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A highly efficient noradrenalin (NA) biosensor was fabricated on the basis of hematoxylin electrode-
posited on a glassy carbon electrode, GCE. The cyclic voltammetric responses of the hematoxylin biosensor
at various scan rates, which were obtained in a 0.25mmol L~' NA solution, showed the characteristic
shape typical of an EC.,¢ process. The kinetic parameters such as electron transfer coefficient, «, the cat-
alytic electron transfer rate constant, k', and the standard catalytic electron transfer rate constant, k°,
for oxidation of NA at the hematoxylin biosensor surface were estimated using cyclic and RDE voltam-
metry. The peaks of differential pulse voltammetric (DPV) for NA and acetaminophen (AC) oxidation at
the hematoxylin biosensor surface were clearly separated from each other when they co-exited in the
physiological pH (pH 7.0). It was, therefore, possible to simultaneously determine NA and AC in the sam-
ples at a hematoxylin biosensor. Linear calibration curves were obtained for 5.0 x 10~ to 65.40 wmol L~!
and 65.40-274.20 pmol L~! of NA, and for 12.00-59.10 wmol L~ and 59.10-261.70 wmol L' of AC. The
sensitivities of the biosensor to NA in the absence and presence of AC were found virtually the same,
which indicates the fact that the electrocatalytic oxidation processes of NA are independent of AC and,
therefore, simultaneous or independent measurements of the two analytes (NA and AC) are possible
without any interference. The results of 16 successive measurements show an average voltammetric
peak current of 1.13 +0.03 A for an electrolyte solution containing 5.00 pwmol L-! NA. The hematoxylin
biosensor has been satisfactorily used for the determination of NA and AC in pharmaceutical formula-
tions. The results obtained, using the biosensor, are in very good agreement with those declared in the
label of pharmaceutical inhalation products.

Keywords:

Noradrenalin

Acetaminophen

Differential pulse voltammetry
Biosensor

Hematoxylin

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The chemical modifications of bare electrodes with a thin film of
a suitable electroactive species offer significant advantages in the
designand development of electrochemical sensors and biosensors.
In practice, electrode surface modification has been tried as a means
of reducing the overvoltage and overcoming the slow kinetics of
many electrode processes [1-4]. A further advantage of chemically
modified electrodes is that they are usually less exposed to sur-
face fouling than bare electrodes are. Also, modified electrodes can
sometimes separate the electroanalytical signals of solution com-
ponents whereas, at bare electrode surfaces, the signals appear at
potentials close to each other [5-11].

The electrochemical determination of biomolecules has been
intensively studied over the past two decades. Noradrenalin
(NA) is a very important catecholamine neurotransmitter in the
mammalian central nervous system. Many diseases are related to
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the changes of NA concentration. Thus, the determination of its
concentrations in biological systems provides useful information.
The determination of NA is usually executed by high-performance
liquid chromatography [12-14], gas chromatography [15], ion
chromatography [16], capillary electrophoresis [17], and spec-
trophotometry [18]. NA is also an electroactive compound
that can be detected by electrochemical oxidation on various
electrodes. The electrochemical oxidation of NA has led to the
development of useful methods for measuring NA concentrations
[7,19-21].

In addition, acetaminophen (AC) is a widely used analgesic
antipyretic drug with actions similar to aspirin. It is a suitable alter-
native for the patients who are sensitive to aspirin and is safe up to
therapeutic doses. Unfortunately, easy availability has resulted in
its increased use in attempted suicides. Hence, the need has arisen
for the development of rapid and reliable methods for the determi-
nation of AC concentration. Many methods have been used for the
determination of AC in pharmaceutical formulations and biological
fluids including titrimetry [22], UV-vis spectrophotometry [23,24],
spectrofluorimetry [25], near infrared transmittance spectroscopy
[26], and chromatography [27,28]. Also, electrochemical methods
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Scheme 1. Structures of hematoxylin, noradrenalin (NA) and acetaminophen (AC).

have attracted much attention because of their quick response, high
sensitivity, as well as ability to miniaturize [29-33].

