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a b s t r a c t

The imine of polybenzimidazole (PBI) is chemically oxidized by hydrogen peroxide (H2O2) in the presence
of acetic acid (AcOH). Fourier transform infrared (FT-IR) and X-ray photoelectron spectroscopies (XPS)
showed that when the AcOH concentration remained constant, the degree of oxidation increased with
increasing H2O2 levels. Moreover, the imine also exhibited electrochemical redox behavior. Based on
these properties, a PBI-modified Au (PBI/Au) electrode was developed as an enzyme-free H2O2 sensor.
At an applied potential of −0.5 V vs. Ag/AgCl, the current response of the PBI/Au electrode was linear
with H2O2 concentration over a range from 0.075 to 1.5 mM, with a sensitivity of 55.0 �A mM−1 cm−2.
The probe had excellent stability, with <5% variation from its initial response current after storage at

◦

ydrogen peroxide
BI N-oxide

50 C for 10 days. Potentially interfering species such as ascorbic or uric acid had no effect on sensitivity.
Sensitivity improved dramatically when multiwalled carbon nanotubes (MWCNT) were incorporated in
the probe. Under optimal conditions, the detection of H2O2 using a MWCNT–PBI/Au electrode was linear
from 1.56 �M to 2.5 mM, with a sensitivity of 928.6 �A mM−1 cm−2. Analysis of H2O2 concentrations in
urine samples using a MWCNT–PBI/Au electrode produced accurate real-time results comparable to those
of traditional HPLC methods.
. Introduction

Because hydrogen peroxide (H2O2) can induce functional and
orphological disturbances and because its extreme toxicity in

ells can cause cancer, its detection is important to clinical, indus-
rial, and environmental analyses [1]. Although technologies such
s titrimetry, fluorescence, and absorption spectra have been used
o detect H2O2 [2,3], new sensors based on electrochemical tech-

ology have proven simple to use and highly sensitive for real-time
etection [4,5]. Amperometric H2O2 sensors based on immobi-

ized enzymes such as horseradish peroxidase (HRP), hemoglobin

Abbreviations: AA, ascorbic acid; AcOH, acetic acid; AcOOH, peracetic acid;
MSO, dimethyl sulfoxide; FE-SEM, field-emission scanning electron microscopy;
T-IR, Fourier transform infrared spectroscopy; MWCNT, multiwalled carbon nan-
tubes; PBI, polybenzimidazole imine; PBINO, PBI N-oxide; PBI/Au, PBI-modified
u; PBS, phosphate buffer solution; UA, uric acid; XPS, X-ray photoelectron spec-

roscopy.
∗ Corresponding author at: Green Technology Research Center, Department of
hemical and Materials Engineering, Chang Gung University, 259 Wen-Hwa 1st Rd.,
uei-Shan, Tao-Yuan 33302, Taiwan, ROC. Tel.: +886 3 2118800x5289;

ax: +886 3 2118668.
E-mail address: huamy@mail.cgu.edu.tw (M.-Y. Hua).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.04.038
© 2011 Elsevier B.V. All rights reserved.

(Hb), or myoglobin (Mb) are widely used because of their intrin-
sic selectivity and sensitivity [6–8], but their performance depends
on the activity of enzymes that are relatively unstable and need
to be stored at 4 ◦C [9,10]. Thus, recent studies have aimed to
measure H2O2 directly using enzyme-free electrodes. Although
platinum nanoparticles have been used to electrocatalyze H2O2
directly at working potentials of 0.5–0.7 V without using enzymes
[11], the selectivity at this relatively positive potential is easily
compromised by interfering species such as ascorbic acid (AA)
or uric acid (UA), leading to inaccurate readings [12,13]; ideally,
the applied potential used to detect H2O2 should be negative.
Metalloporphyrins used as electron-transfer mediators also pos-
sess electrocatalytic activity toward H2O2 [14], but their synthesis
and purification are very challenging, and they must be immo-
bilized on substrates during H2O2 detection. Electrodes modified
with inorganic or organic–inorganic materials such as metallic
nanostructures [15–17], metallic oxides [18,19], transition met-
als (e.g., Prussian blue) [20], or inorganic-incorporating biological
complexes [21] offer stability and convenient electron transfer.

