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Abstract

Screen-printed electrodes have been used for the determination of amino acids, focussing particularly on trypto-
phan, following different surface modifications by carbon nanotubes (CNT), carbon black (CB) and copper nano-
particles. The modified electrodes were characterised by cyclic voltammetry, electrochemical impedance spectrosco-
py and scanning electron microscopy. Detection by square wave voltammetry was improved by further surface
modification with copper nanoparticles, exhibiting efficient electrocatalytic activity towards amino acid oxidation
with high sensitivity, stability and long shelf-life. The applicability of a low-cost, robust carbon black substrate using
the synergetic electrocatalytic effect provided by copper nanoparticles for amino acid sensing is demonstrated.
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1 Introduction

Amino acids, as essential building blocks of biological
molecules, play key roles in many neurochemical re-
sponse mechanisms, such as memory, appetite control and
pain transmission [1,2]. Modern biochemical and patho-
logical studies on cancer cells point to fluctuating nutrient
levels between normal and cancerous cells. Many studies
have proven that variations in the concentrations of es-
sential amino acids in mammals such as tryptophan, as-
pargine, tyrosine, homocysteine etc. can act as biomarkers
for cancer growth and in gene expression. The determina-
tion of amino acids is extremely important, as they are
often added to food samples during their preparation in
order to correct for possible dietary deficiencies [3-5].
One of the 20 essential amino acids for humans is trypto-
phan (Trp). It is a vital constituent of proteins, being
a precursor of the neurotransmitter serotonin and indis-
pensable in human nutrition for establishing a positive ni-
trogen balance.

During the past decade, numerous procedures involving
high-performance liquid chromatography (HPLC) have
been successfully developed and implemented for the de-
termination of amino acids [6], but in recent years a de-
tection methodology that does not require derivatisation
is preferred, when available, for convenience and simplic-
ity [7]. Furthermore, in some cases the quantitative detec-
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tion of certain compounds is not necessary; only a qualita-
tive detection is needed, as in the case of contamination,
where the presence of certain contaminants by itself indi-
cates the unacceptable quality of food. One of the possi-
bilities for the rapid determination of amino acids is that
of electrochemical methods. Since amino acids have at
least two active functional groups (depending on pH):
—NH, and —COOH, they have the ability to complex
some transition metals (e.g. nickel [8] and copper [9])).
One of the easiest metal ions to complex is copper as the
Cu(II) ion.

Electrochemical methods have found many applica-
tions in the determination of electroactive amino acids.
Tryptophan (Trp), tyrosine (Tyr) and cysteine (Cys) are
examples of amino acids that, due to the inherent electro-
activity of their thiol or aromatic groups, give an electro-
chemical response [10]. Various electrode materials such
as carbon, platinum and gold are used [11], but, unfortu-
nately, the voltammetric response is not satisfactory, be-
cause of slow heterogeneous electron transfer [12].
Therefore, it is necessary to employ physically and chemi-
cally modified electrodes in order to improve the ease of
anodic oxidation of this kind of amino acids [13].

Carbonaceous nanomaterials have had immense impact
in the material world, in various domains including elec-
trocatalysis. Among them single-/multiwalled carbon
nanotubes and fullerenes are attractive due to their excel-
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lent physicochemical properties. Carbon nanotubes have
unique properties [14], due to their high chemical stabili-
ty, high mechanical stiffness, thermal conductivity, semi-
conductor behaviour, field emission, electrochemical ac-
tuation and electrochemical bond expansion [15-17]. As
electrode materials, they can be used to enhance electron
transfer between the electroactive species and the elec-
trode [18-20], very useful for the development of bio-
and chemical sensors. The incorporation of a catalyst or
a redox mediator has increased the applicability of CNTs,
usually multiwalled CNT (MWCNT); the integration of
metallic nanoparticle, as catalysts, attracting much inter-
est in the construction of electrochemical sensors because
of their low ohmic contact resistance in composite struc-
tures [21,22]. Decoration with transition metal nanoparti-
cles, including gold, platinum, palladium, copper, and
silver [23-27] has been used to increase electrochemical
activity.