It is known that on a bare electrode, the oxidation peaks of NA
and AC are nearly at the same potential, which results in over-
lapped voltammetric responses making their discrimination highly
difficult. Therefore, the establishment of a simple, economical, and
accurate analytical method for the simultaneous determination of
NA and AC would be useful to medical manufacturers.

Although there are some studies on NA [7,19-21] or AC[29-33]
electrochemical oxidation alone, to the best of our knowledge there
are no reports about the simultaneous determination of NA and
AC using electrochemical or other techniques in the literature. A
published paper has reported that AC administrated in high doses
results in increased serotonin (5-HT) levels in rat forebrains [34];
5-HT is known to play a role in NA release in the brain [35].
Also, researchers have investigated the effect of AC and aspirin
on the brain [36] and the posterior cortex [37]. The results show
that AC administration alone significantly increase NA levels in
the forebrain [36] and the posterior cortex [37]. Since so many
over-the-counter analgesic preparations contain AC, we decided
to investigate the simultaneous determination of NA and AC by
electrocatalytic oxidation. Also, there are a few reports concerning
the electrocatalytic activity or electrochemical properties of hema-
toxylin [38-40]. As a follow-up of our studies to prepare modified
electrodes for the simultaneous determination of important bio-
logical compounds [41-43], we employed a hematoxylin biosensor
for NA electrocatalytic oxidation and the simultaneous determina-
tion of NA and AC in the physiological pH (pH 7.0). Our findings
indicate that a hematoxylin biosensor offers several distinct advan-
tages including extraordinary stability, high surface charge transfer
rate constant, and good limit of detection for NA. Differential pulse
voltammetry (DPV) was also used to evaluate the analytical perfor-
mance of the biosensor in quantification of NAin the presence of AC.
Finally, to evaluate the utility of the hematoxylin biosensor for ana-
lytical applications, it was used for the simultaneous voltammetric
determination of NA and AC in real samples.

2. Experimental
2.1. Reagents and apparatus

NA, 4-(2-amino-1-hydroxyethyl)benzene-1,2-diol hydrochlo-
ride (see Scheme 1 for structure) was purchased from Aldrich
and used without purification. Hematoxylin and AC, 4/-
hydroxyacetanilide (see Scheme 1 for their structures) and
other reagents were of analytical grade from Merck and used as
received. NA injection solution (from Bio&Pharma Companies,
Brussels, Belgium), AC oral solution and AC tablet (from Pharma
Chemi, Iran) were purchased in a local drugstore. All the solutions
were prepared with doubly distilled water. NA and AC solutions
were prepared just prior to use.

All the electrochemical experiments were carried out using a
potentiostat PGSTAT 30 model from Autolab (Ecochemie, Nether-

lands), interfaced with a personal computer. The geometrical area
of the bare glassy carbon working electrode (Metrohm, Switzer-
land) was 0.031cm?. All the electrochemical experiments were
carried out in a conventional three-electrode cell at room tempera-
ture. A platinum electrode and a saturated calomel electrode (SCE)
were used as the counter and reference electrodes respectively. All
the potentials were reported with respect to this reference elec-
trode. pH was measured with a Metrohm model 691 pH/mV meter.
Also, the experiments were carried out inside a Faraday cage at
room temperature (ca. 25°C).

2.2. Preparation of the hematoxylin biosensor

The glassy carbon electrode, GCE, was first polished mechani-
cally with 0.05 pwm alumina in water slurry using a polishing cloth
and then rinsed with doubly distilled water. The electrochemical
activation of the electrode was performed by a continuous poten-
tial cycling from —1.4 to 1.6V at a sweep rate of 100mVs~! in a
sodium bicarbonate (0.1 mol L~1) solution until a stable voltammo-
gram was obtained. For modification, the activated electrode was
placed ina 0.10 mmol L~! solution of hematoxylinina 0.15 mol L~!
phosphate buffer (pH 7.0), and it was modified by eight cycles of
potential sweep between —0.4 and 0.5V at 50mVs~!.

