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Abstract Electrochemistry of water-soluble cobalt(Il)
tetrasulfophthalocyanine (CoTSPc) electrodeposited on
glassy carbon nanotube pre-modified with acid-function-
alized multi-walled carbon nanotubes (MWCNT) is
described. Both charge transfer resistances toward [Fe
(CN)6> ™ redox probe and electrocatalytic responses
toward epinephrine (EP) detection follow the trend: bare
GCE<GCE-MWCNT<GCE-CoTSPc<GCE-MWCNT-
CoTSPc. EP analysis was then carried out in details using
GCE-MWCNT-CoTSPc. The catalytic rate constant value
ken=2.2x10" (mol cm )" s™' was obtained from rotating
disk electrode experiment. Interestingly, GCE-MWCNT-
CoTSPc efficiently suppressed the detection of ascorbic
acid (the natural interference of neurotransmitters in
physiological conditions) showing good sensitivity
(0.132+0.003 A 1 mol "), limit of detection (4.517x10""
mol 1""), and quantification (15.056x107 mol 1'"). In
addition, GCE-MWCNT-CoTSPc was conveniently used
to determine EP in epinephrine hydrochloric acid injection
with recovery of 101.1£2.2%.
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Introduction

Since the re-discovery of carbon nanotubes (CNTs) in 1991
[1], both single-walled (SWCNTs) and multi-walled
(MWCNTs) have continued to prove their ideality for
constructing efficient electrochemical sensors [2—6]. CNTs
also have the ability to interact with organic aromatic
compounds through p—p electronic and hydrophobic inter-
actions to form new structures because of their rolled-up
graphene sheets of carbon, which exhibit a p-conjugative
structure with a highly hydrophobic surface [7]. On the other
hand, redox-active transition metallophthalocyanine (MPc)
complexes especially the first transition ones, mainly Fe, Co,
Mn, and Ni, have over the years proved to be excellent in
electrocatalysis and sensing applications [8—10]. MPc com-
plexes have been used to modify electrodes by different
methods, but electropolymerization forms multilayered poly-
mer coatings of the complexes forming a three-dimensional
reaction zone at the electrode surface, thus improving the
response sensitivity of the electrode [11]. The integration of
these two redox-active species as electrode modifiers in
heterogeneous electrocatalysis and sensing devices is still
very few [12—16]. Recent reports have shown that CNT-MPc
hybrids exhibited enhanced electrochemical responses in
comparison to the use of CNT or MPc alone. Work on use of
these hybrids include the detection of important molecules
such as asulam [12], hydrolysis products of V-type nerve
agents [13—15], mercaptoethanol, and nitric oxide [16].
Although some work on the use of various substances as
electrode modifiers toward epinephrine (EP) electro-
oxidation have been reported [17-24], our group reported
for the first time on the use of CNT-MPc hybrids specifically
self-assembled films of SWCNT and SWCNT integrated to
cobalt(Il)tetra-aminophthalocyanine (SWCNT-CoTAPc) on
gold electrode toward EP electro-oxidation [25]; however,
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relatively low sensitivity (9.4x 10> A 1 mol ') and high limit
of detection (LoD) (6 umol 1) were obtained. In this work,
we aim at improving on these analytical parameters.
Epinephrine exists in the central nervous system (CNS) and
body fluid as organic cations. It belongs to the group of
catecholamine neurotransmitters found in the mammalian
CNS ensuring proper functioning of central nervous, renal,
hormonal, and cardiovascular systems. In addition, epineph-
rine can also be used as drugs for the treatment of disease like
hypertension [26]. EP always coexists with ascorbic acid in
biological systems mainly in fluids such as blood and urine
[27], and therefore, it is not surprising that the major
challenge in EP analysis is the elimination of interferences
from ascorbic acid (AA). AA oxidation peak is very close to
that of EP, which often results to peaks overlapping.
Negatively charged nafion ionomer has been used to modify
electrodes in order to repel AA from the electrode surface,
but low sensitivity was reported for this electrode [28].

In this work, we explored the synergistic effect of
combining cobalt tetrasulfophthalocyanine (CoTSPc) and
MWCNT toward epinephrine oxidation. The MWCNT, a
good electrical conductor, was used as the base material in
which CoTSPc was electrochemically deposited (Scheme 1).
In addition, the application of this electrode in the sensing
and determination of EP in the absence and presence of AA
was investigated.

