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Abstract
A hemin [iron-Fe(III) protoporphyrin IX chloride] was adsorbed onto a carbon-felt (CF), which is a microelectrode ensemble of micro
carbon fiber (ca. 7 µm diameter). The resulting hemin-adsorbed-CF (hemin-CF) showed a well-defined redox wave based on the hemin-
Fe(III)/Fe(II) redox process with the formal potential of –0.225 V vs. Ag/AgCl in deoxygenated phosphate/citrate buffer solution (0.1
mol/L, pH 5.0). The apparent heterogenous electron transfer rate constant was estimated to be 8.6 sec−1. In air-saturated electrolyte
solution, the hemin-CF exhibited an excellent electrocatalytic activity for the reduction of dioxygen (O2). This activity was reversibly
inhibited by respiratory toxins such as cyanide and azide, which bind sixth coordination position of iron active center of hemin. The
electrocatalytic O2 reduction current at the hemin-CF was modulated by the toxins in a concentration-depending manner. Based on the
relationship between the %inhibition and the toxin concentration, apparent inhibition constants of cyanide and azide were evaluated
to be 4.52 and 1.98 µmol/L, respectively. When the hemin-CF was used as a working electrode unit of the CF-based electrochemical
flow-through detector with air-saturated carrier, the injection of the azide induced peak-shape current responses, which allowed rapid
and continuous flow-amperometric determination of azide with high sensitivity.

Key words: respiratory toxin; hemin; carbon-felt; cyanide; azide; voltammetry; amperometry
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Introduction

Cyanide is commonly used in industrial applications (e.g.,
metal-plating, metal mining, plastic manufacture, extract-
ing gold and silver from ores) and in agricultural sectors
(e.g., fumigating fruit trees). Accidental release and leak-
age of cyanide in wastewater or rivers may lead rapidly
serious contamination of ground water and drinking wa-
ter. Because cyanide is extremely toxic to humans, in
particular its role in the suppression of O2 transport and
respiration system, the presence of cyanide in drinking
water causes serious human diseases. For example, uptake
of cyanide results in the cellular hypoxia, with severe
damage to the medullar respiratory center and vasomotor
center, by inhibiting enzymes in the terminal respiratory
chain. From this point the World Health Organization fixes
the maximum acceptable level of cyanide in drinking water
at 1.9 µmol/L.

On the other hand, sodium azide is a toxic chemical
widely used in hospitals and laboratories as a chemical
preservative, in agriculture for pest control, detonators, and

* Correspomding author. E-mail: hasebe@sit.ac.jp

other explosives. In addition, sodium azide is the starting
materials of a variety of medicines. Moreover, sodium
azide is used daily in the air-bags of vehicles with large
tonnage. The azide poisoning depends on amount, rout,
and length of time of exposure, as well as, the age and
pre-existing medical conditions of the person exposed. It
prevents the cells of the body from using O2, and is thus
very harmful to organs, especially the heart and the brain,
because the heart and the brain use a lot of O2.

Therefore, the quantitative determination of cyanide
and azide is quite important. Several conventional meth-
ods such as titrimetric, colorimetric, and chromatographic
methods have been established for the determination of
these respiratory toxins (Miki et al., 2000; Tsuge et al.,
2001). However, these methods usually need relatively
expensive equipments, complicated sample treatments and
time-consuming analytical procedures. In contrast, electro-
chemical methods are attractive tools for simple and highly
sensitive determination of these toxins

Cyanide and azide are known to bind to the active-
metal center of heme-proteins (e.g., peroxidase, catalase,
hemoglobin and myoglobin), and inhibit their ordinary
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functions and catalytic activities. Based on these fea-
tures, various types of inhibition-based enzyme and/or
protein-modified electrodes have been proposed for the
electrochemical determination of cyanide and azide. For
example, peroxidase (Smit and Cass, 1990; Tatsuma
and Oyama, 1996; Wang and Hasebe, 2011) catalase
(Sezgintürk et al., 2005; Singh et al., 2009) cytochrome
oxidase (Amine et al., 1995) hemoglobin (Hasebe and
Wang, 2012a; Hosono et al., 2012) and myoglobin (Hasebe
and Wang, 2012b) have been successfully used as bio-
catalysts for the determination of these toxins. However,
serious drawbacks of these biomolecules-based systems
are lesser stabilities originating from the structural change
of proteins during the operational and storage periods.

