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ABSTRACT

An electrochemical biosensor for determination of hydrogen peroxide (H,0;) has been developed by the
hybrid film of poly(methylene blue) and FAD (PMB/FAD). The PMB/FAD hybrid film was performed in PBS
(pH 7) containing methylene blue and FAD by cyclic voltammetry. Repeatedly scanning potential range of
—0.6-1.1V, FAD was immobilized on the electrode surface by electrostatic interaction while methylene
blue was electropolymerized on electrode surface. This modified electrode was found surface confined
and pH dependence. It showed good electrocatalytic reduction for H,0,, KBrOs, KIO3, and NaClO as well
as electrocatalytic oxidation for NADH. At an applied potential of —0.45V vs. Ag/AgCl, the sensor showed
a rapid and linear response to H,0; over the range from 0.1 wM to 960 wM, with a detection limit of
0.1 wM and a significant sensitivity of 1109 wAmM-! cm~—2 (S/N=3). It presented excellent stability at

NADH room temperature, with a variation of response current less than 5% over 30 days.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The detection of hydrogen peroxide (H,0;) has become
extremely important because of its wide and varied applica-
tions. As a well-known oxidizing agent, H,0, is employed in
textiles, cleaning products, organic compounds, the food industry,
and for environmental treatments [1-3]. Several analytical meth-
ods have been developed to detect and quantify H,0;, including
spectrometry [4,5], titrimetry [6], chemiluminescence [7-9], and
electrochemistry [10-12]. Among these, electrochemical methods
have emerged as preferable due to their relatively low cost, effi-
ciency, high sensitivity, and ease of operation.

Horseradish peroxidase, cytochrome C, hemoglobin, and myo-
globin have been widely used to construct various amperometric
biosensors for H,0, detection due to their high sensitivity and
selectivity [13-18]. However, there are several disadvantages of
the enzyme-modified electrodes, such as instability, high cost of
enzymes and complicated immobilization procedure. The activ-
ity of enzymes can be easily affected by temperature, pH value,
and toxic chemicals. In order to solve these problems, consider-
able attention has been paid to develop nonenzymatic electrodes,
for instance, noble metals, metal alloys, and metal nanoparticles
[19-21]. However, these kinds of electrodes have displayed the
drawbacks of low sensitivity, poor selectivity and high cost. There-
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fore, the development of a cheap and highly sensitive catalyst for
nonenzymatic H,O, detection is still greatly demanded.

Flavin adenine dinucleotide (FAD) is a flavoprotein coenzyme
that plays an important biological role in many oxidoreductases
and in reversible redox conversions in biochemical reactions. It
consists of the nucleotide adenine, the sugar ribose, and two phos-
phate groups. FAD and FADH, have an isoalloxazine ring as the
redoxactive component that readily accepts and donates electrons.
This makes it ideally suited to be an intermediate that is cycli-
cally reduced and then re-oxidized by the metabolic reactions. The
adsorption of FAD has been studied on Hg electrode [22], on the
surface of titanium electrodes [23], and its electrochemical proper-
ties have been determined [24]. The electrocatalytic reduction for
H,0, was also found while FAD-modified zinc oxide self-assembly
film was studied in the absence/presence of hemoglobin [25]. It is
worthy to further investigate the electrocatalytic reduction of H,0,
with FAD and its hybrid composite.

Methylene blue (MB) or tetramethylthionine chloride is one of
the basic dyes with the structure of heterocyclic aromatic chemical
compound. The cationic dyes were commonly used initially for dye-
ing of silk, leather, plastics, paper, cotton mordanted with tannin,
and also in manufacturing of paints and printing inks [26]. Due to
this interaction capability, MB has been extensively used as redox
marker in electrochemical biosensors to detect the hybridization
event [27-31].