Contrastingly, the above-mentioned bright prospects
for the use of carbon nanotubes and fullerenes are over-
shadowed by the prohibitively high production costs and
issues with purity. Ozawa and Osawa, [28], undertook an
extensive comparative evaluation of the production costs
of these carbonaceous nanomaterials and pointed out the
huge production costs of nanotubes, especially single-
walled CNTs. Moreover, alterations in the properties of
these nanoproducts occur depending on source, synthetic
strategy, manufacturers etc. which has been quantitatively
studied in the case of electrochemical properties of
MWCNTSs by our group [29]. Hence, there is a need to
explore cost-effective materials as electrode modifiers, es-
pecially for disposable-type sensors such as screen printed
electrodes for bio- or environmental monitoring. In the
present work, we have selected a suitable candidate viz.
carbon black that has large scale production and extreme-
ly low production cost, almost 50 thousand fold less ex-
pensive than MWCNT, and excellent purity and homoge-
neity [28,30]. In addition, previous studies have proved
the better biocompatibility of carbon black compared to
nanotubes [31]. These micro/nanostructured materials,
with a large number of defect sites, are frequently used as
a catalyst support in fuel cells [32,33], because of their
relative high stability in both acid and basic media, good
electronic conductivity [34] and high specific surface area
[35]. Only a few applications have been reported on the
use of CB as electrode material for analyte detection in
solution [30,36]. In addition to carbon black, copper
nanoparticles, rather inexpensive compared to their noble
metal counterparts, were also selected as electrode modi-
fier owing to their active interaction with amino acids
[9,37].

Screen printed electrodes (SPE) represent one of the
most interesting and cost-effective alternatives in the
design of electrochemical sensors for biomedical, environ-
mental and industrial analyses [38,39]. The characterisa-
tion and the identification of edge plane site/defects role
in carbon screen printed electrodes (SPE) [40,41], shows
that the analytical performance can be improved by in-
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creasing the amount of such sites, making CNT and CB
ideal for modifying SPE. In this study, SPEs were used as
substrate for different modifications (CNT, CB, Cu), in
order to evaluate and improve the determination of
amino acids, focusing particularly on tryptophan at phys-
iological pH. Further, the feasibility of composite electro-
des using CB/Cu and CNT/Cu couples has been examined
and a cost-effective sensing platform successfully devel-
oped using the synergistic electrocatalytic effect of
carbon black and copper nanoparticles.

2 Experimental

2.1 Apparatus

The SPEs were a gift from the University of Rome “Tor
Vergata” produced using a 245 DEK (Weymouth, Eng-
land) screen-printing machine. The working and counter
electrodes were printed with graphite-based ink (Elettro-
dag 421) from Acheson (Milan, Italy) and the pseudo-ref-
erence electrode with silver ink on a flexible polyester
film substrate (Autostat HT5) obtained from Autotype
Italia (Milan, Italy). Finally, an insulating ink was used to
define the area of the working electrode surface. A
curing period of 10 min at 70°C was used. The diameter
of the working electrode was 0.30 cm, corresponding to
a geometric area of 0.070 cm?.

The surface morphology of the SPEs and modified
SPEs was examined using a scanning electron microscope
(Jeol JSM-5310 (Jeol, Tokyo, Japan), equipped with an
electronically controlled thermionic field emission gun.
All images were captured at 20 kV.

All voltammetric experiments were carried out using
a PalmSens portable electrochemical analyser (Palmsens
BV, Houten, Netherlands) with PS-Lite software. CV ex-
periments were carried out using a scan rate of 50 mVs™;
and SWV parameters were: pulse frequency 10 Hz, am-
plitude 50 mV, and step potential 2 mV.

Electrochemical impedance spectroscopy was per-
formed using the same three-electrode electrochemical
system (SPE) and a 1250 Frequency Response Analyser,
coupled to a Solartron 1286 Electrochemical Interface
(Ametek, UK) controlled by ZPlot software. The sinusoi-
dal voltage perturbation was 10 mV rms and the frequen-
cy range used was 65 kHz down to 0.1 Hz with 10 fre-
quencies per decade, and an integration time of 60 s. Fit-
ting of spectra was done with ZView software.

The pH measurements were done with a CRISON
2001 micro pH-meter (Crison, Spain). All experiments
were performed at room temperature, 25+1°C.

2.2 Materials and Reagents

Multiwalled carbon nanotubes were obtained from Sigma
(Germany) with >90% purity, 110-170 nm diameter and
5-9 pum length.

Commercial Carbon Black, type N220, with a surface

area of 120 m*g~' was obtained from Cabot Corporation

Electroanalysis 2013, 25, No. 4, 903-913


http://www.electroanalysis.wiley-vch.de

Carbon Nanotube, Carbon Black and Copper Nanoparticle Modified SPEs

ELECTROANALYSIS

(Ravenna, Italy). Nafion 5% solution in ethanol was
from Aldrich (Germany), and acetonitrile from Merck,
Germany.