However, such materials must be electrodeposited or blended with
a polymer due to the poor adhesion to the electrode surface.

Polybenzimidazole (PBI) is a heterocyclic, aromatic poly-
mer with exceptional chemical resistance, excellent mechanical
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Fig. 1. (A) FT-IR spectra of (a) PBI, (b) PBINO1, (c) PBINO2, and (d) PBIN

trength, and thermal stability [22,23]. After being doped with acid,
t is an excellent proton conductor and has been used in proton
xchange membranes in fuel cells [24,25]. Thus far however, PBI
as not been used to modify an electrode for use as an H2O2 sensor.

Imine structures can be oxidized by peracetic acid (AcOOH, a
ixture of acetic acid (AcOH) and H2O2) to form N-oxides [26].

urthermore, such N-oxides can be reduced electrochemically. In
his study, the imine residue of PBI was oxidized by AcOOH to form
BI N-oxide (PBINO), which produced a response current during
lectrochemical reduction. Using this redox mechanism, a new PBI-
odified Au (PBI/Au) electrode was developed to detect H2O2. This

nzyme-free sensor exhibited superior performance, including a
apid response time, excellent stability, and good selectivity. More-
ver, modifying the electrode to incorporate multiwalled carbon
anotubes (MWCNTs) enhanced the sensor’s performance even

urther.

. Experimental

.1. Chemicals and reagents

Isophthaloyl dichloride (IPD, 98%) was purchased from Acros,
,3′-diaminobenzidine tetrahydrochloride hydrate (DBT, >97%)
as from Sigma–Aldrich, polyphosphoric acid and H2O2 (30%) were

rom Showa, dimethyl sulfoxide (DMSO) was from Tedia, sodium
ydride was from Fluka, AcOH (99.8%) was from Scharlau, and
WCNT (S type, 10–20 nm, >95%) were from the Desunnano Co.

td. Deionized (DI) water saturated with nitrogen was used in all
xperiments.

.2. Preparation of PBI and PBINO

PBI was synthesized by the condensation of 3,3′-
iaminobenzidine tetrahydrochloride hydrate and isophthaloyl
ichloride in polyphosphoric acid [27]. AcOOH solutions of
.046, 0.091, and 0.137 M were prepared by mixing 2 M of
cOH (0.2 mmol) with 0.5 (0.1 mmol), 1.0 (0.2 mmol) and 2.0 M

0.4 mmol) of H2O2, respectively. PBI (0.2 mmol) was dissolved in

0 mL of DMSO and added to the AcOOH solutions. The reactions
ere incubated in a 43-kHz ultrasonic bath at 40 ◦C for 0.5 h in
dark room. After filtration, purification, and vacuum-drying

t 50 ◦C for 24 h, precipitates of PBINO1, PBINO2 and PBINO3
) N(1s) XPS spectra of (a) PBI, (b) PBINO1, (c) PBINO2, and (d) PBINO3.

(prepared from solutions with molar ratios of PBI:H2O2:AcOH of
1:0.5:1, 1:1:1 and 1:2:1, respectively) were obtained.

2.3. Preparation of the PBI/Au electrode

PBI (0.23 g) was dissolved in 50 mL of DMSO and concentrated
to 10 mL. Two microliters of the solution were dropped onto a Au
disk electrode (0.196 cm2) and dried in a vacuum aspirator at 50 ◦C
for 5 h.

2.4. Preparation of the MWCNT–PBI/Au electrode

To investigate the effect of the ratio (by weight) of MWCNT to
PBI, samples with identical total solids content (4 �g �L−1) but dif-
ferent weight ratios were prepared by dissolving 60 mg of PBI in
10 mL of DMSO; 20 mg of MWCNT were dispersed in 5 mL of DMSO.
Forty microliters of the PBI solution were mixed with 10–320 �L of
the MWCNT solution and 20 �L of DMSO were added to each solu-
tion. The currents of MWCNT–PBI/Au electrodes prepared using
solutions with these different weight ratios were measured in
response to 1 mM H2O2 in 0.2 M PBS (pH 6.4).