Experimental
Materials and reagents

MWCNTs were obtained from Aldrich, and functional-
ized MWCNTs were synthesized using established

Scheme 1 Schematic represen-
tation of synthetic route for
electrodes fabrication

MWCNT

GCE

Electrodeposition

GCE-CoTSPc
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method [29]. In brief, the MWCNTs were functionalized;
first, MWCNTSs were purified by refluxing in concentrated
nitric acid (2.6 mol "' HNO;) and then ultrasonicated in a
mixture of H,SO, and HNOj5 (3:1, v/v) and suspended in a
mixture of H,SO4 and 30% H,O, in order to functionalize
it with COOH groups. CoTSPc was synthesized following
the well-established Weber and Busch strategy [30]. N,N-
Dimethylformamide (DMF) was purchased from Sigma-
Aldrich and was distilled and dried before use. Potassium
ferrocyanide (K4Fe(CN)s.3H,O) was obtained from B.
Jones Ltd., SA; potassium ferricyanide K;Fe(CN)g was
purchased from Bio-Zone Chemicals, SA. Epinephrine (4-
[1-hydroxy-2-(methylamino)ethyl]-1,2-benzenediol) was
obtained from Sigma-Aldrich. Ultrapure water of resistiv-
ity 18.2 MQ cm was obtained from a Milli-Q Water
System (Millipore, Bedford, MA, USA) and was used
throughout for the preparation of solutions. Phosphate
buffers were prepared using appropriate amounts of
H;PO4, KH,PO4, K,HPO,, and K3PO4 depending on the
pH. All electrochemical experiments were carried out in
nitrogen atmosphere. All other reagents were of analytical
grade and were used as received from the suppliers
without further purification.

Apparatus asnd procedure

Electrochemical studies were carried out using an Autolab
potentiostat PGSTAT 302 (Eco Chemie) driven by the General
Purpose Electrochemical Systems data processing software
(GPES, software version 4.9). The working electrode was bare
glassy carbon electrode (GCE, BASI, South Africa, 3.0 mm
diameter) or the same GCE modified. Ag|AgCl sat’d KCl
reference and platinum wire counter electrodes were
employed. Electrochemical impedance spectroscopy (EIS)

CoTSPc

—_—

Electrodeposition

GCE-MWCNT

GCE-MWCNT-CoTSPc

SO
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measurements were performed with Autolab FRA software
between 1.0 Hz and 10 kHz using a 5 mV rms sinusoidal
modulation. pH measurements were performed using Labotec
Orion bench top pH meter model 420A. The RDE experi-
ments were performed using Autolab-RDE (Eco Chemie,
Utrecht, The Netherlands), with a RDE glassy carbon tip
(5.0 mm in diameter) as the working electrode. All experi-
ments were performed at room temperature. Solutions were
deaerated by bubbling nitrogen prior to the experiments, and
the electrochemical cells were kept under a nitrogen atmo-
sphere throughout the experiments. The electrode fabricated is
summarized as shown in Scheme 1.

Prior to electrode modification, the bare GCE (both
glassy carbon electrodes and plates) was first cleaned by
polishing with aqueous slurry of alumina, rinsing with
distilled water, sonicated in ethanol, and finally cleaned
with tissue paper. The electrode was then modified with
MWCNT using the drop-dry technique. The drop-dry
procedure involved placing a drop of MWCNT in DMF
solution (I mg ml"). In order to ensure that the
procedure is reproducible, evenly spread one drop (1 ul)
of the MWCNT in DMF solution was put on the surface of
the GCE. The electrode was then put in the oven to dry at
50 °C for 2 min and allowing cooling to room tempera-
ture. Electrodeposition of CoTSPc complex on glassy
carbon electrode with MWCNT layer was performed by
repetitive scanning (CV) of the complex solution (1 mM)
in DMF containing tetrabutylammonium tetrafluoroborate
(TBABF,) at the potential window from +1.2 and —-1.2 V
versus Ag]AgCl at a scan rate of 100 mV s '. The
modified electrodes were stored in phosphate buffer
solutions (pH 7.0) and rinsed in the same solution prior
to use. All the AFM experiments were performed with
AFM 5100 System (Agilent Technologies, USA) using a
contact mode AFM scanner interfaced with a PicoView
1.4.3 controller (scan range, 1.25 um in x—y and
2.322 um in z). Silicon type PPP-CONT-20 (Nanosensors®)
of thickness 2.0+1.0, length 450410, width 50+7.5 um, spring
constants 0.02-0.77 N'm ", resonant frequencies of 6-21 kHz,
and tip height of 10-15 pum were used. All images (256
samples/line X256 lines) were taken in air at room temperature

and at scan rates 0.5-0.6 lines s .

Results and discussion
AFM characterization of electrodes

Figure 1 shows AFM images of the electrodes investigated
in this work. Judging from the topographies and cross-
sections, the glassy carbon plate (GCP, Fig. 1a) depicts a
fairly smooth surface. On electrodeposition of CoTSPc,
island-like clusters due to aggregation of CoTSPc mole-

cules were observed (Fig. 1b). Figure 1c shows the AFM
topography image for MWCNT modified glassy carbon
electrode, where aggregated cluster-like structures of the
CNTs can be observed. The CoTSPc-MWCNT (Fig. 1d)
shows a more compact image possibly due to the 7—7m
interaction between the two species.