Stock solutions in water of 10 mM amino acid were
prepared using L-tryptophan, L(—)-tyrosine and L(—)-cys-
teine, all from Merck, Germany.

Acetate buffer and potassium chloride electrolyte solu-
tions were prepared from reagents obtained from Riedel-
de-Haén, Germany; Na,SO, and CuSO, were purchased
from Panreac, Spain.

Millipore Milli-Q nanopure water (resistivity >18 MQ
cm) was used for preparation of all solutions. Experi-
ments were performed at room temperature, 25+1°C.

2.3 Electrode Pretreatment

The electrode surface was conditioned at +1.6V for
120 s and at +1.8 V for 60 s, in 0.0025 mM acetate buffer
solution (pH 4.6) plus 50 mM KCI (necessary because of
the silver ink pseudo-reference) before voltammetric
measurements. The application of high positive potentials
in acidic media appears to increase the hydrophilic prop-
erties of the electrode surface via the introduction of oxy-
genated functionalities by oxidative cleaning [34].

2.4 Preparation of MWCNT-Modified SPEs

MWCNTs were purified and functionalised by stirring in
3 M nitric acid solution for 24 h. The solid product was
collected on a filter paper and washed several times with
nanopure water until the filtrate pH became nearly neu-
tral. The functionalised MWCNTs were then dried in an
oven at ~80°C for 24 h. Nitric acid causes significant de-
struction of carbon nanotubes and introduces —COOH
groups at the ends of, or at the sidewall defects in, the
nanotube structure [41,42]. The MWCNT-Nafion suspen-
sion was made by adding 0.5 mg MWCNT in 1 mL 0.1%
Nafion solution (in ethanol) and then sonicating in an ul-
trasonic bath for 1 h. Chosen volumes (2-10 uL) of this
suspension were dropped onto the SPE and left to dry for
a minimum of 4 h.

2.5 Preparation of CB-Modified SPEs

The surface area and dimension of carbon black particles
depend largely on the production method [6]. In this
work, a commercial furnace-produced CB, N220, was em-
ployed. It was functionalised in a concentrated nitric acid
solution during 24 h with stirring; the functionalised CB
obtained was then dried in an oven at 80°C for 24 h. In
order to obtain a stable dispersion of CB with good re-
producibility, the SPEs were modified with CB via “film”
deposition, in which a CB dispersion was prepared in ace-
tonitrile in order to achieve rapid solvent evaporation
and a faster sensor production. Previously, in [43], it was
reported that CB N330, after ultrasound irradiation at
room temperature and atmospheric pressure under nitro-
gen for about 44 min, forms carbon nanosheets of a few
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nanometres thickness. Thus, sonication was limited to
30 min because, according to [43], this is probably suffi-
cient to reduce the number of particles present in each
aggregate and to enhance solubilisation without changing
the structure of the CB, producing a stable, homogeneous,
ink-like suspension.

Different concentrations of the CB dispersion in aceto-
nitrile were tried in tandem with electrochemical studies.
Similar results were obtained for different loadings of CB
but, after data analysis, it was decided to work with a con-
centration of CB dispersion equal to 1 mgmL™'. The
amount of CB N220 on the electrode was also optimised
by varying the concentration and volume of the CB dis-
persion placed onto the working electrode surface. As in
the case of CNT, after modification the electrodes were
dried in air.

2.6 Preparation of Copper-Modified Electrodes

Copper nanoclusters were electrochemically deposited on
the modified CB/SPE and CNT/SPE electrodes at —1.0 V
vs. Ag/AgCl in 0.1 M Na,SO,+2.0 mM CuSO, solution
deoxygenated by high purity nitrogen for 10 min [27].
The modified electrodes prepared were CB/SPE, CNT/
SPE, Cu/SPE, Cu/CB/SPE and Cu/CNT/SPE.

3 Results and Discussion

3.1 Optimisation of Modified Electrode Preparation
3.1.1 Choice of the Loading of CNT and CB

The choice of the amount of CNT and CB loading on the
electrode surface for optimum sensor performance was
assessed by monitoring the peak current as a function of
Trp concentration by square wave voltammetry. Figure 1
shows that the oxidation response of Trp increases with
the amount of CNT deposited on the electrode surface
up to that corresponding to a CNT volume of 6 pL, above
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Fig. 1. Relation between the oxidation peak current of 100 uM
Trp in 0.1 M KCI and the volume (amount) of CNTs placed on
the SPE surface.
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Table 1. Dependence of the Trp (100 uM) oxidation peak current on preconcentration potential on the Cu modified SPEs; preconcen-

tration time 60 s.