To determine the effect of the thickness of the composite film
on the electrode surface, various volumes of a solution using the
optimal weight ratio (as determined above) were dropped onto a
0.196 cm2 Au disk electrode and dried in a vacuum aspirator at
50 ◦C for 5 h. The electrodes were then used to detect H2O2 in 0.2 M
phosphate buffer solution (PBS, pH 6.4) to determine the optimal
composite thickness.

2.5. Equipment and measurements

Fourier transform infrared (FT-IR) spectra were obtained with
a Bruker-Tensor 27 spectrometer at a spectral resolution of
8 cm−1. X-ray photoelectron spectroscopy (XPS) measurements
were performed with a VG Scientific ESCALAB 250 system. Field-
emission scanning electron microscopy (FE-SEM) was performed
with a Hitachi S-5000 system. Electrochemical measurements were
performed on a CHI 660A electrochemical workstation (CH Instru-
ments, USA) with a three-electrode system consisting of the PBI/Au

electrode, a bare Au electrode, and an Ag/AgCl electrode as the
working, counter, and reference electrodes, respectively. All elec-
trochemical measurements were performed in 40 mL of 0.2 M PBS
at 25 ◦C and an initial pH value of 7.0. Solutions with pH values of
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tive imine was estimated to be 5.73 × 10−10 mol cm−2 at pH 7.0;
this decreased with increasing AcOH concentrations (Table 1), i.e.,
more imine sites were occupied by protons.

Table 1
Formal potentials (E0′ ) and surface concentrations (� ) of imine at various pH values.

pH E0′ (V) � (10−10 mol cm−2)

7.0 −0.021 5.73
6.4 0.012 4.73
ig. 2. (A) Cyclic voltammograms of PBI/Au electrode in 0.2 M PBS at pH values o
lectrode in 0.2 M PBS at pH 6.4 in the (a) absence and (b) presence of 1 mM H2O2.

.4, 5.2, 4.6, 3.7, and 3.1 were prepared by adding 0.1, 0.3, 0.5, 1,
nd 2 mL AcOH (99.8%) in 0.2 M PBS, respectively.

. Results and discussion

.1. Characterization of PBI and PBINO

The characteristic peaks of PBI as measured by FT-IR spec-
roscopy included the stretching vibrations (�) of N–H (�N–H) at
382 cm−1, �C N/C C at 1620 cm−1, in-plane deformation of the
enzimidazole at 1532 and 1439 cm−1, the breathing mode of the

midazole ring at 1288 cm−1 and the heterocyclic ring vibrations at
00 and 700 cm−1 (Fig. 1A) [27]. After reacting with a H2O2:AcOH
olar ratio of 0.5:1, three additional peaks caused by the reso-

ance structure of PBINO1 appeared at 1209 (�N
+–O

−), 1119, and
060 cm−1 (benzene ring in-plane C–H bending), and one new
eak appeared at 1694 cm−1 (�C N

+) (Fig. 1A) [28]. Furthermore,
he intensity of these peaks increased progressively as the molar
atio of H2O2:AcOH increased (Fig. 1A). This correlates with previ-
us results showing the formation of pyridine N-oxide by addition
f pyridine to AcOOH [26].

The N(1s) XPS spectrum of PBI can be deconvoluted into two
eaks, namely imine at 398.4 eV and amine at 400.2 eV, with an
rea ratio for the two peaks of 1 (Fig. 1B) [29]. However, after react-
ng with AcOOH, the N(1s) spectrum of PBINO1 deconvoluted into
hree peaks: In addition to the previous two peaks, a new char-
cteristic peak appeared at 402.0 eV, indicating the formation of
-oxide (Fig. 1B) [30]. The ratio of the peak areas (from lowest

o highest binding energy) was 43.3:49.4:7.3, corresponding to a
imine:Namine:N-oxide ratio of 0.86:1:0.1. Thus, ∼14% of the reac-

ive sites of the imine of PBI were oxidized by AcOOH. As the molar
atios of H2O2:AcOH increased in PBINO2 and PBINO3, the magni-
ude of the 402.0 eV peak likewise increased to 41.8% and 74.6%,
espectively.
.2. Electrochemical behavior of the PBI/Au electrode