Hemin (Scheme 1) is a protoporphyrin IX Fe(III) com-
plex, which is the active part of heme-proteins The hemin
is known to strongly adsorb onto the carbon materials such
as pyrolytic graphite (Chen et al., 2000; Duca et al., 2010;
Tao et al., 1995) and carbon nanotube (Ye et al., 2004)
based on hydrophobic and π-π stacking interactions. The
hemin-modified electrodes have been used in wide poten-
tial electrochemical applications as the electrocatalyst in
addressing the electrochemical reductions of nitrite (Duca
et al., 2010; Turdean et al., 2006), dioxygen (Antoniadou
et al., 1989; Arifuku et al., 1992; Feng et al., 2012; Ye et
al., 2004), hydrogen peroxide (Feng et al., 2012; Turdean
et al., 2006), and superoxide anion (Chen et al., 2000),
and the electrochemical oxidations of tryptophan (Nan et
al., 2002) and L-tyrosine (Ma et al., 2010). Because of
an excellent stability, small size and cost-efficiency, the
hemin is attractive candidate as a stable electro-catalyst for
the electrochemical sensing. However, the application of
hemin-modified electrode for the detection of cyanide and
azide based on its inhibitory event has not been reported so
far, from our best knowledge.

A carbon-felt (CF) is a microelectrode ensemble of
micro carbon fiber (ca. 7 mm diameter), and possesses a
random three-dimensional structure). CF has high surface
area (estimated to be 0.1–20 m2/g), which allows large

Fe

NN

N N

OH

O

OH

O

Scheme 1 Molecular structure of hemin.

measurable current density and high electric efficiency.
Additionally, high porosity (> 90%) permits low diffusion
barrier of solution flow. Therefore, CF is useful for a
working electrode unit of electrochemical flow-through
detector. As compared with other porous electrode mate-
rials (e.g., gold and platinum mesh and reticulated vitreous
carbon), CF has many advantages (i.e., inexpensive; physi-
cally and mechanically stable; easily handled; and easily
be manufactured to be arbitrary shapes). Physical and
chemical properties of the CF used in this study are
summarized in Table 1. Based on these features, recently
we are engaging in the studies on the functionalization of
the CF surface with catalytic molecules and have devel-
oped the CF-based electrochemical flow-sensing systems
(Hasebe et al., 2011) and flow-biosensors (Hosono et al.,
2012; Hasebe and Wang, 2012b; Wang and Hasebe, 2009,
2011, 2012).

In this study, the hemin was physically adsorbed onto
the CF surface, and the electrochemical properties of
the hemin-adsorbed CF (hemin-CF) were evaluated. The
resulting hemin-CF exhibited an excellent electrocatalytic
activity for the reduction of O2, and this activity was
reversibly inhibited by cyanide and azide, which enabled
votammetric and flow-amperometric determination of the
respiratory toxins with high sensitivity. As compared with
previous works with peroxidase (Wang and Hasebe, 2011),
hemoglobin (Hasebe and Wang, 2012a; Hosono et al.,
2012) and myoglobin (Hasebe and Wang, 2012b), the
present hemin-CF-based sensor showed excellent stabil-
ities. This would be a first report on the application of
hemin-modified porous electrode for voltammetric and
flow-amperometric sensing of respiratory toxins.

Table 1 Physical and chemical properties of the CF used in this study

Property Value

Thickness (mm) 3
Carbon fiber diameter (µm) 7
Treatment temperature (°C) 2000
Standard weight (g/m2) 400
Density (g/cm3) 0.13
Carbon content (%) 99
Specific surface area (N2) by BET method (m2/g) 0.29
Electric resistivity (Ω cm) 0.5

1 Experimental

1.1 Reagents and materials

Hemin [iron(III)protoporphyrin IX chloride) was pur-
chased from Tokyo Kasei Co., Japan and used as received.
Sodium cyanide (NaCN) and sodium azide (NaN3) were
obtained from Wako Pure Chemicals Industry, Japan. All
other chemicals were of the highest grade available, and
were used without further purifications. Millipore Milli-
Q water (resistivity > 18 MΩ cm, TOC, 3 ppb) was used
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for preparation of all solutions throughout the experiments.
Phosphate/citrate buffer (0.1 mol/L, pH 5.0) prepared by
K2HPO4 (Wako) and citric acid monohydrate (Wako) was
used as an electrolyte and carrier solutions. A carbon-felt
(CF) sheet was obtained from Nippon Carbon Ltd., Japan.
Hemin-dissolving solution was prepared just before the
adsorption experiment. Standard solutions of cyanide and
azide were prepared just before each experiment daily by
dissolving NaCN and NaN3 in 0.1 mol/L phosphate/citrate
buffer (pH 5.0). All the experiments were performed at
ambient temperature (22 ± 2°C).