Preconcentration potential (V)

Peak Current (I,/uA)

Cu/SPE Cu/CNT/SPE Cu/CB/SPE
0.0 7.4+0.6 27.14+09 12.2+0.6
-0.1 8.6+0.7 32+11 14.4+0.9
—0.2 10.3+0.7 32.14+0.7 18+1.2
-0.3 11.0+0.6 29+1.6 17+1.1
-0.5 10.5£0.8 25+1.2 16.7£0.9
-0.7 9.6+£0.5 23+1.1 15+1.0

which the peak current response decreased slightly. This
may be due to an increase of the film thickness that hin-
ders the movement of charge, decreasing the electrical
conductivity [29].

Similar observations were made regarding the modifi-
cation with carbon black. The optimum volume of CB
was found to be 8 pL in separate additions of 2 pL, above
which the Trp oxidation response decreases due to the
blockage of electron transfer pathways.

3.1.2 Preconcentration Potential of Trp

The preconcentration potential and deposition time of
Trp are also important factors to take into account, since
the amperometric response of the modified screen print-
ed electrodes is affected not only by the loading of CNT
or CB but also by Cu nanoparticles deposited. The influ-
ence of the preconcentration potential on the response
was investigated and the results are shown in Table 1.
The response current of the modified sensors increases
with more negative potential until —0.2 V, significant in-
creases occurring in the presence of Cu nanoparticles
until —0.3 V. However, for preconcentration at even more
negative potentials (< —0.3 V) a decrease in the oxidation
peak current of Trp is observed. In agreement with previ-
ous results [44-46], an increase in the current at 0.0 V
was observed (data not shown) due to the oxidation of
Cu,0O on the surface of the Cu nanoparticles to CuO in
the presence of the amino acid, followed by formation of
a complex between Cu (II) and Trp, according to:

Cu(Il) + 2Trp~ — Cu(Trp)* 4+ Trp~ — Cu(Trp), (1)

From the values in Table 1, the maximum response for
the different modifications occurs for a deposition poten-
tial of around —0.2 V, this potential being chosen for fur-
ther work. At this potential there is a reversible equilibri-
um between Cu'O and Cu'O, and the Cu'O/Cu'O en-
riched surfaces are efficient for the stable and selective
complexation of amino acids [46]. Hence, it can be con-
cluded that surface adsorption of Cu(II) amino acid com-
plexes results in effective preconcentration and this, along
with the CuO mediated electrooxidation of tryptophan,
leads to a cumulative signal enhancement.

When the preconcentration potential of —0.2V was
maintained for more than 60s, the tryptophan signal was
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found to decrease since the Cu"O/Cu'O equilibrium is
shifted towards Cu(I)O, resulting in shifting of the equili-
bria involving the copper-tryptophan complex in Equa-
tion 1 towards free Cu(Il). This effect is greater at ap-
plied potentials more negative than —0.3 V, where there
is an immediate decrease in the oxidation peak current,
since in these conditions Cu(0) can also be formed, as ob-
served in [44]. These facts indicate the crucial role of the
Cu(I1)O/Cu(I)O/Cu(0) reversible system for obtaining
the optimum analytical signal for tryptophan.

3.1.3 Preconcentration Time of Trp

The oxidation peak current of 100 uM Trp at the modified
electrodes increased with increase in preconcentration
time until 60s, above which it decreased slowly, see
Figure 2. This may be due to the reversible Cu'/Cu" equi-
librium at —0.2 V. In the presence of amino acids, the
equilibrium is shifted to Cu(II) amino acid complexation
up to a certain limit, beyond which the equilibrium is
shifted in the opposite direction resulting in the formation
of Cu(I) oxide and the amino acids are desorbed [44]. A
nonconstant response was observed, as evidenced by the
increase of the relative error.

60

. 40- / \i\*\§/§

T T T T T T T
0 50 100 150 200 250 300
Pre-concentration time /s

Fig. 2. Dependence of the 100 uM Trp oxidation peak current
for 100 uM Trp in 0.1 M KCl on preconcentration time at the
Cu-CNT modified electrode.
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Fig. 3. Scanning electron micrographs of: (a) CNT/SPE, (b) Cu/CNT/SPE, (c) CB/SPE, (d) Cu/CB/SPE.