Voltammetric and impedimetric characterization
of electrodes

Figure 2a—d respectively show the CVs obtained at (a) bare
GCE, (b) GCE-MWCNT, (c) GCE-CoTSPc, and (d) GCE-
MWCNT-CoTSPc in 0.5 mol 1" H,SO..

No peak was observed for the CV obtained at the bare
GCE (Fig. 2a), but the CVs obtained at other electrodes
showed broad quasi reversible peaks each; this is an
indication that the GC electrode has been modified with
redox active species. From Fig. 2b (GCE-MWCNT), no
clear redox peaks was observed, while redox couples at £/,
(EpaTEpc)/2 = 025 Vand Epp (EpatEpe)/2 =045V (vs.
Ag|AgCl, sat’d KCI) at GCE-CoTSPc (Fig. 2c¢) and GCE-
MWCNT-CoTSPc (Fig. 2d), respectively, were observed.
These redox couples are characteristic signatures of the
respective central metal redox activity (Co"'Pc ?/Co"Pc?)
[31, 32]. The positive shift in the redox peak as seen in
Fig. 2d for GCE-MWCNT-CoTSPc electrode compared to
Fig. 2¢ for GCE-CoTSPc electrode could be due to the
presence of MWCNT in the former. The surface concen-
trations of the redox active species (MWCNT and CoTSPc)
were estimated from the anodic peaks (CV experiments) as
shown in Fig. 2c and d. Essentially, only the CoTSPc
showed active redox peaks at these potential range as
judged from the insignificant appearance of peaks at the
GCE-MWCNT (Fig. 2b). The surface concentrations (I’
mol cm %) were determined from the area (charge, Q) under
the anodic peaks using the following relationship [9, 10]

(Eq. 1):
Ir=— (1)

where n represents number of electrons transferred (= 1), F’
is the Faraday constant (9,6485 °C mol '), and 4 is the
estimated actual surface area of the electrode (=0.07 cm?).
The surface concentrations were calculated, respectively,
for CoTSPc at CoTSPc-GCE (Fig. lc) and MWCNT/
CoTSPc-GCE electrodes (Fig. 1d) as 3.20x10°'* and
6.55x107'° mol cm? respectively. The much higher
surface concentration of CoTSPc on the GCE-MWCNT-
CoTSPc (~2 folds) compared to the CoTSPc-GCE elec-
trode can be due to the possible different arrangements of
the CoTSPc on bare electrode and on MWCNT base GCE
electrode. A thin film of the MWCNT base should allow a
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Fig. 1 Contact-mode AFM
images of a bare glassy carbon
plate (GCP), b GCP-MWCNT,
¢ GCP-CoTSPc, and d GCP-
MWCNT-CoTSPc

more attachment of the CoTSPc due to more surface area
created by the morphology of the MWCNT on the GCE
electrode; MWCNT are tubular in nature and so the
electrode surface will be relatively rough.

Figure 3 shows the CVs response of these electrodes in
1 mmol "' [Fe(CN)¢]* /[Fe(CN)g]* in 1 mol I"! KCL

Decrease in the AE values were observed upon
modification; thus, the presence of the modifiers increased
the rate of electron transfer for the [Fe(CN)s]* /[Fe(CN)s]*~
oxidation. Enhanced [, were observed for these electrodes
relative to the bare GCE in this order: GCE-MWCNT-
CoTSPc (19.0 pA)>GCE-CoTSPc (16.9 pA)>GCE-
MWCNT (15.7 pA) > bare GCE (10.6 pA), indicating
more catalytic sites at the surface of these electrodes in the
above order. EIS was employed to give insights into the
charge transfer kinetics occurring at these electrodes. EIS is
a powerful non-destructive and very informative technique
for probing molecules at surfaces. It provides vital informa-
tion about processes at the electrodelelectrolyte interface
[33-35]. Figure 4 shows the Nyquist plots obtained for the
electrodes in [Fe(CN)g]* /[Fe(CN)s]>~ solution.

The experimental data were fitted with the modified
Randles equivalent circuit (Fig. 5a) involving constant
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phase element (CPE) rather than the ideal double layer
capacitance (Cqy) for bare GCE, GCE-CoTSPc, and GCE-
MWCNT electrodes while the circuit (Fig. 5b) respectively
fitted for GCE-MWCNT-CoTSPc electrode.