1.2 Preparation of hemin-adsorbed CF (hemin-CF)

The CF sheet was cut into 10 mm × 3 mm × 3 mm in
size (weight, ca. 12 mg), and washed with pure water
under ultra-sonication for 10 min (40 kHz, AS ONE, US-
1R, Japan). The hemin was adsorbed onto the CF surface
by immersing bare-CF into hemin-dissolving 0.1 mol/L
NaOH solution (0.3 mmol/L, 2 mL) for 5 min at (22
± 2)°C. To remove weakly adsorbed species, the hemin-
adsorbed CF (roughly rinsed with Milli-Q water) was
placed on the flow-cell and 0.1 mol/L phosphate/citrate
buffer (pH 5.0) was constantly flowed at 2.0 mL/min for
1000 sec with a double-plunger intelligent pump (Al-12,
FLOM Co., Japan). It has been reported that hemin adsorbs
on graphite surface from alkaline aqueous solution, and
a monolayer of hemin has formed within 5 min and
during further adsorption time, aggregate begins to form
on the monolayer (Tao et al., 1995). In this study, to avoid
the negative effect of the covered aggregate, we selected
adsorption time of 5 min. The resulting hemin-adsorbed
CF is denoted here as hemin-CF. The hemin-CF was stored
in air-saturated phosphate/citrate buffer (0.1 mol/L, pH
5.0) in refrigerator at 4°C when not in use.

1.3 Electrochemical measurements

Cyclic voltammetry (CV) was carried out to evaluate elec-
tron transfer characteristics and electrocatalytic activity of
the hemin-CF. The CV measurements were performed with
ALS 611B electrochemical analyzer (BSA Co. Ltd., USA).
An one-compartment electrochemical glass cell with a
electrolyte volume of 15 mL was used. The hemin-CF
(or bare-CF) with platinum lead wire (0.5 mm diameter,
6 mm length) was used as a working electrode. A plat-
inum wire (1 mm diameter, 50 mm length) and Ag/AgCl
(BAS, RE-1B, 3 mol/L NaCl) electrode were used as the
counter and the reference electrode, respectively. All the
potentials reported in this work were versus Ag/AgCl.
Deoxygenated, air-saturated and O2-saturated 0.1 mol/L
phosphate/citrate buffers (pH 5.0) were used as electrolyte
solutions. Deoxygenated buffer was prepared by purging
high-purity nitrogen gas into the buffer at least for 30 min,
and the nitrogen atmosphere was kept over the solutions
during the CV measurement to prevent O2 from reaching
the solution. O2-saturated buffer was prepared by purging

pure O2 gas into the buffer for 20 min.

1.4 Flow-amperometry

Flow amperometry was carried out by using the elec-
trochemical flow-injection analysis system previously
reported by us (Hasebe et al., 2011; Hosono et al.,
2012; Wang and Hasebe, 2009, 2011, 2012). The system
is composed of a double-plunger intelligent pump (Al-
12, FLOM Co., Japan) with a six way injection valve
(V17, 200 µL injection loop, FLOM Co., Japan) and
the hemin-CF-based electrochemical flow-through detec-
tor connected to the electrochemical analyzer (ALS 611B,
USA). All flow-amperometric measurements were carried
out at room temperature. Air-saturated 0.1 mol/L phos-
phate/citrate buffer (pH 5.0) was used as a carrier solution.
Prior to the measurements, the carrier solution was flowed
at 2.0 mL/min for 1000 sec under the applied potential of
–0.05 V vs. Ag/AgCl to remove weakly adsorbed hemin
from the CF surface and to obtain stable background
currents. After the background current, originated from the
electrocatalytic reduction of O2, had reached to the steady-
state value (ca. 35–39 µA), the standard solutions of toxins
(i.e., cyanide and azide) were injected through disposable
syringe filter unit (0.45 µm pore size, Advantec, Dismic
3cp, Japan) at regular time intervals (100 or 200 sec), and
the peak-shape current changes, based on the inhibitory
effect upon the electrocatalytic activity of hemin-CF were
recorded.

