cu®/Cu?* [26,27], con-
firming the attachment of GGH tripeptide to the PPy-COOH NT
arrays electrode.

3.2. Electrochemical performance of PPy-GGH nanoarray
electrode

Square wave stripping voltammetry analysis has higher sensi-
tivity than other electrochemical techniques in the determination
of trace metal ions [39]. The stripping techniques comprise of two
steps. The first step is the accumulation of copper ions by PPy-GGH
nanoarrays, and the second step involves in stripping. The stripping
method using chemically modified electrode has higher selectivity
due to the selective affinity of the tripeptide GGH modifier to cap-
ture Cu?* [26,40]. In addition, its small size is ideal for locating the
peptide probe to the transducer in close proximity which facilitat-
ing the PPy-GGH nanoarray electrode to detect Cu%* in a selective
manner [5].

We investigated the SWV response of the PPy-GGH nanoarray
electrodes between —0.4 and +0.3V. The SWV peaks originating
from PPy-GGH nanoarray electrodes are shown in Fig. 5. Follow-
ing the capture step, the modified electrode was transferred into
a copper ion-free buffer (50 mM ammonium acetate, 50 mM NacCl,
pH 7.0) for detection of Cu?* where the captured metal ions on the

electrode surface were reduced before recording the stripping cur-
rent using SWV [41]. The overoxidized PPy could avoid its large
background current that may hinder an accurate determination
of a SWV peak current arising from oxidation of Cu® in the poly-
mer matrix [5]. As illustrated in Fig. 5, SWV reveals a distinctive
peak at —168 mV, associating with the oxidization of Cu®/Cu2* on a
PPy-GGH nanoarray electrode [41]. The peak current from SWV is
proportional to the amount of copper ions bound to the PPy-GGH
nanoarray electrode surface. The calibration curve (Fig. 5 insert)
shows a linear increase in current density depending on the Cu2*
concentration from 0.1 to 30 wM (R? =0.9902), illustrating a high
sensitivity of the PPy-GGH nanoarray electrode to Cu?*. The detec-
tion limit, calculated as the blank signal plus three times the blank
standard deviation, is 46 nM. From Fig. S1 (supplementary mate-
rial), it is clearly observed that a small oxidation background
current peak from the PPy-GGH was at —55mV, and the magni-
tude of current is comparable to that from a significantly lower
Cu?* concentration (i.e. 0.5 wM) [5]. However, each Cu oxidation
peak emerged at —168 mV for the PPy-GGH nanoarray electrode
is distinctive from the background in a concentration dependent
manner, rendering a clear determination of the peak current for
each SWV curve. Therefore, the background current peak only can
be recognized at low concentration, and the small oxidation peak
could be a negligible background current from PPy-GGH nanoar-
ray electrode at high concentration of Cu2*. The electrochemical
analytical parameters of some reported CPs based electrodes
using different modification approaches for Cu?* sensing were
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Table 1
Electrochemical analysis of various conducting polymer modified electrodes for Cu?* determination.
Conducting polymer Electrochemical technique Detection range (Cu*, uM) Selectivity Ref.
PPy nanowire SWV 0.02-0.3 Cu?* [5]
PT? film SWvV 0.1-10 Pb%*, Cu?* [27]
PPy film SWv Pb?*, Cu?* [41]
PT film SWv 0.005-10 Pb?*, Cu?*, Hg?* [42]
PPy nanoarray SWvV 0.1-30 Cu?* This work

2 Polythiophene.

summarized in Table 1 and compared with the PPy-GGH nanoar-
rays electrode obtained in this study.

3.3. Selectivity and regeneration of the PPy-GGH nanoarray
electrodes

The selectivity of the PPy-GGH nanoarray electrode was inves-
tigated in the presence of common metal ion interferences, such as
Ni2*, Pb2* and Co2*. The PPy-GGH nanoarray electrode has a pref-
erential high affinity toward Cu?* and is nearly insensitive to Ni2*,
Pb2* and Co2* (Fig. S2 in supplementary material), which is in good
agreement with the previous literatures [5,26].

The reproducibility of the biosensor was found to be excellent
as evidenced by a relative standard deviation of 4.5% from five sep-
arate measurements. After each measurement, the regeneration
of electrodes was performed by immersing the used electrode in
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100 mM EDTA aqueous solution for 10 min. There were only 3-4%
decreases in peak currents compared to use the fresh prepared
tripeptide modified electrode, indicating that the regenerated elec-
trode can be used for repeated Cu?* detection in a reproducible
manner. Each regenerated electrode was confirmed to be used for
determination of copper ions without significant loss of sensitivity
for more than 1 month.

3.4. Application

The performance of the PPy-GGH nanoarray electrode was
investigated by the determination of Cu2?* in drinking water.
The drinking water containing various ions (Sr2*, K*, Na*, Mg2*,
S042-, CI-, etc.) was analyzed without pretreatment. For practical
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purposes, the drinking water was spiked with standard Cu?* solu-
tion, in order to simulate the Cu* contaminated water. Fig. 6 shows
the SWV responses of the drinking water spiked with 0, 0.5, 1.0,
3.0, 5.0, and 10 wM Cu?*. It can be seen that the peak current of
Cu?* increases linearly with increasing the spiked concentration
of Cu?* in the drinking water. In the case of the original drink-
ing water, there is no clear electrochemical response. The inset
shows that a linear relationship (R? =0.9859) obtained when the
current response is plotted against the Cu%* concentration. This
result demonstrates the developed PPy-GGH nanoarray electrode
was potentially applicable for the determination of Cu2* in drinking
and environmental water samples.

4. Conclusions

A novel electrochemical biosensor based on carboxyl end-
capped PPy NT array electrode modified with the tripeptide GGH
was constructed. ZnO NW arrays were used as templates for the
electropolymerization of PPy NT arrays. The modification steps of
PPy NT arrays with GGH were characterized by ATR-IR. The elec-
trochemical performance of the PPy-GGH nanoarray electrode was
demonstrated by implementing square wave voltammetry for Cu?*
detection. The PPy-GGH nanoarray electrode reveals highly sensi-
tive to detect Cu?* in the range of 0.1-30 wM with a detection limit
of 46 nM. The PPy-GGH nanoarray electrodes are also stable and
can be reused by a simple wash in EDTA solution for regeneration.
This simple strategy provides a new route to fabricate electrochem-
ical sensors based on conducting polymer nanoarrays. Controlling
the orientation of PPy NT arrays during growth facilitates the sub-
sequent fabrication processes and develops the design space for
novel applications.
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