The electrochemical behavior of PBI was investigated by cyclic
oltammetry at a scan rate (() of 0.05 V s−1 in PBS in the pres-
.0, (b) 6.4, (c) 5.2, (d) 4.6, (e) 4.1, and (f) 3.7. (B) Cyclic voltammograms of PBI/Au

ence and absence of AcOH. At pH 7.0 in the absence of AcOH,
the PBI/Au electrode showed a single pair of well-defined redox
peaks with anodic (Epa, 0.05 V) and cathodic (Epc, −0.09 V) peaks
between −0.6 and 0.6 V (Fig. 2A), attributed to the electroactive
imine. The redox peak potentials produced by the imine structure
were consistent with those seen for polyaniline [31]. As the pH
decreased, the formal potential (i.e., the average of Epa and Epc;
E0′

) of PBI shifted positively (Table 1). According to the equation
EAg|AgCl|Cl− = E0

Ag|AgCl|Cl− − [(RT)/F] lnaCl− (where R is the universal

gas constant, T is the absolute temperature, a is the chemical activ-
ity for the relevant species, and F is the Faraday constant), the
standard potential for the reference electrode (Ag/AgCl) should
shift positively because of the lower chemical activity (a) in the
acidic solution. Decreasing the pH resulted in the formal poten-
tial of PBI shifting in the same direction. Furthermore, new redox
peaks appeared in the presence of AcOH and became even more
pronounced as the pH decreased. PBI was easily protonated in acidic

solutions, forming structures [24,25]; the new redox peaks
occurring at negative potentials were attributed to partial conver-

sion of the imine to and corresponded with reductions in the
area of the initial redox peak (as seen at pH 7.0). Using the for-
mula Q = nFA� (where Q is the charge from the anodic peak, n is
the number of transferred electrons, and A is the surface area of the
electrode), the surface concentration (� ) of the original electroac-
5.2 0.035 3.45
4.6 0.063 2.72
4.1 0.084 1.80
3.7 0.092 1.48
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mical reduction of PBI/Au electrode in the presence of H2O2.
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Fig. 4. Current–time responses of the PBI/Au electrode upon successive addition of

here detects H2O2 via a different mechanism (i.e., the one proposed
in Fig. 3).

Table 2
Effect of pH on the characteristics of the PBI/Au-based H2O2 sensor.

pH Response
time (s)

Sensitivity
(�A mM−1 cm−2)

Detection
range (mM)

Ra

7.0 – – – –
6.4 7.8 55.00 0.075–1.5 0.996
5.2 7.3 21.93 0.05–1.75 0.994
4.6 6.3 10.31 0.0125–5 0.999
Fig. 3. Scheme of the chemical oxidation and electroche

The PBI/Au electrode prepared by drop-coating had a uniformly
mooth surface. Despite this planar conformation, the value of �
i.e., the quantity of electroactive imine that could be oxidized by
cOOH) was still higher than some enzymatic electrodes [32,33].
or enzymatic electrodes, the quantity and activity of the enzyme
re the main factors influencing the surface reactivity of electroac-
ive species. However, the amount of enzyme that can be applied to
n electrode can be limited sterically by the size and/or conforma-
ion of the enzymes themselves. In contrast, the PBI/Au electrode
ad a higher intrinsic concentration of electroactive sites because
ach repeating unit along the length of the polymer chain had two
eactive imines.

At pH 6.4, addition of 1 mM H2O2 caused a dramatic increase in
he reduction current (from −0.3 to −0.6 V) and a decrease in the
xidation current. We hypothesize that the PBI was oxidized chem-
cally by AcOOH and that the subsequent electrochemical reduction
ltered the response current. This is similar to results seen in
nzyme-based (or some enzyme-free) H2O2 sensors where the
robes are oxidized chemically by H2O2 and then reduced electro-
hemically to their native states [34]. Fig. 3 outlines the mechanism
nderlying the function of the PBI/Au electrode at reductive poten-
ials. The redox process depends on the intrinsic properties of the
BI, which has very good stability and does not change with time
ecause the PBI is not consumed or destroyed during the process.