In this work, we report a simple method to immobilize
methylene blue (MB) and FAD on electrode surface for elec-
trocatalytic reduction of H,0,. This hybrid film is synthesized
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by electropolymerization of MB and static interaction between
poly(methylene blue) (PMB) and FAD. Itis further characterized and
discussed in electrochemical behaviors, surface morphology, and
electrocatalytic property by cyclic voltammetry, scanning electron
microscopy, atomic force microscopy, and amperometry.

2. Materials and methods
2.1. Reagents and materials

Hydrogen peroxide (H,0,), flavin adenine dinucleotide (FAD),
methylene blue (MB) monomer, potassium chlorate (KClOs3),
potassium bromate (KBrOs), potassium iodate (KIO3), sodium
hypochlorite (NaClO), nicotinamide adenine dinucleotide (NADH),
were purchased from Sigma-Aldrich (USA). All other chemicals
(Merck) used were of analytical grade (99%). Double distilled
deionized water (DDDW) was used to prepare all the solutions.
A phosphate buffer solution (PBS) of pH 7 was prepared using
NayHPO,4 (0.05 mol L-1) and NaH,PO,4 (0.05 mol L~1).

2.2. Apparatus

All electrochemical experiments were performed using CHI
1205a potentiostats (CH Instruments, USA). The BAS GCE (0.3 cm
in diameter, exposed geometric surface area 0.07 cm?2, Bioanalyti-
cal Systems, Inc., USA) was used. A conventional three-electrode
system was used which consists of an Ag/AgCl (3M KCl) as a
reference electrode, a GCE as a working electrode, and platinum
wire as a counter electrode. For the rest of the electrochemical
studies, Ag/AgCl (3 M KCl) was used as a reference. The morpholog-
ical characterization of composite films was examined by means
of SEM (S-3000H, Hitachi) and AFM images were recorded with
multimode scanning probe microscope (Being Nano-Instruments
CSPM-4000, China). Indium tin oxide (ITO) glass was the substrate

of different films for AFM analysis. The buffer solution was entirely
altered by deaerating using nitrogen gas atmosphere. The elec-
trochemical cells were kept properly sealed to avoid the oxygen
interference from the atmosphere. All electrochemical experiments
were performed under anaerobic condition to avoid the voltam-
metric response of oxygen reduction in the system.

2.3. Preparation of PMB/FAD hybrid films

Since PMB film can be easily formed on electrode surface by the
MB electropolymerization, we plan to do the electro-codeposition
of PMB and FAD hybrid films utilizing the electrostatic interac-
tion between the positive charge PMB and the negative charge
FAD. PMB/FAD hybrid films were prepared on GCE and ITO elec-
trodes surface by repeatedly cyclic voltammetry. Fig. 1 shows
the PMB/FAD film growth using GCE in PBS (pH 7) containing
1 x 10~* M methylene blue and 1 x 10~4 M FAD. However, the FAD
redox couple is obvious smaller than PMB in the cyclic voltammo-
gram. In order to have the similar current height of these three
redox couples to easily monitor the electrochemical behaviors of
this hybrid film, we adjusted the higher FAD concentration in the
prepared solution containing 1 x 10~3 M FAD and 2.5 x 10~4 M MB.
These film modified electrodes were appropriately used to study in
this work.

3. Results and discussion
3.1. Immobilization of PMB/FAD hybrid film on electrode surface

Poly(methylene blue) and FAD hybrid film can be performed on
electrode surface using glassy carbon electrode in neutral aque-