3.2 Characterisation of SPE Modified Electrodes

3.2.1 Morphological Characterisation of the SPE
Modified Electrodes

Scanning electron microscopy (SEM) observations reveal
that the nanosized copper particles are deposited and dis-
tributed over the surface of the SPE modified with func-
tionalised CB and CNT, Figure 3. In the SEM images, the
difference between the samples with and without deposit-
ed copper is easily seen; for both modifications the
copper nanoparticles have similar diameters of ~40 nm
and are aggregated in nanoclusters. It is also observed
that in the case of CNT the amount of deposited copper
is higher than for CB. This may be due to the large sur-
face area provided by CNT modified electrodes com-
pared to that of CB modified ones as evident from the
CV studies discussed below. Also, the greater presence of
Cu nanoparticles on the surface in the case of Cu/CB/
SPE can be noticed from SEM micrographs. This pre-
dominance of copper nanoparticles on the CB surface
points to the homogeneity and close packing of carbon
black particles compared to CNT so that the interstitial
voids are too small for penetration of copper nanoparti-
cles to occur.

3.2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) was used to characterise the
SPE modifications by carbon nanotubes and carbon
black. Cyclic voltammograms of 3.0 mM Fe(CN)¢*~ in
0.1 M KCl at bare SPE, CB/SPE and CNT/SPE are
shown in Figure 4. The electroactive surface area was cal-
culated using the Randles—Sevc¢ik equation:
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I, =2.69 x 10° AD"?n*?v!/>C 2)

where I, is the oxidation peak current (in A), A is the
electroactive area (in cm?), D is the diffusion coefficient
of the electroactive species (in cm? s™'), n is the number
of electrons transferred, v is the potential scan rate (in
Vs™') and C is the concentration of the redox species in
bulk solution (in molecm™). The quasi-reversible one elec-
tron redox behaviour of hexacyanoferrate (II) ions was
observed at the bare SPE with a peak separation of
100 mV at a scan rate of 50 mVs™!. After being modified
with the nanoparticles, the peak currents increased, while
AE, decreased compared to the bare SPE. The larger in-
crease of electroactive area was for the CNT modifica-
tion, resulting in an area of 0.17 cm?, which is much larger
than geometric area of 0.070 cm?, whereas the modifica-
tion with CB showed a smaller increase of 23%
(Figure 4).

The response after depositing Cu on the modified elec-
trodes was also studied, the Cu/SPE modification showing
an enhancement in current and a more reversible behav-
iour (Figure 4). An increase in the redox peak current
was observed for both Cu/CB/SPE and Cu/CNT/SPE and,
although the response continues to be higher for electro-
des modified with CNT, the relative increase of response
(in the presence of copper as compared to its absence)
was higher for the SPE modified with CB, indicating that
a different surface phenomenon is occurring. This anoma-
lous behaviour of CB in the presence of copper nanopar-
ticles can be explained on the basis of the reduction in
surface area of CB after functionalisation, as reported by
Carmo and co-workers [35]; they showed that the intro-
duction of oxygenated functionalities in carbon black
upon nitric acid functionalisation causes pore blockage.
This pore blockage results in the preferential electrodepo-
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a) .\ angular frequency and a is the roughness factor (due to
,’ \ heterogeneity and nonuniformity of the surface). Differ-

SN T~ ent electrical equivalent circuits were tested to fit the

l 4 uA spectra, by nonlinear least squares fitting, leading to use

of the same electrical circuit for all spectra consisting of
the cell resistance, Ry, in series with a parallel combina-

\\‘J'/,I rgiﬁ/SPE tion of a constant phase element, CPE, and a charge
\\ /' —._CR/SPE transfer resistance, R, with an average error (%) for the
different modifications of <3x107*. For bare SPEs, the
. . T T ) R, was removed, due to the resistive behaviour of un-
-0.3 0.0 0.3 0.6 0.9 modified SPE.
EIV

Complex plane impedance spectra for all types of
modified electrode are exhibited in Figure 5 together with
the respective fitting, and values of the fitted parameters
are given in Table 2. Observing the CPE values, the influ-
ence of the carbon modifications of SPE is easily seen,
leading to an increase in the capacitance values by
a factor of ~6 for CB compared with bare SPE. In rela-
tion to the CNT modification, the increase of capacitance

W\ — — Cu/CNT/SPE was by a factor of ~28. These changes with respect to

\‘-"' -+=- Cu/CB/SPE bare SPE can be attributed to the structure of the func-

‘\ ! tionalised MWCNT and the longer time that is required

4 for electrolyte ions to penetrate into the electrode materi-

y ' T T 1 al and form sufficient double layer. For the electrodes
-0.3 0.0 0.3 0.6 0.9 <o . . . .