In these circuits, Ry represents that solution resistance,
R, is the electron-transfer resistance (domain of kinetic
control), and Z,, is the Warburg impedance (domain of mass
transport control) resulting from the diffusion of ions to and
from the electrode|solution interface. CPE model for
simulating EIS data incorporates the non-homogeneity
(roughness) of the electrode surfaces; that is, the CPE is
due to the energetic inhomogeneity of the electrodes [34,
35]. The incorporation of CPE element gives better fittings
for pseudocapacitive systems. The impedance of the CPE
(Zcpg) 1s a power-law-dependent interfacial capacity given
as shown in Eq. 2:

Zepe = [0(@)"] ! (2)

where Q is the frequency-independent constant, w is the
radial frequency, and # is a factor describing the deviation
from the ideal capacitive behavior. An n value of 0
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Fig. 2 Typical cyclic voltam-
mograms obtained at a bare (a)
GCE, b GCE-MWCNT, ¢ GCE-
CoTSPc, and d GCE-MWCNT-
CoTSPc¢ in 0.5 mol 1! H,SO,.
Scan rate=50 mV s '

10 pA

(b)

10 uA

-0.5 -0.25 0

(c)

4 A

0.25 0.5 -0.5 -0.25 0 0.25 0.5
E/V (vs. Ag|AgCl, sat'd KCI)

E/V (vs. Ag|AgCl, sat'd KCI)

(d)

0.6 uA

T T T
-0.3 0 0.3

corresponds to a pure resistor; a unit value of n corresponds
to a pure capacitor, while a 0.5 value corresponds to
Warburg impedance. The difference in the fittings from one
electrode to the other can be ascribed to the different

----- Bare GCE
— GCE-CoTSPc
—— GCE-MWCNT
GCE-MWCNT-CoTSPc

-0.2 0 0.2 0.4 0.6 0.8
E/V (vs Ag|AgCl, sat'd KCI)

Fig. 3 Cyclic voltammograms obtained at the electrodes in 1 mmol 1!
Fe(CN)637/47 in 0.1 mol I"" KCI. Scan rate=50 mV s '

T
0.6 0.9 -0.3 0 0.3 0.6 0.9
E/V (vs. Ag|AgCl, sat'd KCI)

E/V (vs. Ag|AgCl, sat'd KCI)

chemical nature of the electrode modifier resulting to
different kinetics and mechanisms of electron transfer at
the surface of the electrodes. It was observed that the
order of the R, is as follows: GCE-MWCNT-CoTSPc
(0.32 K2) > GCE-MWCNT (3.41 K) > GCE-CoTSPc
(5.31 K2) = bare GCE (5.15 Kf2). The fact that the R
value for the GCE-MWCNT-CoTSPc is significantly
smaller than the other electrodes is an indication that the
combination of MWCNT and CoTSPc is synergic toward
enhancement of Fe(CN)s] >~ redox process. From Table 1,
n values extracted from the fitted Nyquist plots for all the
electrodes suggest deviation from ideal capacitive behavior.
All the fitted values shown in Table 1 were obtained after
several iterations. Bode plots [i.e., log |Z| (Fig. 6a) and
—phase angle (Fig. 6b) vs. log f] validate the conclusions
from Nyquist plot fittings.

The values of the slope at low and high frequency regions
for the respective electrodes are bare GCE (—0.132, —0.046),
GCE-MWCNT (-0.38, —0.036), GCE-CoTSPc (—0.365,
—0.057), GCE-MWCNT-CoTSPc (—0.262, —0.058); these
values are far from the value of —0.1 indicating that these
electrodes exhibit pseudo-capacitive behavior. This further
corroborates the incorporation of the CPE element in the
equivalent circuit. The electrodes exhibited capacitive relax-
ation at different phase angles and frequency from one to
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Fig. 4 Nyquist plots obtained in 4 -

Fe(CN)6>7* 0.1 mol "' KCI at 30 - (b) .
a bare GCE, b GCE-MWCNT, ¢
GCE-CoTSPc, and d GCE- 3
MWCNT-CoTSPc. Applied po-
tential=F,,, (V) (vs. Ag|AgCl, a 20 1
sat’d KCl) X 2 E
N <
N
10 A
1
0 1 0 - T T T 1
0 4 12 0 10 20 30 40
Z'/KQ Z'/KQ
4 3
(c) . (d)
*
3 A $*
2 -
o] ]
£ 21 <
N N
1
1 4
0 - T 1 0 T T T 1
0 2 6 0 1 2 3 4
Z'[KQ Z'/KQ

another, an indication of different charge transfer kinetics at
the solution-electrode interface from one electrode to the
other. The values are as follows: bare GCE (~15.15° at
2.37Hz), GCE-MWCNT (~36.25° at 0.94 Hz), GCE-CoTSPc
(~40.63°, 28.86° at -0.29, 1.86 Hz), and GCE-MWCNT-
CoTSPc (~5.94° at 2.57 Hz). The phase angle values for all
the electrodes are all less than 90°, thus confirming the
pseudo-capacitive behavior of the electrodes. Furthermore,
the shift in the phase angle frequencies of the modified
electrodes compared to the bare GCE is an indication that the
reactions are now occurring at the modifiers and not at bare
GCE electrode surface.