.3. An H2O2 sensor based on the PBI/Au electrode

To determine the conditions required for complete elec-
rochemical reduction, current/time plots were generated at a
onstant applied potential of −0.5 V (i.e. lower than the first reduc-
ion peak) by successive addition of H2O2 to solutions with different
H values. At pH 7.0, there was no response when H2O2 was added,

ndicating that the PBI cannot be oxidized by H2O2 alone. In the
resence of AcOH, the current response increased as H2O2 concen-
rations increased and decreased as pH values decreased (Fig. 4).
he corresponding calibration curves (Fig. 4, inset) measured the
erformance at various pH values (Table 2). The response time at pH
.4 was the longest, presumably because of the slow rate of AcOOH
ormation at the lowest AcOH concentration, but the sensitivity
as highest (55.0 �A mM−1 cm−2). This suggests that sensitivity is

ominated by the surface concentration of electroactive imines that
an be oxidized by AcOOH. At higher AcOH concentrations, more
mine sites are occupied by protons, thus lowering the electroac-
ivity.
H2O2 in 0.2 M PBS at (a) pH 7.0, (b) pH 6.4, (c) pH 5.2, (d) pH 4.6, (e) pH 4.1, and (f)
pH 3.7. Inset: Plots of corresponding response currents vs. H2O2 concentrations.

The effects of pH on the behavior of the PBI/Au electrode pro-
vide important information. First, the process of H2O2 detection
requires AcOH to induce chemical oxidation. Second, there was no
current response in PBS at pH 7.0, meaning that no H2O2 reduction
occurred. Furthermore, no bubbling occurred during the detection
process, indicating that oxygen was not generated. This differs from
some other enzyme-free H2O2 sensors that detect oxygen produc-
tion during H2O2 reduction [15]. In contrast, the probe described
4.1 4.7 5.13 0.075–17.5 0.994
3.7 4.0 1.92 0.225–27.5 0.998

a Correlation coefficient of linear regression for response current vs. H2O2 con-
centration.
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Fig. 5. (A) Effects of interfering species on the response currents of the H2O2 sensor
based on PBI/Au electrode in 0.2 M PBS at pH 6.4. (B) The variation of response
currents (1 mM H2O2) of the PBI/Au electrode after heat treatment at 50 ◦C within
10 days (pH 6.4). (C) Current–time plots of PBI/Au electrode in 0.2 M PBS at pH 6.4
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chain in the MWCNT–PBI/Au electrode. Moreover, the PBI coats the
ith 15 sequential additions of 0.2 mM H2O2. (a) and (b) are the PBI/Au electrodes
efore and after heat-treatment at 50 ◦C for 10 days, respectively.

.4. Selectivity, stability, and reproducibility of the PBI/Au
lectrode

The potentials required to oxidize ascorbic acid (AA) and uric
cid (UA) directly are 0.25 and 0.54 V [12,34]. Thus, the ability to
etect H2O2 at negative potentials is important because it avoids
he influence of such potentially interfering substances. At the
ower working potential of −0.5 V, neither AA nor UA (1 mM) inter-
ered with the response of the PBI/Au electrode to 1 mM H2O2
Fig. 5A). Injecting 40 �L of oxygen-saturated PBS also produced
lmost no observable variation in the response current, indicating
hat the sensor is highly selective.

Enzyme-modified sensors often must be stored at 4 ◦C to retain
heir activity [9,10]. Accordingly, the long-term stability of the
BI/Au electrode was investigated. After 10 days of storage at 50 ◦C,
he response current to 1 mM H O was altered from its initial
2 2
esponse by <5% (Fig. 5B). Furthermore, even after 15 successive
dditions of 0.2 mM H2O2 to the heat-stored sensors, the probes
isplayed highly stable, detectable and repeatable currents similar
85 (2011) 631–637 635

to initial values (Fig. 5C); this was attributed to the intrinsic thermal
stability of PBI. Finally, five successive measurements of 0.5 mM
H2O2 resulted in a relative standard deviation of 3.9%, indicating
that the sensor had good reproducibility.