IV modified with copper nanoparticles, a decrease in the im-

Fig. 4. Background subtracted cyclic voltammograms of 3 mM
K,Fe(CN) in 0.1 M KCI at SPEs modified with (a) CNT and CB
(b) copper-modified CNT and CB, at 50 mVs™.

sition of copper nanoparticles on the outer surface of CB,
thereby enhancing the interaction with amino acids.
Hence, a synergetic effect of the Cu/CB modified sub-
strate can cause efficient enrichment of Cu(II)/amino acid
complexes at the electrode surface and subsequent CuO-
mediated electroxidation.

3.2.3 Electrochemical Impedance Spectroscopy

The unmodified electrodes and those modified with CB
and CNT were characterized by EIS. Measurements were
performed in 0.1 M KCI at 0.70 V. Since the data show
a tendency for depressed semicircles, a constant phase el-
ement (CPE), rather than a simple capacitor, was em-
ployed to represent the charge separation in the interfa-
cial region [43], according to the relation CPE=
—1/(Ciw)*, where C is the capacitance (describing the
charge separation at the double layer interface), w is the

pedance values is observed (Figure 5) revealing a much
lower electron transfer resistance on Cu-modified electro-
des. The results are consistent with the CV results, and
demonstrate that Cu-carbon modified electrodes may
provide better electron conduction pathways due to a syn-
ergistic effect, improving the electrochemical properties
of these modified electrodes.

3.3 Electrocatalytic Oxidation of Tryptophan at the
Surface of Nanoparticle Modified SPEs

3.3.1 Square Wave Voltammetry

The electrochemical reduction and oxidation of amino
acids are usually irreversible and occur at relatively high
negative and positive potentials, respectively. In several
reports, tryptophan showed well-defined oxidation peaks
at +0.70 to +0.85 V [13,47]. SWV was used to investigate
the electrochemical behaviour of Trp in 0.1 M KClI and in
the potential range from 0.0 to +1.1 V only one oxidation
peak was observed. Figure 6 shows that for a bare SPE,
the oxidation potential of Trp occurs at +0.798 V. On the
CNT/SPE, Trp oxidation occurs at +0.691V, showing

Table 2. Equivalent circuit fitting parameters of impedance spectra for unmodified and modified SPE in 0.1 M KCl

Electrode Ro (Qcm?) R (kQcm?) C (mFem™s* ) a

SPE 4.0 — 0.22 0.76
Cu/SPE 3.6 36.4 0.51 0.80
CNT/SPE 3.9 4.32 6.2 0.86
Cu/CNT/SPE 4.2 2.99 8.4 0.85
CB/SPE 3.9 7.00 1.2 0.81
Cu/CB/SPE 4.0 3.43 1.2 0.85
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Fig. 5. Complex plane impedance spectra of modified SPE in
0.1 M KClI at 0.70 V vs. Ag pseudo-reference. The inset magnifies
spectra for all modified electrodes except Cu/SPE. Lines show
equivalent circuit fitting.

10

a negative shift in the peak potential of 0.11 V, indicating
an electrocatalytic effect of the CNT. CB/SPE also enhan-
ces the electrochemical response towards Trp oxidation.
Comparing CNT/SPE and CB/SPE, although the increase
of the oxidation peak current and the decrease of the
overpotential are greater for CNT, the CB particles do
lead to electrocatalytic behaviour. The higher current for
CNT/SPE was expected as its surface area was higher
than that of CB/SPE.

For electrodes modified with Cu, even without any
carbon nanoparticles the current response for Trp oxida-
tion increases. Figure 6b shows that there is an approxi-
mately 1.5 fold increase in peak current that can be as-
cribed to a more efficient catalytic effect of the copper
nanoparticles. Regarding CNT modification, Figure 6b
demonstrates that the Cu/CNT hybrid can accelerate
electron transfer and improve the electrochemical perfor-
mance [48].

There are greater performance enhancements after de-
positing copper nanoparticles on functionalised CB. For
non-functionalised CB, there is not much difference in
the electrochemical response for Trp oxidation with or
without copper (data not shown), suggesting that non-
functionalised carbon black is inadequate for metal depo-

sition. Functionalisation of the CB surface by nitric acid
treatment introduces oxygenated functional groups, the
chemical reactions changing the hydrophobic/hydrophilic
character. Thus, the reactivity can be altered, the catalytic
properties modified as well as polarities changed (zeta
potential) [35,49-51]. This functionalisation enables the
CB surface to anchor the metal nanoparticles, and thus
improve the electrochemical properties of the modified
electrode (see Figure 6b).Although in the overall analysis
of the voltammograms obtained it is undeniable that the
SPE modified with CNT show the best overall response
for Trp oxidation, the CB/SPE leads to a greater negative
shift in the oxidation peak potential in the presence of Cu
nanoparticles, compared with that obtained for CNT/SPE
with and without copper nanoparticles. Also and quite
unexpectedly, the relative increase (with and without
copper) in peak current is more in the case of Cu/CB
than Cu/CNT. This interesting feature observed in the
case of Cu/CB/SPE is due to the effective accumulation
of copper nanoparticles on the exterior of the carbon
black pore structure and thence better exposure of the
nanoparticles to the amino acid moieties [35].