2 Results and discussion

2.1 Electrochemical behavior of hemin-CF

Figure 1a and b shows the results of CVs of hemin-
CF in deoxygenated 0.1 mol/L phosphate/citrate buffer
(pH 5.0) at different scan rates. At the potential scan
rate of 5 mV/sec, the hemin-CF showed a pair of well-
defined, almost reversible CV peaks located at –0.226 V
and –0.223 V vs. Ag/AgCl. In contrast, bare-CF showed
no apparent redox peaks at the same potential region (data
not shown). The midpoint potential (E1/2) obtained from
CV, E1/2 = (Epa + Epc)/2, is –0.225 V vs. Ag/AgCl at
pH 5.0, where, (Epa (V) is anodic peak potential and Epc
(V) is cathodic peak potential). The peak separation (∆E)
between the anodic and cathodic peaks is 3 mV at the
scan rate of 5 mV/sec. This redox wave of hemin-CF is
assigned to the Fe(III)/Fe(II) redox process of hemin (Ma
et al., 2010; Ye et al., 2004). In the scan rate range of
5 to 900 mV/sec (Fig. 1a, b), the redox peak currents
are proportional to the scan rates (Fig. 1c). Thus, the
electrochemical reactions of the hemin-CF are surface-
controlled quasi-reversible process. As shown in Fig. 1d,
the slope of the plot of log(anodic peak current) versus
log(scan rate) is 0.987 with a correlation coefficient of
0.9994, which is close to the theoretical slope of 1 for thin
layer voltammetry (Murray, 1984).
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Fig. 1 (a) Cyclic voltammograms (CVs) of hemin-CF in deoxygenated 0.1 mol/L phosphate/citrate buffer (pH 5.0) at different potential scan rates,
from inner to outer: 5, 10, 20, 40, 60, 80 and 100 mV/sec. Starting potential was 0.05 V vs. Ag/AgCl. (b) CVs of hemin-CF in deoxygenated 0.1 mol/L
phosphate/citrate buffer (pH 5.0) at different potential scan rates, from inner to outer: 100, 200, 300, 400, 500, 600, 700, 800 and 900 mV/sec. Other CV
measurement conditions are same in panel a. (c) Plot of anodic and cathodic peak currents vs. potential scan rates. (d) Plot of logarithm of anodic peak
current vs. log(scan rate).

Based on the assumption that all hemin molecules ad-
sorbed on the CF are electrochemically active, the surface
coverage (Γ) of the hemin on the CF surface was estimated
from integration of the reduction peak in the CV (at 5
mV/sec), according to Γ = Q/nFA (where Q is the charge
(110.2 µC), n is the number of electron transferred (in
this case, 1), F is faraday constant and A is the electrode
surface area (37.7 cm2)). The estimated Γ of the adsorbed
hemin on the CF was 3.03 × 10−11 mol/cm2. This value
is about 2.3 times smaller than hemin monolayer (7 ×
10−11 mol/cm2) assuming that the area of hemin molecule,
horizontally oriented to the electrode surface, is about
2.38 nm2 (Kolpin and Swofford, 1978). Thus the adsorbed
hemin on the CF surface is sub-monolayer. The surface
coverage of the hemin on the CF (3.03 × 10−11 mol/cm2)
is much larger than those of adsorbed hemoglobin (2.27×
10−12 mol/cm2, Hasebe and Wang, 2012a) and adsorbed

myoglobin on the CF (3.04×10−12 mol/cm2, Hasebe and
Wang, 2012b). This is reasonable because the size of
hemin is much smaller than hemoglobin and myoglobin
and lacks bulky polypeptide backbones.