3. Results and discussion
3.1. Electrochemical behavior of the hematoxylin biosensor

The mechanism of electrodeposition of o- or p-hydroquinone
derivatives, such as hematoxylin, as modifiers on the surface of an
activated GCE has already been discussed [44,45]. Indeed, electro-
chemical treatment of an electrode surface leads to the formation
of some reactive functional groups which can react as nucleophiles
with the o-quinone produced during the electro-oxidation of the
modifier. Fig. 1A shows the cyclic voltammograms of a hematoxylin
biosensor in a 0.15molL~! phosphate buffer solution (pH 7.0) as
the supporting electrolyte at various scan rates. When the poten-
tial was scanned between —30 and 300 mV, a surface immobilized
redox couple with a formal potential (E?') value of 104 mV was
observed. In addition, the formal potential, E¥, was almost inde-
pendent of the potential scan rate for sweep rates ranging from
10mV to 2000 mVs~!, suggesting facile charge transfer kinetics
over this range of sweep rate. The peak-to-peak potential sepa-
ration (AEp =Epa — Epc) was small, and about 70 mV for the sweep
rates below 1000 mV s~ 1. Also, the electrochemical responses of the
biosensor were those anticipated for a surface-confined redox cou-
ple because the anodic and cathodic peak currents were directly
proportional to the scan rate (not shown), as predicted for the
deposited chemical species at the electrode surface. The ratio of
cathodic to anodic peak currents at various scan rates was almost
constant. The electron transfer coefficient, o, between the electrode
and the surface-confined redox couple can be evaluated in cyclic
voltammetry from the variation of the anodic and cathodic peak
potentials with the logarithm of scan rates, according to the method
described by Laviron [46]. For high scan rates, this theory predicts
a linear dependence of E, upon logv, which can be used to extract
the kinetic parameter of « from the slope of such plots. We found
that for the scan rates above 3V s~! the value of Epa and Epc were
proportional to the log v (Fig. 1B). Using these plots at pH="7.0, the
value of @ =0.59 was obtained.

3.2. Electrocatalytic oxidation of NA at the hematoxylin biosensor
The cyclic voltammetric responses of the bare GCE in a

0.15mol L~ phosphate buffer (pH 7.0), without and with NA in
solution, are shown in Fig. 2 (curves c and d respectively). If a
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Fig. 1. (A) Cyclic voltammograms of the hematoxylin biosensor in a 0.15 mol L-! phosphate buffer (pH 7.0) at various scan rates. The numbers 1-17 correspond to 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 and 90 mV s~!, respectively. (B) Variation of E,, versus the logarithm of the scan rate.

hematoxylin biosensor is placed into the same NA containing an
electrochemical cell, a large anodic peak is observed without a
cathodic counterpart (Fig. 2, curve b). That the current observed is
associated with the NA oxidation and not only with the oxidation
of surface-attached hematoxylin is demonstrated by comparing the
current in curve b with that in curve a. Fig. 2, curve a, shows the
cyclic voltammetric behavior of the hematoxylin biosensor in a
NA-free electrolyte (0.15molL~! phosphate buffer with pH 7.0).
It is apparent that the anodic current associated with the surface-
attached materials is significantly lower than that obtained in the
solution containing NA. The anodic peak potential for the oxida-
tion of NA at the hematoxylin biosensor is about 150 mV (Fig. 2,
curve b), while NA starts to oxidize at about 570 mV (Fig. 2, curve
d) at the bare GCE under identical conditions. So, a decrease in an
overpotential of about 420 mV is observed.

The cyclic voltammograms of the hematoxylin biosensor at var-
ious scan rates obtained ina 0.15 mol L~! phosphate buffer solution
(pH 7.0) containing 0.25mmolL-! NA are shown in Fig. 3A. As
shown in Fig. 3A inset, curve a, the oxidation currents increase
linearly with the square root of the scan rate, suggesting that
at a sufficient overpotential the reaction is mass transport con-
trolled. From the slope of the Ip versus v!/2 plot can be obtained
the number of electrons in the overall reaction. According to the
following equation for a totally irreversible diffusion controlled

processes [47]:
I, = 3.01 x 10° n[(1 — a)ng]'/2AC, DV/211/2 )