3.5. A H2O2 sensor based on the MWCNT–PBI/Au electrode

Although the PBI/Au electrode provides a feasible and accurate
means to detect H2O2, the highest level of sensitivity achieved was
only 55.0 �A mM−1 cm−2 (Table 2). To improve the sensor’s char-
acteristics, MWCNT – which produce a highly reactive surface with
good electrical conductivity – were incorporated with the PBI to
produce a MWCNT–PBI/Au electrode. Two factors – weight ratio
and thickness (as defined by the volume of MWCNT–PBI solution)
– affect the sensitivity of MWCNT–PBI/Au electrode for the detec-
tion of H2O2. When the composite thickness was held constant,
the amperometric response to 1 mM H2O2 increased gradually
as the ratio (by weight) of MWCNT to PBI increased from 0.17
to 1.33, and then decreased beyond that point (Fig. 6A). FE-SEM
showed that the surface area of the electrode also increased as
the MWCNT/PBI weight ratio increased (Fig. 6C). When the ratio
was 0.17, most MWCNT were embedded in the PBI matrix film,
resulting in a relatively lower response. As the ratio increased to
0.67 and the three-dimensional surface provided more reactive
surfaces (Fig. 6C), the response increased to 77.2 �A mM−1. The
optimal ratio (i.e., producing the highest response; 115 �A mM−1)
was 1.33, which produced a surface morphology for which most of
the MWCNT surface was exposed (Fig. 6C). Thus, individual MWCNT
can be coated with PBI, greatly enhancing PBI’s reactive surface
area.

The thickness of the composite on the Au electrode (which is
dependent on the total solids content) also affected the sensitiv-
ity (Fig. 6B). Adding 4 �L of solution to the Au electrode produced
the best response; volumes less than 4 �L might not be sufficient
to cover the gold surface completely. In contrast, application of
excessive amounts of solution might form a thicker layer that could
restrict H2O2 diffusion, increasing the resistance. Thus, the optimal
conditions for preparing an electrode to detect H2O2 in 0.2 M PBS
(pH 6.4) were 4 �L of solution with a MWCNT/PBI weight ratio of
1.33.

A MWCNT–PBI/Au electrode thus prepared was tested in PBS
at pH 6.4 (Fig. 7A). As the H2O2 concentration increased progres-
sively, the reduction current increased immediately, reaching 95%
of its steady state within 2.7 s. This was faster than the reaction
time for the PBI/Au electrode (7.8 s; Table 2). Presumably, the
H2O2 diffuses freely through the porous surface; this is consis-
tent with other reports in the literature for porous electrodes [35].
The MWCNT–PBI/Au electrode was sensitive toward H2O2 in a lin-
ear range from 1.56 �M to 2.5 mM (Fig. 7B). The sensitivity was
928.6 �A mM−1 cm−2, which was 16.9 times of that of the PBI/Au
electrode (Table 2). The detection limit (0.98 �M) was estimated
from the response current of a blank solution plus three times
its standard deviation (i.e., 0.178 �A), divided by its linear slope
(182 �A mM−1). Overall, the performance of the MWCNT–PBI/Au
sensor was comparable to those of other electrodes modified with
MWCNT (Table 3). However, such enzyme-based sensors are lim-
ited by the number of active sites on each, possibly by steric
hindrance when the enzymes are immobilized [9,36,37], whereas
enzyme-free sensors that incorporate metal particles such as Au
or Ag have reactive sites that are only partially (and sparsely)
dispersed on MWCNT surfaces [38,39]. In contrast, there are two
reactive imine sites for each repeating unit along the polymer
MWCNT completely. The MWCNT–PBI/Au electrode thus offers a
very rapid detection time and high sensitivity over a measurable
linear range, as well as good long-term environmental stability.
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Fig. 6. Effects of (A) MWCNT/PBI weight ratios and (B) volumes of MWCNTs–PBI solutions on the response currents of MWCNTs–PBI/Au electrodes to 1 mM H2O2 in 0.2 M
PBS at pH 6.4. (C) FE-SEM images of MWCNTs–PBI/Au electrodes with MWCNT/PBI weight ratios of (a) 0.17, (b) 0.67, and (c) 1.33. (d) Pure MWCNT.