HO OH 0 OH
o7 —— +
HO lo)

NH,* NH,*
CH, CH,
Epinephrine Epinephrinequinone

Electrochemical studies of epinephrine oxidation:
comparative cyclic voltammetric analysis

Figure 7 shows the CVs of 10 mol I"' EP in phosphate
buffer solution pH 7.4 at bare GCE (curve a), GCE-
MWCNT (curve b), GCE-CoTSPc (curve c), and GCE-
CoTSPc/MWCNT (curve d).

From Fig. 7a to d, the EP electro-oxidation is irrevers-
ible; it is the oxidation of epinephrine to epinephrinequi-
none via removal of the two protons of the enol end of
epinephrine (Eq. 3). This is the mechanism established for
EP oxidation on CNT modified electrodes [2, 36].

2H* + 2e-

EP oxidation obtained at the GCE-MWCNT-CoTSPc
showed the best catalysis compared to the rest in terms of
peak current, /,. It can be observed from Fig. 7 that the £,

@ Springer

position for EP electro-oxidation at GCE-MWCNT oc-
curred at a lower positive potential compared to that of
GCE-MWCNT-CoTSPc, a similar observation [16] in
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CPE
(a)
¢ L J —oO
As C —C 3
Rct Zw
Rct
(b) —
= L —o
Rs
CPE [:
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Fig. 5 Equivalent circuits for 1 mmol I Fe(CN)s> * in 0.1 mol 1"
KCI at the electrode a bare GCE, GCE-MWCNT, and GCE-CoTSPc
and b GCE-MWCNT-CoTSPc. Applied potential=E;,, (V) (vs. Ag|
AgCl, sat’d KCI)

which the nitric oxide (NO) electro-oxidation £, occurred
at a lower positive potential at GC-SWCNT compare to that
of GC-SWCNT-NiTSPc was reported. The authors associated
this observation to the different electrocatalytic features on
both SWCNT and NiTSPc; in our own case, MWCNT and
CoTSPc are also expected to exhibit different electro-
catalytic features. Furthermore, the enhanced I, current
observed at GC-SWCNT-NiTSPc, which is favorable for
analytical purposes, could be explained by the fact that
MWCNT provided a higher surface area for CoTSPc
deposition and at the same time a good electrical nanowires
link between CoTSPc and the GCE.

In addition, the improved catalysis at the GCE-
MWCNT-CoTSPc may be attributed to the presence of
the CoTSPc, being first row transition metal phthalocya-
nines that are known [37-39] to catalyze several analytes
via the central metal ion. Consequently, GCE-MWCNT-
CoTSPc was used only for further analysis. The effect of
scan rate variation on the CVs of EP oxidation (not shown)
shows that peak current (/) of the epinephrine oxidation
gave good linear relationship with the square root of scan
rate (#"'%) with R*=0.9988, indicating a diffusion-controlled
reaction and a good indication of the electrode analytical
applicability.

Table 1 Summary of impedimetric evolutions of the electrodes

4.75
(a) + Bare GCE
= GCE-MWCNT
4.25 ~ A GCE-MWCNT-CoTSPc
X GCE-CoTSPc
3.75 -
<]
N
(o]
2 325 4
2.75
2.25 . . . .
2 0 2 4 6
log (f/ Hz)
45 7 (b) « Bare GCE
40 - W ® GCE-MWCNT
o5 X 4 GCE-MWCNT-CoTSPc
- X GCE-CoTSPc
g 30
[ -
2 2
c
© 20 <
Q
@
8 15
o
10
5 —
0 T T T ]
2 0 2 4 6

log (f/ Hz)

Fig. 6 Bode plots a log Z versus log f'and b —phase angle versus log /'
in Fe(CN)¢>™ 0.1 mol 1! KCI solution at various electrodes.
Applied potential=F;,, (V) (vs. Ag|AgCl, sat’d KCI)

Chronoamperometric analysis

Figure 8 shows a well-resolved chronoamperometric evo-
lutions obtained at 0.38 V with increasing concentrations of
epinephrine (2.44-3.00 pmol 1'') in phosphate buffer
solution, pH 7.4.