and considering (1 — o), =0.69 (see below), D=5.8 x 1076 cm2 5!
(D was determined by chronoamperometry), and A=0.0314 cm?,
it is estimated that the total number of electrons involved in the
anodic oxidation of NA is n=2.1=2. Also, the plot of the scan rate-
normalized current (Ip/v'/2) versus the scan rate (Fig. 3A inset,
curve b) exhibits a characteristic shape typical of an ECc,t process.
These results show that the overall electrochemical oxidation of
NA at the biosensor might be controlled by the cross exchange pro-
cess between the redox site of the hematoxylin and the diffusion of
NA. Under these conditions for EC catalytic mechanism, Andrieux
and Saveant theoretical model [48] can be used to calculate the
catalytic rate constant between NA and hematoxylin, k’. According
to the approach of Andrieux and Saveant and using Fig. 1 in their
theoretical paper [48], the average value of k' was calculated to be
(3.64+0.49)x 103 cms~1.

The inset of Fig. 3B shows a Tafel plot that was drawn from
the data of the rising part of the current-voltage curve recorded
at a scan rate of 30mVs~! (Fig. 3B). This part of voltammogram,
known as Tafel region, is affected by the electron transfer kinetics
between the substrate (NA) and the surface-confined hematoxylin,
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Fig. 2. Cyclic voltammograms of the hematoxylin biosensor in a 0.15mol L~ phos-
phate buffer (pH 7.0) solution in the absence (a) and presence (b) of 0.15 mmol L-!
NA. (c) As (a) and (d) as (b) for a bare GCE. In all cases the scan rate was 20mVs~'.

assuming the deprotonation of the substrate as a sufficiently fast
step. In this condition, the number of electrons involved in the rate-
determining step can be estimated from the slope of Tafel plot.
A slope 0.0853Vdecade~! is obtained indicating a one-electron
transfer in the rate-determining step of the electron transfer pro-
cess, assuming a charge transfer coefficient of «=0.31 [49].

The catalytic oxidation of NA with a hematoxylin biosensor
was also studied by chronoamperometry. The chronoamperomet-
ric measurements of different concentrations of NA at a biosensor
were done by setting the working electrode potential at 200 mV.
In chronoamperometric studies, based on Cottrell equation [49],
we have determined the diffusion coefficient of NA. Fig. 4A shows
the experimental plots of I verses t—!/2 with the best fit for
different concentrations of NA employed. The slopes of the result-
ing straight line were then plotted versus the NA concentration
(Fig. 4B), from whose slope we calculated a diffusion coefficient of
5.8 x 1076 cm? s~ for NA.

In order to elucidate the kinetics of NA oxidation at a hema-
toxylin biosensor, RDE measurements were performed at different
rotation speeds in a 0.15M phosphate buffer (pH 7.0) containing
various concentrations of NA. Fig. 5 represents a typical example
of RDE voltammograms of a 0.50 mmolL~! NA at the biosensor as
a function of the electrode rotation rates. Levich plots obtained at
220 mV for different concentrations of NA are shown in Fig. 5, inset
A. According to Levich plots, the current increases with increas-
ing electrode rotation speed but was found to be nonlinear. The
clear lack of linearity immediately suggests that the reaction is lim-
ited by kinetics and not by transport [49]. In addition, we again
conclude that the reaction between NA and the electrodeposited
hematoxylin is the sole rate-limiting step [50]. In such cases, the
currents are conveniently analyzed by plots of I-! versus w~1/2 [49].
Fig. 5, inset B, presents such plots (so-called Koutecky-Levich plots)
and, in this case, well behaved linear responses are obtained. The
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Fig. 3. (A) Cyclic voltammograms of the hematoxylin biosensor in a 0.15mol L-!
phosphate buffer (pH 7.0) containing 0.25 mmol L~! NA at different scan rates. The
numbers of 1-8 correspond to 15,17.5, 20,22.5, 25,27.5,30 and 32.5mV s, respec-
tively. Inset shows the plot (a) variation of the electrocatalytic peak current (Ip) with
the square root of sweep rate and (b) variation of the sweep rate-normalized cur-
rent (Ip/v*‘/z) with the sweep rate. (B) Linear sweep voltammogram recorded at
30mVs~!.Inset shows the Tafel plot derived from the linear sweep voltammogram.