The electron transfer rate constant (ks) between the
adsorbed hemin and the CF can be estimated by the method
of Laviron (1979). When n∆Ep < 200 mV, the electron
transfer rate constant ks of heme-protein on the modified
electrode can be obtained by the following equation (Eq.
(1)) (Laviron, 1979),

logks = αlog(1−α) + (1– α)logα − log(RT/nFν)
− [α(1 − α)nF∆Ep]/2.3RT

(1)

where, ν (V/sec) is scan rate. Taking a charge transfer
coefficient α of 0.5, and a scan rate of 2 V/sec, ∆E = 155
mV, and then ks was calculated to be 8.6 sec−1. This value
is slightly larger than those for hemin-adsorbed multi-

http://www.jesc.ac.cn


jes
c.a

c.c
n

No. 6 Sensitive voltammetric and amperometric responses of respiratory toxins at hemin-adsorbed carbon-felt 1059

walled carbon nanotube (2.9 sec−1) (Ye et al., 2004) and for
hemin/poly(amidoamine)/multi-walled carbon nanotube-
modified glassy carbon electrode (3.8 sec−1) (Ma et al.,
2010) and slightly smaller than those for hemin covalently
bound Fe3O4 microparticle-modified glassy carbon elec-
trode (14.5 sec−1) (Feng et al., 2012) and hemin-adsorbed
pyrolytic graphite electrode (15 sec−1) (Chen et al., 2010).

These volammetric responses of the hemin-CF were
quite stable, and in deoxygenated 0.1 mol/L phos-
phate/citrate buffer (pH 5.0) with a scan rate of 50 mV/sec,
the potential and peak currents remained almost unchanged
after 600 CV cycles (between +0.05 and –0.45 V vs.
Ag/AgCl). Furthermore, even after 21 days storage in
air-saturated phosphate/citrate buffer (0.1 mol/L, pH 5.0)
at 4°C, the hemin-CF showed same redox waves. The
insolubility of hemin under neutral and acidic conditions
(Ye et al., 2004), and the strong hydrophobic interaction
and π-π interaction between hemin and the basal plane
of the graphite (Tao et al., 1995) would contribute the
excellent stability of the hemin-CF.

2.2 Electrocatalytic activity of hemin-CF for the reduc-
tion of O2 and its inhibition by respiratory toxins.

Figure 2A shows CVs of hemin-CF and bare-CF in air-
saturated 0.1 mol/L phosphate/citrate buffer (pH 5.0).
As compared with bare-CF, the hemin-CF showed much
larger cathodic current responses at the potential region
from +0.1 to –0.1 V with a peak at around –0.05 V vs.
Ag/AgCl. When same experiment was carried out in O2-
saturated buffer, the reduction current was significantly
enlarged (data not shown). These results clearly indicate
that the adsorbed hemin on the CF exhibited sufficient
electrocatalytic activity for the reduction of O2.

The mechanism of electrocatalytic reduction of O2 by
hemin has been extensively studied in previous works

(Antoniadou et al., 1989; Arifuku et al., 1992). The O2
molecule is reduced to water via one-step reduction ac-
companying four-electron and four proton transfer at pH
< 11, according to the following Eqs. (2)–(3).

Hemin-Fe(III) + e - −→ Hemin-Fe(II) (at the electrode)
(2)

4Hemin-Fe(II) + O2 + 4H + −→
4Hemin-Fe(III) + 2H2O (chemical reaction)

(3)

Figure 2B shows the change of the catalytic currents of
the hemin-CF in air-saturated 0.1 mol/L phosphate/citrate
buffer (pH 5.0) in the presence of various concentration of
cyanide (NaCN). The electrocatalytic cathodic current for
the reduction of O2 decreased in the presence of cyanide
in a concentration-depending manner. These results imply
that cyanide-binding to the iron-active center of hemin
(sixth coordination position) prohibits the reaction of O2
with the ferrous-hemin, resulting in the change in the
CV response. Essentially similar inhibitory effect was
observed for azide (data not shown). Here, it should be
emphasized that clear inhibitory effect was observed even
in the concentration of 0.1 µmol/L toxins. These results
suggest the potential ability of the hemin-CF for highly
sensitive voltammetric determination of the respiratory
toxins.