A linear relationship between transient catalytic current
(measured at 5 s) and epinephrine concentrations was
obtained as:

Electrode RJKQ R.JKQ 10* Q/uF n 10°Z,,/A cm?
Bare GCE 2.51 (1.95) 5.15 (4.51) 0.10 (14.14) 0.53 (4.18) 0.22 (3.62)
GCE-MWCNT 0.45 (0.71) 3.41 (4.90) 0.38 (5.32) 0.73 (1.37) 0.23 (2.69)
GCE-CoTSPc 1.31 (3.38) 531 (32.2) 0.71 (41.82) 0.64 (8.54) 0.25 (11.07)
GCE-MWCNT-CoTSPc¢ 0.76 (5.29) 0.32 (9.88) 3.22 (0.91) 0.48 (1.24) 1.46 (31.27)

Percentage errors are in brackets
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Buffer alone
------ Bare GCE
—— GCE-CoTSPc
— — — GCE-MWCNT ;
—— GCE-MWCNT-CoTSPc

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
E/V (vs AglAgCl, sta'd KCI)

Fig. 7 Cyclic voltammograms obtained for (1) phosphate buffer
pH 7.4 alone and (2) 10~* mol "' EP electro-oxidation in phosphate
buffer pH 7.4 at various electrodes. Scan rate=50 mV s '

Leai/A = (0.132 % 0.002) [epinephrine] / }mol 1! (4)
+(0.40 £ 0.20)10" (R* = 0.9957)

The sensitivity value, 0.132+£0.003 A 1 molfl, was
obtained. LoD=3 §/m and the limit of quantification
(LoQ)=10 d&/m, where ¢ is the relative standard deviation
of the intercept of the y-coordinates from the line of best fit
and m the slope of the same line. The LoD was calculated
as 4.517x1077 mol I"'. The quantification limit (LoQ)
describes the lowest concentration of an analyte that can be

quantified with acceptable precision and accuracy, and the
value obtained was 15.056x10"7 mol 1"".

Rotating disc electrode experiment

Figure 9a shows the RDE voltammograms obtained at
different rotating speed (w) for 10™* mol 1™" EP electro-
oxidation in phosphate buffer pH 7.4 using GCE-MWCNT-
CoTSPc, and Fig. 9b shows the plot of limiting current (/1)
versus w'’? (Koutecky—Levich plot).

The Koutecky—Levich plot was found to be linear with
positive intercept; this indicates that the electrode reactions
are controlled by both kinetics at the electrode surface and
the mass transport of epinephrine species at the electrode
surfaces. Using Eq. 5 below,

1 1 1 1

[ "~ (nFAke,I'C)

Him Ik ey
1

+ 2. 1, 1
(O.620nFAcD By~ 16w /2>

(5)

where i, Ik, iley are the measured current, kinetic, and
diffusion-limited currents, respectively, » is the number of
electrons transferred which is 2 for EP electrooxidation, k.,
is the catalytic rate constant (mol ' cm® s '), F is the
Faraday constant (96,485 °C mol '), 4 is the electrode
surface area which is 0.1963 cm?, w is the rotating speed
(tps), I" (mol cm?) is the redox active species (CoTSPc/
MWCNT) concentration on electrode surface, ¢ is the bulk
concentration of EP (1077 mol ¢cm ™), D is the diffusion
coefficient (cm s ') of EP, and ~ is the kinematic viscosity
of the solution.

Fig. 8 a Chronoamperomo- 20
grams obtained for EP electro- (a) (b)
oxidation concentration studies \
and plot of b /, versus (EP) in \‘\. 1.0 uA
phosphate buffer pH 7.4 using \ \ 16 7
GCE-MWCNT-CoTSPc ‘
electrode
12 A A
<
=
~
e
8 -
A
4 -
T T T T 1 0 T T T T 1
0 10 20 30 40 0 3 6 9 12 15

t(s)
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Fig.v9 a RDE voltammggrams (xi) 0.05 -
obtained at different rotating \
speed (w) for 10* mol "' EP W 0.04 -
electro-oxidation in phosphate
buffer pH 7.4 using GCE- < 0.03 1
MWCNT-CoTSPc, b plot of 7, =
versus w 72, and ¢ Tafel slope -~ 0.02
for the oxidation of EP from
RDE experiment. Scan rate= 0.01 7
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The k., value obtained from the intercepts of the
regression lines was found to be 2.2x107 mol ' ecm® s/,
in comparison to the k., value obtained at [Os
(bpy)>(PVP);(CI]CI polymer-based electrode [40], which
is in the order of 10* for epinephrine. It can be said that
there is a faster kinetics between the EP and the electrode
surface at the GCE-MWCNT-CoTSPc than at the [Os

(bpy)2(PVP),(CI]CI polymer based electrode.