value of catalytic reaction rate constant, k', between the oxidized
form of the deposited hematoxylin and NA can be calculated from
the intercepts of Koutecky-Levich plots [49]. From the values of
the intercept of various plots, the mean values of k' dependent on
potentials of 140, 160, 180, 200, and 220 mV are calculated and the
results are shown in Table 1. As it can be seen in Fig. 5, inset C, and
Table 1, the rate constant, k’, is strongly potential dependent and
k' increases with the increase of the potential which is considered
for obtaining Koutecky-Levich plots. The kinetic parameters of the
standard heterogeneous rate constant, k, and transfer coefficient,
o, can be evaluated from the intercept and the slope of the plot
of Ink’ versus E — E¥ (Fig. 5, inset C), according to the following
equation described in [49]:

ne(1 — «)F(E — E?)

K(E)=k =kexp °T

(2)
where E and EY are the potentials which are considered for
the obtained Koutecky-Levich plot and the formal potential of

Table 1
The relationship between the heterogeneous electron transfer rate constant, k', and
the considered potential, E, in drawing the Koutecky-Levich plots.

E(mV) 140 160 180 200 220
x10° k' (cms™!) NS, 4.65 7.71 14.10 24.2
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Fig.4. (A)Plots of Iversus t~'/ obtained from chronoamperometric experiments for
the hematoxylin biosensor in a 0.15 mol L' phosphate buffer (pH 7.0) at a potential
step 200 mV for different concentrations of NA. The numbers of 1-6 correspond to
0.20, 0.40, 0.80, 1.20, 1.60 and 2.00 mmol L~ of NA. (B) Plot of the slope of straight
lines against the NA concentration.
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Fig. 5. Voltammograms of a rotating disk hematoxylin biosensor in a 0.15M phos-
phate buffer (pH 7.0) containing 0.50 mmolL-" NA at the various rotation rates
indicated for each voltammograms. Insets: (A) Levich plots constructed from the
modified RDE voltammograms and using current for Eg;s, =220 mV of different con-
centrations of NA. The numbers of 1-8 correspond to 0.10, 0.20, 0.30, 0.40, 0.50,
0.60, 0.70 and 0.80 mmol L~ of NA. (B) Koutecky-Levich plots obtained from Levich
plots shown in inset (A). (C) Plot of the Ink’ versus the E —E%. E and EY are the
potentials which were considered for obtaining the Koutecky-Levich plot and the
formal potential of hematoxylin.

10.3

0.03 0.14 0.25

3
23
—_ a
< y = 0,0852x + 0.8082
= R?=0.9994
0 ‘
0 40 80
[NA] (uM)
15
(€
ENR
= y = 0.0352x + 2.866
R?=0.9981
3 :
50 200 350
[NA] (pM)
T
0.03 018 0.33 0.48
E(V)

Fig. 6. Differential pulse voltammograms of the hematoxylin biosensor in a
0.15mol L' phosphate buffer solution (pH 7.0) containing different concentra-
tions of NA. The numbers of 1-30 correspond to 5.0 x 10~ to 65.40 molL~!
of NA. Insets: (A) DPVs of the hematoxylin biosensor in solution containing
65.40-274.20 pmol L~! of NA. (B) and (C) shows the plots of the electrocatalytic
peak current as a function of NA concentration in the range of 5.0 x 10! to 65.40
and 65.40-274.20 pmol L' of NA, respectively.

hematoxylin respectively. The slope of 0.0271 mV~! was obtained,
indicating that a one-electron process is involved in the rate-
determining step, ny, =1, assuming a charge transfer coefficient
of @=0.30. This value of « is very close to that obtained from
Tafel plot previously discussed. Also, the value of k° is found to
be 1.02 x 1073 cms~! from the intercept of Fig. 5, inset C. The value
obtained for k9 indicates that the electron transfer between the
electrodeposited hematoxylin and NA is fast enough. Thus, hema-
toxylin can be used as a good electron transfer mediator for NA
electrocatalytic oxidation.