Fig. 1. Repeatedly cyclic voltammograms of electropolymerization for PMB/FAD
hybrid filmin 0.1 M PBS (pH 7) containing 1 x 10~ M methylene blueand 1 x 10~4 M
FAD, scan rate=0.1Vs~1,

ous solution. The hybrid film was briefly mentioned in PMB/FAD
for convenience. Fig. 1 shows the voltammogram of PMB/FAD
film growth which had three redox couples in PBS (pH 7) con-
taining 104 M methylene blue and 10~ M FAD. Two relatively
positive redox couples with formal potential (E®) of OV and
—0.2V are known for poly(methylene blue) (PMB) and methy-
lene blue monomer [32], respectively. The relative negative one
(EY = —0.4V) is known for FAD redox couple. From Fig. 1, the peak
currents of PMB redox couples (the relatively positive two redox
couples) were more obvious than that of FAD (the relatively neg-
ative redox couple) after 30 scanning cycles with the scan rate at
0.1Vs~1. This is because PMB formation is potential dependent.
FAD can be further immobilized by the electrostatic interaction
between the negative phosphate of FAD and the positive charge
of PMB. So, the peak current development of FAD redox couple is
limited by the formed PMB on electrode surface. It would be get-
ting hard to load FAD once PMB occupied by more and more FAD.
Hence, one can conclude that the hybrid film was prepared by elec-
tropolymerization of methylene blue and electrostatic interaction
between PMB and FAD resulted in PMB/FAD co-immobilized on the
electrode surface. The deposition amounts of PMB and FAD were
estimated by EQCM. After the EQCM experiment, the charge under
anodic peak of FAD was calculated with the CV curve. From the
charge, using Faradays laws, the mass of FAD was estimated. From
the data obtained after the three cyclic voltammetric scans, the PMB
and FAD amounts were estimated about 105 ngcm~—2 of PMB and
35ngcm~2 of FAD, respectively.

3.2. Electrochemical characteristics of PMB/FAD hybrid film

Fig. 2 shows the cyclic voltammograms of the resulting elec-
trode obtained with various potential scan rates in 0.1 M PBS
(pH 7). The electrochemical response of PMB/FAD exhibited redox
peaks which attribute to the electron transformations between
PMB and FAD in the hybrid film. The electrochemical properties
of modified GC electrode with PMB/FAD were studied by cyclic
voltammetry in pure buffered aqueous solution (pH 7) at various
scan rates.

From Fig. 2, it shows the cyclic voltammograms of PMB/FAD/GCE
at various scan rates (10-500 mV s~1). The peak currents of redox
couples are directly proportional to scan rates up to 500mVs-!
(Fig. 2C) as expected for surface confined process. As can be seen in


zhk
线条

zhk
线条


204 K.-C. Lin et al. / Sensors and Actuators B 157 (2011) 202-210

Fig. 2. Cyclic voltammograms of PMB/FAD/GCE examined in 0.1 M PBS (pH 7) with
different scan rate of (A) low scan rate: (a) 0.01Vs~1, (b) 0.02Vs~', (c) 0.03Vs~!,
(d)0.04Vs-1,(e)0.05Vs, (f) 0.06 Vs—1, (g) 0.07Vs-1, (h) 0.08 Vs, (i) 0.09Vs-1,
and (j) 0.1Vs~1; and (B) high scan rate: (a) 0.1Vs~1, (b) 0.2Vs~1,(c) 0.3Vs,(d)
0.4Vs~1,and (e) 0.5Vs~1, respectively. (C) Plot of anodic and cathodic peak current
(Ipa & Ic) vs. scan rate. (D) Plot of logarithmic regressing equation of anodic peak
current and scan rate.

Fig. 2D, the logarithmic regressing equation of anodic peak current
and scan rate can be expressed as:

Anodic peak 1:
log(lpa1)=0.7136log(v) +0.9434 (R? = 0.9963),
Anodic peak 2:
log(Ipa2)=0.803 log(v) +0.8168 (R?=0.9970), and
Anodic peak 3:
log(Ipa3)=1.0321log(v)+0.8365 (R2=0.9996), where Ip, is
anodic peak current in A and v is scan rate inmVs~1.

Moreover, the ratio of oxidation-to-reduction peak currentis nearly
unity and formal potential is not change with increasing scan rate
in this pH condition. This result reveals that the electron transfer
kinetics is very fast on the electrode surface.