3.3.2 Electrochemical Impedance Spectroscopy

All spectra were fitted to the same equivalent circuit used
previously for the characterisation of modified and un-
modified carbon film electrodes (Section 3.2.3). The
values of the parameters from the fitting circuits are pre-
sented in Table 3. From the first type of experiments
(Figure 7) it is seen that the addition of Trp to the solu-
tion leads to a decrease of the charge transfer resistance
(~55% for CB and ~84 % for CNT modification) for all
electrodes. The electrodes modified with copper present-
ed a better electrochemical response in the presence of
Trp, showing (Figure 7) decreases in R, of the order of
65% for Cu/CB/SPE and 90% for Cu/CNT/SPE, indicat-
ing that electron transfer is facilitated. As expected, the
values of the capacitance for the modified electrodes also
increase in the presence of Trp, due to an increase of the
double layer charge accumulation; this is accompanied by
an increase of the a exponent which means that at modi-
fied electrodes the surface becomes smoother and more
uniform in the presence of the amino acid.

Table 3. Equivalent circuit fitting parameters of impedance spectra for unmodified and modified SPE in 0.1 M KCl+ 0.5 mM Tirp.

Electrode R, (Qcm?) R, (kQcm?) C (mFcm™s* ™) a

SPE 4.2 10.6 0.36 0.81
Cu/SPE 3.3 12.2 0.72 0.83
CNT/SPE 3.9 0.72 8.8 0.90
Cu/CNT/SPE 3.6 0.39 10.5 0.89
CB/SPE 3.5 3.1 1.6 0.88
Cu/CB/SPE 3.7 212 1.6 0.87
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Fig. 6. SWV of 50 uM Tip in 0.1 M KCI for different modifica-
tions: a) SPE, CB/SPE and CNT/SPE; b) Cu/SPE, Cu/CB/SPE
and Cu/CNT/SPE.
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Fig. 7. Complex plane impedance spectra of modified SPE in
0.1 M KCl at 0.70 V vs. Ag pseudo-reference with 0.50 mM Trp.
The inset magnifies spectra for all modified electrodes except
Cu/SPE. Lines show equivalent circuit fitting.
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Fig.8. SWYV for different concentrations of Trp (—) from 10 to
150 uM in 0.1 M KCl for CB-modified SPE and after reaching
150 uM Tirp for the other modified SPEs.

3.4 Analytical Parameters

The analytical performance of the CB/SPE is demonstrat-
ed from the SWV data in Figure 8, where different con-
centrations of Trp were injected into the operating cell.
The current response peaks for increasing concentrations
of Trp (10-150 uM) are clearly visible, with well-defined
curves being observed after each addition. Further, it is
also observed that in the presence of copper nanoparti-
cles the CB/SPE show an increase in the current response
as well as a decrease in the Trp oxidation potential. The
lower oxidation potentials for nanoparticle modified
SPEs represents an important advantage compared to
bare electrodes; it reduce the response of interfering spe-
cies during the analysis of natural samples where readily
oxidisable interfering species may be present.

The response of the different modified electrodes to
Trp oxidation increases linearly with concentration, as
shown in the calibration plots (Figure 9) and in Table 4.
As mentioned above, these plots show a higher sensitivity
for the SPE modified with nanotubes (1.16%
0.07 pAuM'cm™?) and a lower detection limit (1.41 uM)
compared with CB/SPE, even more compared with the
bare electrode. The detection limit was estimated from
the signal-to-noise ratio (S/N=3). It is important to stress
that although the electrochemical response for the CNT/
SPE changes slightly when modified with copper nano-
particles, for the CB/SPE the presence of the metal nano-
particles enhances the electrochemical properties of
carbon black significantly due to synergetic electrocataly-
sis.