Figure 3 shows the relationship between the percent
inhibition (%In) and total cyanide (panel a) and azide
(panel b) concentrations. The %In was calculated from the
following Eq. (4) for various cyanide and azide concentra-
tions

%In = [(I0 − Iin)/I0] × 100 (4)
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Fig. 2 (A) CVs of hemin-CF and bare-CF in air-saturated 0.1 mol/L phosphate/citrate buffer (pH 5.0). Starting potential was +0.45 V vs. Ag/AgCl.
Potential scan rate was 5 mV/sec. (B) CVs of hemin-CF in air-saturated 0.1 mol/L phosphate/citrate buffer (pH 5.0) in the absence of and in the presence
of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 µmol/L (lines a–p) cyanide (NaCN). The CV measurement conditions are same
in panel (A).
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Fig. 3 (a) Relationship between the %Inhibition and the total concentration of cyanide. Inset: Hughes-Klotz plot for the estimation of apparent inhibition
constant (Ki’). The experimental conditions are same as Fig. 2. (b) The relationship between the % inhibition and the total concentration of azide. Inset:
Hughes-Klotz plot. The experimental conditions are same as panel (a).

where, I0 is a current value at –0.035 V without toxins, Iin
is a current value in the presence of toxins. The apparent
inhibition constant (K′i ) was evaluated using Hughes-Klotz
equation (Eq. (5)) (Chang, 1990).

1/%In = 1/%Inmax + K′i /(%Inmax · [inhibitor]) (5)

Inset graphs in Fig. 3a and b are the Hughes-Klotz
plots for the estimation of K′i values. The K′i values for
cyanide and azide were calculated to be 4.52 and 1.98
µmol/L, respectively. These values are smaller than those
of adsorbed myoglobin (8.71 µmol/L for cyanide and 5.57
µmol/L for azide; Hasebe and Wang, 2012b) and adsorbed
hemoglobin on CF (5.45 µmol/L for azide; Hasebe and
Wang, 2012a).

In order to evaluate the intra-day precision (between-lot
variation) of hemin-CF, three hemin-CFs were prepared in
the same manner and in the same day, and the voltam-
metric response of hemin-Fe(III)/Fe(II) in deoxygenated
buffer, electrocatalytic current in air-saturated buffer were
measured. The relative standard deviation values (n = 3)
for Fe(III)/Fe(II) redox peaks and electrocatalytic currents
obtained by different hemin-CFs were 1.5% and 3.6%,
respectively, indicating that the present physical adsorption
protocol of the hemin-CF has acceptable reliability. Thus,
judging from the obtained results, it can be safe to con-
clude that the hemin-CF is useful electrocatalytic-sensing
element for highly sensitive voltammetric determination of
cyanide and azide.

2.3 Flow-amperometry of respiratory toxins using
hemin-CF-based electrochemical flow-through de-
tector

From practical viewpoint, as compared to chemical sensors
with batch-type mode, sensors with flow-injection mode
(i.e., FIA-based sensor) have many advantages; (1) poten-

tial applicability for on-line analysis (automated system);
(2) possible high sample through-put; (3) the effect of
sample dilution is almost negligible; and (4) the detectable
concentration range and sensitivity can be modulated by
changing the sample injection volume and carrier flow rate.

If the binding of cyanide and azide to active iron
center of hemin is reversible, continuous monitoring of
these respiratory toxins would be possible with hemin-
CF-based electrochemical flow-through-detector. In this
experiment, we selected the applied potential of –0.05 V
vs. Ag/AgCl to minimize the direct electro-reduction of O2
at the CF surface (Fig. 2A). When air-saturated 0.1 mol/L
phosphate/citrate buffer (pH 5.0) was used as a carrier,
the cathodic base-current was ca. 35–39 µA, which is
originated from the hemin-CF-catalyzed electro-reduction
of dissolved O2 in carrier and much higher than that with
bare-CF (ca. 0.8–1.1 µA).

Figure 4a shows the typical inhibition peak current
(Ip

in) responses of cynide (10 µmol/L) by hemin-CF-
based electrochemical flow-through detector. Although the
inhibition peak current was observed, the recovery was not
complete (ca. 70% at 124 sec after the peak top), and un-
fortunately, the repetitive injections of same concentrations
of cyanide samples resulted in gradual decrease in peak
height of the inhibition peaks (data not shown). This would
be because of the strong binding affinity of cyanide toward
iron center of hemin.