3.3. Differential pulse voltammetric detection of NA and AC at the
hematoxylin biosensor

The main objective in this study was the development of a
biosensor capable of the electrocatalytic oxidation of NA and
simultaneous detection of NA and AC. Since differential pulse
voltammetry (DPV) has a much higher current sensitivity than
cyclic voltammetry, it was used to estimate the lower limit of detec-
tion and the linear range of NA. In addition, the charging current
contribution to the background current, which is a limiting factor
in the analytical determination, is lower in DPV mode. The effects
of increasing the concentration of NA on the voltammograms are
presented in Fig. 6 (in range of 5.0 x 10! to 65.40 umol L~1) and its
inset A (in range of 65.40-274.20 pwmol L~1). Also, insets B and C of
Fig. 6 clearly show that the plot of the peak current versus the NA
concentration is constituted of two linear segments (5.0 x 10~ to
65.40 pmol L~ and 65.40-274.20 pmol L~1) with different slopes.
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Table 2

Comparison of analytical parameters of several biosensors for NA determination.
Modifier Method? Linear range (wmol L~!) Detection limit (wmol L) Refs.
Polycalconcarboxylic acid DPV 0.63-62.50 0.1 [71
Poly(isonicotinic acid) DPV 0.40-10.00 0.006 [20]

10.0-200.0
Tetrakis-(2-aminopheny) porphyrin cv 1.0-7.0 - [21]
7.0-50.0
C60-[dimethyl-(b-cyclodextrin)], cv 50.0-800.0 8.0 [46]
B-Cyclodextrin (@Y 1.0-300.0 0.50 [47]
Hematoxylin DPV 0.50-65.40 0.14 This work
65.40-274.20

2 DPV: differential pulse voltammetry, CV: cyclic voltammetry.

The plot of the average peak current of three replicates of DPVs
versus NA concentration in the range of 5.0 x 10~ to 4.00 pumol L~
(not shown) was used to estimate the lower limit of NA detection
at the biosensor. For these low concentrations, a linear correlation
with a slope of 0.0673 wA pumol~'L and a correlation coefficient
0.9943 are observed between the measured average current and
the NA concentration. From the analysis of these data, we esti-
mate that the lower limit of detection (X o 4.) of NA is 0.14 pmol L1
according to the definition X4 =(Yi0.d. — Yo )/m [51]. The lower
detection limit of NA obtained in this method is lower than those
previously reported for other biosensors [17,52-54]. The aver-
age voltammetric peak current and the precision estimated in
terms of the coefficient of variation for 16 repeated measurements
(n=16) of 5.00 wmolL~! NA at the hematoxylin biosensor were
1.13+0.03 pA and 2.6% respectively. The coefficient of variation
value indicates that the biosensor is stable and does not undergo
surface fouling during the voltammetric measurements. This also
demonstrates the fact that the results obtained at the biosen-
sor are reproducible in analytical applications. In Table 2, some
of the response characteristics obtained in this work are com-
pared with those previously reported by others [7,20,21,52,53].
These data show that the responses of the proposed biosensor are
superior in most cases to those of the previously reported biosen-
sors.

The next attempt was made to detect NA and AC simultane-
ously by using a hematoxylin biosensor. Fig. 7 shows the differential
pulse voltammetric responses which were gained by varying either
the NA (Fig. 7A) or AC (Fig. 7B) concentration while the concen-
tration of the other compound was kept constant. As shown in
Fig. 7A, the electrochemical response of NA in the presence of a
constant concentration of 5.0 x 10~ mmolL~! AC increased lin-
early with the increase of the NA concentration, while the response
of AC remaining almost constant. Similarly, Fig. 7B shows DPVs
obtained by increasing the concentrations of AC in the presence

Table 3

of 2.0 x 10~ mmolL-! NA. As it can be seen, an increase in the
peak current of AC is observed with increasing AC concentration,
while the voltammetric peak of NA is almost unchanged during
the oxidation of AC. It can also be noted from these results that
the responses to NA and AC at the biosensor are relatively inde-
pendent. On the other hand, Fig. 7C shows the DPV of a mixture
of 1.0 x 10~ mmol L1 NA and 4.0 x 10~ mmol L-! AC at the bare
GCE. As shown, the bare GCE could not separate the voltammetric
signals of NA-AC, and only one broad voltammetric signal at around
304 mV was obtained.