Other amino acids (cystine and tyrosine) which can be
oxidised at the electrode surface [13,52], were selected to
test the electrochemical response of the modified electro-
des as well to carry out an interference study. The electro-
chemical response of the modified SPE to the oxidation
of these amino acids was investigated and it was observed
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Table 4. Analytical parameters for the determination of Trp, Tyr and Cys at SPE and modified SPE, in 0.1 M KCl, by SWV.

Electrode Amino acid LOD Sensitivity
(M) (LA M ' em?)
SPE Trp 24+1.1 0.081 £0.002
Tyr 80+3.1 0.012£0.002
Cys 97+5.1 0.007 +0.001
Cu/SPE Trp 16.7+0.9 0.12+0.01
Tyr 67+1.2 0.013+£0.002
Cys 101+6.2 0.009 +0.001
CNT/SPE Trp 1.41+£0.08 1.20+£0.07
Tyr 34412 0.011£0.002
Cys 74122 0.051+£0.003
Cu/CNT/SPE Trp 35403 1.11+£0.09
Tyr 223409 0.091 £0.004
Cys 82+32 0.071£0.003
CB/SPE Trp 7.1+0.6 0.414+0.02
Tyr 50+1.4 0.051+£0.001
Cys 88+2.1 0.041+£0.001
Cu/CB/SPE Trp 3.8+0.21 0.05+0.030
Tyr 31.3+0.9 0.009 £ 0.001
Cys 82+2.1 0.0021 £0.0002
210 100-
E=3 with copper
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Fig. 9. Calibration curves calculated from SWV Trp oxidation
peak current for different SPE modified electrodes.

that the electrocatalytic effect for these amino acids does
occur, but is small (smaller for CB) compared with the re-
sponse for Trp. Table 4 shows the improvement in the
LODs of the electrodes modified with CNT or CB, and
the corresponding increase in sensitivity for the determi-
nation of Trp compared to Tyr and Cys. In relation to the
determination of Trp in the presence of Cys and Tyr, the
results show that for the CB/SPE and CNT/SPE there is
no noticeable interference until concentrations are 10
fold greater that Trp. In addition, the CB and CNT elec-
trodes modified with copper nanoparticles present
a higher electrochemical response. Another notable fea-
ture was that copper modification lowers the LOD and
sensitivity of CB/SPE electrodes without sacrificing the
gain in selectivity. This is particularly advantageous for
a low cost, robust and easily available electrode modifier
for bio/environmental analyses.
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Fig. 10. Electrode response (%) after 8 consecutive CV scans
(50 mV's™) for 100 uM Trp in 0.1 M KCL

Like most other organic molecules, Trp adsorbs easily
onto electrode surfaces and can lead to electrode fouling
after several measurements. Therefore 8 consecutive CV
scans were made with 100 uM Trp, see Figure 10, showing
an approximately 20% decrease for CB/SPE and CNT/
SPE after the 8" scan. Although there is a decrease in the
response, these results still demonstrate that the antifoul-
ing ability of nanostructured electrodes is much higher
than the bare electrode, the unmodified SPE showing
a decrease in the response of approximately 60%.
Figure 10 also shows that the presence of copper nanopar-
ticles leads to an increase of electrode fouling, that may
occur due to the formation of Cu-Trp complexes at lower
potentials [44].

Since oxidation of the amino acids at SPEs is prone to
problems of surface passivation, the lifetime and storage
of the different electrodes were also studied. The modi-
fied electrode stability was studied by measuring the vol-
tammetric response after different storage periods. It was
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observed that the SPE modified with carbon nanoparti-
cles (CB and CNT) with and without Cu metal nanoparti-
cles gave no apparent decrease in response after one
week. The modified electrodes retained 95 and 88% of
the initial response up to 15 and 30 days, respectively.

4 Conclusions

This paper demonstrates that the SPE are suitable for
fast analysis and more importantly are a good substrate
for nanoparticle modification. The experimental condi-
tions, including the choice of the amount of CNT and CB,
copper preconcentration time and potential were investi-
gated. Furthermore, it was shown that CB, a material sig-
nificantly cheaper than CNT, can be used in electrochem-
ical sensor determinations. CB modified electrodes
showed electrocatalytic properties and proved to be suita-
ble for metal nanoparticle deposition, observed by the
synergistic effect obtained with the copper nanoparticles
that lead to an improvement in the electrochemical re-
sponse on Trp determination. The excellent features of
CB modified electrodes such as simple fabrication, low
cost, high stability and biocompatibility ensures a promis-
ing future in clinical and food analysis. The commercial
appeal of these materials can be further increased, by op-
timizing the production method of these electrodes, im-
printing the Cu/CB particles in the SPE together with the
carbon ink.
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