step 1

Tafel plot (Fig. 9¢c) was plotted from the RDE data; this
is the plot of the applied potential vs. the log of the
kinetic current. At all the potentials, the slope values are
close to 70 mV dec™'. A Tafel slope close to 60 mV dec™’
suggests a catalyst fast redox process as the first step
followed by a non-redox (chemical step) rate-determining
step (rds) such as analyte binding with the catalyst or
possible deprotonation of the analyte [41, 42] as a possible
mechanism. The catalyst redox process could be the Co*"
Pc to Co’" Pc redox processes of the MPc and then
followed by rate determining chemical step involving
possible pi—pi interaction between Co®" Pc/SWCNT and
EP molecule as illustrated in Eq. 7.

step 2, rds substrate-catalyst binding

> Co3+Pc
fast one-electron transfer

Co?*Pc

HO
NH,+
CH,
(o) OH
+ 2H+ step 3, oxidation of epinephrine
(o) \
II\IH2+
CH, Co?*Pc Co*Pc

Epinephrinequinone

HO OH

Epinephrine (EP)

Co%Pc * EP

@ Springer



1376

J Solid State Electrochem (2009) 13:1367-1379

Fig. 10 Square wave voltam-
mograms (SWV) for EP, AA

only or their mixtures in phos-

phate buffer pH 7 obtained at

a bare GCE, b GCE-MWCNT,

¢ GCE-CoTSPc¢, and d GCE-
MWCNT-CoTSPc I

(a)

0.5 uA

) (b)

-0.5 -0.25 0 0.25

E(V) vs. Ag|AgCl, sat'd KCI

(c)

W)

<>
0.5 uA

-0.5 -0.25 0 0.25

E(V) vs. Ag|AgCl, sat'd KCI

Regeneration, reproducibility, and stability

GCE-MWCNT-CoTSPc electrode was tested for its stabil-
ity and reproducibility; a decrease in the peak current
(~20%) occurred after the first scan, but it was found that
the electrode could be regenerated by rinsing it in
phosphate buffer solution (pH 7.4) for about a minute.
Repetitive scan (ten times) with rinsing in phosphate buffer
after every scan showed no significant differences in the
peak current (/,) with scan number (RSD = 4.8%).
Furthermore, the electrode was found to be stable even
after 2 weeks, showing no significant change in current
response.

Interference studies: comparative electrochemical response
toward EP in the presence of AA

Ascorbic acid usually coexists with epinephrine in biological
system, and therefore, electrochemical determination of both
molecules simultaneously is important. At bare electrodes,
(GCE, Au etc.), their peaks are not resolved, making it
impossible for their determination. The responses of all the
electrodes toward EP in the presence of AA were evaluated,
as shown in Fig. 10a and b.

@ Springer
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At the bare GCE, the 1 umol I'' EP and 1 mmol I ' AA
E, values appeared respectively at relatively high positive
potentials 0.35 and 0.47 V, while a single peak at 0.42 V
appeared when the two molecules were determined simul-
taneously as shown in Fig. 10a. Figure 10b showed the
responses obtained for the same solutions using GCE-
MWCNT. EP E, values appeared at 0.28 V. Furthermore,
the electrode resolved both EP and AA peaks when they
were simultaneously determined, with their E, values at
0.34 and 0.05 V, respectively. However, a drastic shift in
the E, position for EP from 0.28 to 0.34 V occurred, an
indication of AA interference in the determination of EP. At
the GCE-CoTSPc electrode (Fig. 10c), the E, positions for
AA, EP, and the mixture of both of them appeared around
0.24 V, a value close to the E;, for the Co*"/Co”" redox
couple of the CoTSPc, indicating that the mechanism for
the electro-oxidation of both molecules markedly depended
on the Co?"/Co’" redox activity and thus making resolution
of their peaks not to be possible. Figure 10d showed the
responses obtained at GCE-MWCNT-CoTSPc electrode.
The response for the 1 mmol 1" AA appeared at 0.013 V,
but clearly defined peak (at the same potential) could only
be observed when the concentration of AA was increased
from 1 to 2 mmol 1'. Only the EP peak was observed for
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Fig. 11 Square wave voltam- 6
mograms obtained at different (a) (b)
concentrations of EP in (a, ) A
phosphate buffer pH 7 and (a, ii) 5 -
107 mol I"" AA phosphate
buffer pH 7, (b, i) and (b, ii) are <«
their respective I, versus (EP) ~ 4 R? = 0.9956
plots .g
‘
Nconet? 3
r T T T T 1 2 T T T 1
-0.4 -0.2 0 0.2 0.4 0.6 0 1 2 3 4
E/V (vs. AglAgCl, sat'd KCI) [EP]/ pmol L
6 -
(d)
5
<
4 R2 = 0.9952
~
e
3 -
A
T T T T T 1 2 T T T 1
-0.4 -0.2 0 0.2 0.4 0.6 0 1 2 3 4