The utilization of the hematoxylin biosensor for the simul-
taneous determination of NA and AC was demonstrated by
simultaneously changing the concentrations of NA and AC. The DP
voltammetric results show that the simultaneous determination of
NA and AC with two well distinguished anodic peaks at potentials
of 127 and 300 mV, corresponding to the oxidation of NA and AC,
is possible at the biosensor (Fig. 8). Fig. 8, inset A, shows that the
linear range of NA concentration is 7.5 x 10! to 65.40 pmol L1,
Also insets B and C of Fig. 8 clearly show that the plot of the peak
current versus the AC concentration is constituted of two linear seg-
ments of 12.00-59.10 wmolL~! and 59.10-261.70 wmol L1 with
different slopes, corresponding to two different ranges of substrate
concentration. The decrease of sensitivity (slope) in the second lin-
ear range (Fig. 8, inset C) is likely to be due to kinetic limitation.
Comparing Fig. 6, inset B, to Fig. 8, inset A, the sensitivities to NA in
the absence and presence of AC were found to be 0.0652 (absence of
AC) and 0.0697 (presence of AC) wA wmol~! L. It is very interesting
to note that the sensitivities of the biosensor to NA in the absence
and presence of AC are virtually the same, which indicates the
fact that the oxidation processes of NA at the hematoxylin biosen-
sor are independent and, therefore, simultaneous or independent
measurements of the two analytes are possible without any inter-
ference. If the NA signal was affected by AC, the above-mentioned
slopes would be different.

Determination of NA and AC in pharmaceutical formulations using calibration plots and with the hematoxylin biosensor?.

Samples Added (pmol L) Found? (nmolL-1) RSD (%) Recovery (%)
NA AC NA AC NA AC NA AC
Injection solution of NA - - 4.74 - 2.8 = - -
5.00 40.00 9.99 38.63 1.2 1.6 103 97
10.00 50.00 14.60 51.10 1.7 2.0 99 102
Oral solution of AC - - - 15.46 - 3.0 - -
8.00 15.00 8.08 31.32 23 2.0 101 103
12.00 30.00 12.39 46.22 1.5 1.8 103 102
Tablet of AC - - - 20.88 - 3.0 - -
10.00 20.00 9.79 42.16 1.9 1.0 98 103
15.00 40.00 14.83 61.67 2.1 2.0 99 101

2 Three replicate measurements were made on the same samples.
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Fig. 7. (A) Differential pulse voltammograms of the hematoxylin biosensor in a
0.15mol L' phosphate buffer solution (pH 7.0) containing 5.0 x 10~ mmol L~!
AC and different concentrations of 5.0 x 10! to 488.00 umolL-! of NA. (B) Dif-
ferential pulse voltammograms of the hematoxylin biosensor in a 0.15molL~!
phosphate buffer solution (pH 7.0) containing 2.0 x 10! mmol L' of NA and dif-
ferent concentrations of 12.00-1150.00 pmolL~" of AC. (C) Shows the response at
a bare GCE for the oxidation of a mixed solution of 1.0 x 10! mmolL~" of NA and
4.0x 107! wmol L~ of AC.

3.4. Application of the hematoxylin biosensor for determination
of NA and AC in real samples

The utility of the present hematoxylin biosensor for determina-
tion of NA and AC in pharmaceutical formulations was tested by
measuring the NA concentration in an injection solution and the
AC concentration in an oral solution and tablet samples. The NA
injection solution and the AC oral solution were diluted 103 and
104 times respectively. Also one tablet of AC (0.4356 g), after dis-
solving in 1L doubly distilled water was diluted 100 times with
a phosphate buffer solution before the measurements. The differ-
ential pulse voltammograms of various real samples solutions are

10.3

y = 0.0697x + 0.8678
R? =0.9986
40 80
[NA] (uM)

8.2 4

(B)

I (uA)

y = 0.0255x + 0.7544
R?=0.9961

0 35 70
[AC] (uM)