Because cyanide dissociation is assisted by protonation
of bound CN−, the cyanide dissociation process tends to
be faster at acidic pH (Bellelli et al., 1990). In addition, the
reduction of heme-Fe(III)-cyanide complex by dithionite
and NaS2O4 facilitates the cyanide dissociation (Bellelli et
al 1990; Milani et al 2004). Therefore, the use of acidic
carrier or dithionite and/or NaS2O4-containing carrier may
be useful for fast recovery of baseline of the present hemin-
CF-based system.

http://www.jesc.ac.cn


jes
c.a

c.c
n

No. 6 Sensitive voltammetric and amperometric responses of respiratory toxins at hemin-adsorbed carbon-felt 1061

Time (sec)

in

NaCN injection (10 µmol/L)

C
u

rr
e
n

t 
(e

-5
A

) 

Ip
in Ip

in

Time (sec)

Time (sec)

Time (sec)

4.00

3.90

3.80

3.70

3.60

3.50

3.40

3.30

3.20

3.10

4260   4280   4300   4320   4340   4360   4380   4400   4420   4440    4460   4480

NaN3 injection 

          (30 μmol/L)

NaN3 injection 

          (30 μmol/L)

NaN3 injection 

          (0.3 μmol/L)

C
u

rr
e
n

t 
(e

-5
A

) 

C
u

rr
e
n

t 
(e

-5
A

) 

-4.0

-3.8

-3.6

-3.4

-3.2

-3.0

-2.8

 1380     1410     1440     1470     1500     1530     1560     1590     1620

Ip

a

b

Fig. 4 (a) Typical inhibition peak current (Iin
p ) response toward 10

µmol/L cyanide injection obtained by the hemin-CF-based electro-
chemical flow-through detector. Sample injection volume is 200 µL.
Applied potential is 0.05 V vs. Ag/AgCl. Air-saturated 0.1 mol/L
phosphate/citrate buffer (pH 5.0) was used as a carrier at flow rate of
2.0 mL/min. (b) Typical inhibition peak current (Iin

p ) responses toward 30
µmol/L azide injection. Inset: Peak current response toward 0.3 µmol/L
azide. Experimental conditions are same as panel (a).

In contrast, as illustrated in Fig. 4b, the repetitive injec-
tions of azide (30 µmol/L) resulted in quite reproducible
peak-shape current responses with almost 100% recovery
in spite of higher concentration (30 µmol/L), suggesting
that the binding of azide to the iron-active center of the
adsorbed hemin is almost completely reversible. As shown
in inset graph of Fig. 4b, the hemin-CF-based detector
showed apparent response to 0.3 µmol/L azide, indicating
the possibility of highly sensitive flow-determination of
azide.

Under the present experimental conditions, the time
from the injection to azide peak was ca. 23 sec and the
duration time of the azide-inhibition peak was 35 sec for
0.3 µmol/L azide (96% recovery) and 5 sec for 30 µmol/L
azide (96% recovery), respectively. Therefore, the sample
throughput for continuous detection of azide is ca. 70–
100 samples/hr, which is superior to our recent work using
myoglobin-adsorbed CF (ca. 45–60 samples/hr, Hasebe
and Wang, 2012b). The relative standard deviation of
inhibition peak current (Iin

p ) to 0.3 µmol/L azide was 2.56
% (n = 7). These results indicate the potential usability
of the hemin-CF as an inhibition-based flow-amperometric
sensor for continuous determination of azide.

Operational stability is an important parameter of flow-

analysis, especially on-line analysis application. During
the repetitive injections of standard samples of 0.3 to 30
µmol/L azide (up to 3 hrs), no serious decrease in the
steady-state catalytic current were observed, suggesting
that the electrocatalytic activity of the adsorbed hemin did
not change during the repetitive measurements. Storage
stability was finally checked. When not in use, the hemin-
CF was stored in air-saturated 0.1 mol/L phosphate/citrate
buffer (pH 5.0) at 4°C. Even after 21 days storage, the
hemin-CF showed the steady-state catalytic background
current (94% of the initial day), and the Ip

in to 1 µmol/L
azide was almost no change. These excellent stabilities of
the hemin-CF-based system are notable advantage which
overcomes biomolecules-based systems.

3 Conclusions

The hemin-adsorbed CF exhibited stable and excellent
electrocatalytic activity for the O2 reduction. This elec-
trocatalytic activity was inhibited by the respiratory toxins
such as cyanide and azide, and voltammetric determination
of these toxins was possible with high sensitivity. Because
the binding of azide to the iron-active center of hemin was
almost completely reversible, quite reproducible inhibition
peak currents were obtained when the hemin-CF was
adopted in electrochemical flow-detector. Evaluation of
more-detailed analytical performance characteristics of the
hemin-CF-based flow-sensing system is now underway in
our laboratory.
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