E/V (vs. AglAgCl, sat'd KCI)

their simultaneous determination, and there was no signif-
icant difference in the £}, position (0.01 V) compared to that
obtained for 1 um EP. Consequently, detailed interference
studies of AA in EP determination using GCE-MWCNT-
CoTSPc electrode was then carried out.

electrostatic attraction

] / \ OH

—Co0 NH,+ OH

—SO05 HG Epinephrine

GCE —COO-
—SO,- HQ OH
—COO- O o
7 OH Ascorbic acid

| | O
A (0]

electrostatic repulsion

MWCNT-COOH / CoTSPc

Scheme 2 Schematic representation of the interactions between the
electrode surface and the species in solution at phosphate buffer
pH 7.4

[EP]/ umol L™

Figure 1la and b respectively show SWV curves
obtained at different concentrations of EP (0.25 to 3.5 uA
range) in the absence and presence of 1 mmol 1" AA in
PBS solution (pH 7.40).

AA was not detected at this concentration, which is
>1,000-fold compared to that of EP concentration, and also
AA presence did not significantly affect the determination of
EP; the sensitivity and LoD values obtained in the absence
and presence of AA are 0.0914+0.0018 A 1 mol ' and
0.134 pmol 1" and 0.0905+0.0017 A 1 mol' and

Table 2 Determination of epinephrine in epinephrine tartaric acid
injection (1 mg ml ") solution diluted to 5x107> mol 1" in phosphate
buffer pH 7.4 solution

Sample Concentration found Recovery (%)
(10° mol 1)

1 5.05 100.6

2 5.13 102.6

3 4.97 99.4

4 4.94 98.8

5 5.21 104.1
Average % recovery 101.1+2.2
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0.140 pmol 1", respectively. This result shows that this
electrode can be used to determine epinephrine in the
presence of ascorbic acid in physiological pH 7.4 con-
ditions. A notable advantage of using this electrode is the
ability to completely screen out AA without the necessity
to use the negatively charged nafion and at the same
time no significant decrease in sensitivity for EP deter-
mination. This ‘screen out’ effect of AA is likely due to
electrostatic repulsion between the SO; /COO  groups of
both CoTSPc/MWCNT and ascorbic acid (Scheme 2),
which will be negatively charged in neutral solution. The
pKa; and pKa, of the enol protons of the ascorbic acid are,
respectively, 4.12 and 11.6, and therefore, the first
deprotonation would have occurred in pH 7.4. In addition,
both GCE-MWCNT and CoTSPc-GCE electrodes only
sensed EP from a mixture of EP and AA. Nano-CoPc-
modified glassy carbon electrode [43] and unfunctional-
ized MWCNT modified basal plane pyrolytic graphite
electrode [3] has been shown to sense ascorbic acid, while
the non-sensing of ascorbic acid by gold nanoclusters on
overoxidized polypyrrole film modified glassy carbon
electrode [21] was attributed to the repulsion between
the negatively charged AA at neutral solution and the
carbonyl (C=0)/COO- formed during overoxidation pro-
cess. It may be questioned as to why this electrostatic
effect was not a major factor in the analysis using [Fe
(CN)6] >"~* redox probe, which is also negatively charged.
It should be noted that [Fe(CN)e¢] > * complex is a
common inorganic redox probe whose redox activity is
quite feasible and fast even at bare carbon electrodes.
Thus, we may speculate that the impact of electrostatic
effects should be less favored within the electrochemical
timescale for this inorganic redox probe compared to the
case of organic species like AA.

Epinephrine injection analysis

Determination of epinephrine in epinephrine tartaric acid
injection solution with a specified content of EP as
1.00 mg ml™' was carried out using GCE-MWCNT-
CoTSPc-electrode. A 1 ml of the injection sample was
diluted to 60 ml with phosphate buffer pH 7.4 to make a
5x107 mol 1! solution. This solution was then analyzed
using square wave voltammetry technique between —0.4
and 0.6 V at a scan rate of 100 mV s '. The assay was
performed employing the standard addition method with
consecutive addition of 1 ml of 10~* mol 1" EP standard
solution in phosphate buffer. The experiment was repeated
five times and the result showed a recovery between
102.6% and 98.8% (Table 2) with an average of 101.1+
2.2%, confirming that this electrode can successfully be
employed for the analysis of real drug sample of
epinephrine.

@ Springer

Conclusions

MWCNT enhances the electrochemical response of CoTSPc
species. The potential for real sample applications was also
proven by the ability of MWCNT-CoTSPc electrode platform
to satisfactorily determine EP in the presence and absence of
AA and epinephrine determination from drug samples.
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