6.1 1

y = 0.0095x + 1.7494
R? =0.9967
5 :
50 175 300
[AC] (uM)

4 . .
0 0.3 0.6 0.9

E (V)

Fig. 8. Differential pulse voltammograms of the hematoxylin biosensor in a
0.15molL~! phosphate buffer solution (pH 7.0) in mixed solutions of (from inner
to outer): 7.5 x 10~! to 65.40 wmol L-! for NA and 12.00-261.70 pwmol L~! for AC.
Insets: (A) plot of the peak currents as a function of NA concentration in the lin-
ear range of 7.5 x 10~! to 65.40 wmolL-'. (B) and (C) Plots of the peak currents
as a function of concentration of AC in two linear ranges of 12.00-59.10 and
59.10-261.70 pmol L.

shown in curve (a) Fig. 9A-C. The measurements were performed
using the calibration plots which are shown in Fig. 8, insets, and
the results obtained are listed in Table 3. To authenticate the valid-
ity of the results, the samples were spiked with certain amounts
of NA and AC at levels similar to those found in the samples
themselves. The results in Table 3 show that the relative standard
deviations (RSD%) and the recovery rates of the spiked samples
were acceptable. Thus, the proposed biosensor can be efficiently
used for the simultaneous determination of NA and AC in pharma-
ceutical samples. The reliability of the proposed biosensor was also
evaluated by comparing the obtained results with those declared
in the label of the pharmaceutical inhalation products. The data
in Table 4 demonstrate that the results obtained by a differential
pulse voltammetric method (utilizing the biosensor) are in very
good agreement with the values declared in the label of the ana-
lytes.

Table 4

Comparison of the total values of NA and AC of various formulations obtained using
the hematoxylin biosensor with those declared in the label of the pharmaceutical
inhalation products?.

Samples Declared value  Found value  RSD (%)
Injection solution of NA (mgmL~') 1.0 0.98 3.1
Oral solution of AC (mgmL~') 24.0 23.37 3.0
Tablet of AC (mgg~") 725.3 724.62 29

2 The total values (average of three measurements) were obtained by multiply-
ing the measured values by the appropriate dilution factor and number of sample
assayed was three.
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Fig. 9. Voltammograms of (a) are shown the differential pulse voltammograms of
the hematoxylin biosensor in a 0.15 mol L' phosphate buffer solution (pH 7.0) con-
taining a concentration of the real samples which indicated in Table 3 for (A) an NA
injection solution, (B) AC oral solution and (C) AC tablet. In all cases, for voltammo-
grams of (b) and (¢), different concentrations of NA and AC added to the real samples
according to the data which reported in Table 3.

4. Conclusions

In this study, a simple and fast procedure was used for the
electrodeposition of hematoxylin on a GCE. The electrodeposited
hematoxylin layers on the GCE exhibited excellent electrocatalytic
activity toward the electro-oxidation of NA, which appeared as a
reduced overpotential and an increase in the peak current. The
transfer coefficient, «, the catalytic rate constant, k’, the standard
catalytic rate constant, k%, and the overall number of electrons
involved in the electrocatalytic oxidation of NA at a hematoxylin
biosensor surface were determined using voltammetric methods.
The diffusion coefficient of NA was calculated as 5.8 x 1076 cm?2 s—1
for experimental conditions, using chronoamperometric results.
The hematoxylin biosensor could successfully separate the voltam-
metric peaks of NA and AC, which are indistinguishable on a bare
GCE. The precision of the differential pulse voltammetry (DPV)
method was found to be 2.6% for the replicate determination of a
5.00 wmol L1 solution of NA (n=16). Also, in DPV measurements,
two linear calibration ranges were obtained for NA and AC. The

sensitivities of NA and AC determination at the biosensor surface
were obtained 0.0697 and 0.0255 WA wmol~!L respectively. The
proposed hematoxylin biosensor has been applied to the simul-
taneous determination of NA and AC in an injection solution of NA,
an oral solution of AC, and a tablet of AC with satisfactory results.
Thus, the reliability and stability of the biosensor offers a good pos-
sibility for applying the technique to a routine analysis of NA and
AC in pharmaceutical formulations.
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