Fig. 7. (A) Current–time plot of the MWCNTs-PBI/Au electrode in 0.2 M PBS at pH 6.4 with the addition of different concentrations of H2O2. Inset: Response at low
concentrations of H2O2. (B) Linear dependence of response currents vs. H2O2 concentrations (n = 5).
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Table 3
Effect of sensor composition on sensor characteristics.

Electrode modification a Detection range Sensitivity (�A mM−1 cm−2) Response time (s) Ref.

HRP/TTF-TCNQ/MWCNT/Au 5 �M–1.05 mM 383.0 6.0 [9]
Hb/GNP/Hb/MWCNT/GC 0.21 �M–3 mM 116.2 5.0 [37]
Hb/SA–MWCNT/GC 40 �M–0.2 mM 224.6 10.0 [36]
MWCNT–GNP–PFIL/GC 0.5 mM–18 mM 15.6 5.0 [38]
MWCNT/Ag/Au 50 �M–17 mM 20.1 5.0 [39]
MWCNT–PBI/Au 1.56 �M–2.5 mM 928.6 2.7 Present study

a Abbreviations: GC: glassy carbon; GNP: gold nanoparticles; Hb: hemoglobin;
polyethylenimine-functionalized ionic liquid; SA: sodium alginate; TTF-TCNQ: tetrathiafu

Table 4
Comparison between the MWCNT–PBI/Au electrode and HPLC for H2O2 analysis.

Sample # mM H2O2 detected by:

MWCNT–PBI/Au HPLC

1 0.164 ± 0.008 0.150 ± 0.004
2 0.179 ± 0.008 0.162 ± 0.004
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3 0.112 ± 0.006 0.099 ± 0.002
4 0.106 ± 0.006 0.095 ± 0.003

.6. Sample analysis using the MWCNT–PBI/Au electrode

H2O2 is the product of oxidative stress and metabolism. To
ssess the utility of the proposed sensor for clinical analysis, urine
amples were collected from individuals. The H2O2 concentrations
etected in the samples by the MWCNT–PBI/Au electrode ranged
rom 0.11 to 0.18 mM (Table 4), comparable (albeit all slightly
igher) to values obtained using a classical HPLC method of detec-
ion. However, because the anti-interference test suggested that
he modified electrode was highly selective, the slight difference
as attributed to some other component that might also oxidize

BI. Indeed, if the detection mechanism proposed here is accu-
ate, PBI might also detect peroxy acids formed by other means,
hich might account for the consistently higher results obtained

y the probe than by HPLC. Various organic acids (e.g., pyruvate,
actate, isocitrate, etc.) in human urine can also form peroxy acids
n the presence of H2O2, which might reduce its initial concentra-
ion. However, HPLC measurements using a triphenyl phosphate
robe did not identify these substances, suggesting that the sensor
ased on MWCNT–PBI/Au electrode might indeed provide a more
ensitive and accurate means of measuring H2O2 concentrations in
he human body.

. Conclusions

The formation of AcOOH by AcOH after the addition of H2O2
xidizes PBI and leads to an increase in response current dur-
ng electrochemical reduction. This mechanism forms the basis for
n enzyme-free PBI/Au electrode to detect H2O2 in the presence
f AcOH; the sensor characteristics are tunable by adjusting the
cOH concentration. The probe is highly selective for H2O2 and

s not influenced by interfering substances. The intrinsic proper-
ies of PBI make the electrode more stable than enzymatic sensors.
ncorporating a suitable amount of MWCNT enhance all the char-
cteristics of the sensors, presumably as a result of the increased
eactive surface area and good conductivity. The detection mech-

nism described here also establishes a general model for H2O2
ensors based on polymers with imine structures that can be
xidized to form N-oxide and reverted to their original form by
lectrochemical reduction.

[

[
[

HRP: horseradish peroxidase; MWCNT: multiwalled carbon nanotubes; PFIL:
lvalene-tetracyanoquinodimethane.
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