The results show that the PMB/FAD film was both stable and
electrochemically active in the aqueous buffer solution. Fig. 2C
shows alinear dependence between peak current and scanrate. The
non-zero nature of these redox couples may be due to the reversible
electron transfer process. The peak current and scan rate are related

Fig. 3. Cyclic voltammograms of PMB/FAD/GCE examined in various pH conditions
of:(a)pH1,(b)pH3,(c)pH5,(d)pH7,(e)pHI, (f) pH 11, and (g) pH 13, respectively,
scan rate=0.1Vs~". Inset: plot of formal potential of PMB/FAD/GCE vs. pH (EY', EY
and Eg' represent formal potential of three redox couples marked from positive to
negative potential).

by the following relationship [33,34]:

o n2F2vATy

p 4RT (1)

where, I'g, v, A, and I represent the surface coverage, the scan
rate, the area of the electrode, and the peak current, respectively.
The above relation shows that the behavior of the PMB/FAD hybrid
film on a glassy carbon electrode surface is consistent with a diffu-
sionless reversible electron transfer process.

Fig. 3 displays the pH-dependent voltammetric response of
PMB/FAD modified electrode. In order to ascertain this, the voltam-
metric responses of PMB/FAD electrode were obtained in the
solutions of different pH values varying from 1 to 13. As can be
seenin Fig. 3, the three redox couples of PMB/FAD are pH dependent
and their formal potential (E%) will shift negatively as increasing
pH value of the solution. This shows that the film is stable in the pH
range between 1 and 13. The inset in Fig. 3 shows the formal poten-
tial (EY', EY, ES') of PMB/FAD plotted over a pH range of 1-13. EY,
Eg/ and Eg/ represent the formal potential of the three redox cou-
ples of PMB/FAD. They are marked by the potential order from the
relatively positive to the relatively negative. The response of PMB
redox couples (EY and EY') shows a slope of —68 mV/pH (for pH 1-7)
and -39 mV/pH (for pH 7-13), which is close to that given by the
Nernstian equation [35] for equal (for pH 1-7) and non-equal (for
pH 7-13) number of electrons and protons transfer processes. The
response of FAD redox couple (Eg') shows a slope of —58 mV/pH (for
pH 1-13) which is close to that expected from calculations using
Nerstian equation. The phenomenon indicates that the number of
electrons and protons is the same. In our case, two electrons and one
proton were involved in the PMB redox couple [32], whereas two
electrons and two protons were involved in the FAD redox couple
[36]. Schemes 1 and 2 represent the reduction and oxidation states
for methylene blue and FAD, respectively.

Scheme 1. The redox reaction of methylene blue.
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Scheme 2. The redox reaction of FAD.

3.3. SEM and AFM analysis of PMB/FAD hybrid film

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were utilized to image the morphology of
the active surface of the electrodeposited PMB films with/without
FAD, and compared with the bare GCE or ITO, as shown in
Fig. 4. The bare GCE appears flat surface, in contrast with the
FAD, PMB, and PMB/FAD film modified GCE electrodes, which
has a relatively smooth surface in SEM images (Fig. 4A-D). FAD
(prepared by adsorption) exhibits specific circular shape might
be due to the aggregation of FAD molecules. PMB (prepared by
electropolymerization) has unique fiber-like structure might be
due to the formation of polymer chain. Particularly, the PMB/FAD
(co-immobilized by electropolymerization) shows much uniform
structure than both FAD and PMB. Compared with the AFM images
(Fig. 4A’-D’) of these films, they have the same morphology similar
to their respective SEM images. Average diameter of these films
was found in 183.7nm, 108.9nm, and 47.9nm for FAD, PMB,
and PMB/FAD, respectively. And the average height was found in
57.6nm, 71.6 nm, and 21.4 nm. By comparison, the PMB polymer-
ized layer has much thicker and extremely rough surface in SEM
image. Moreover, it is found that PMB/FAD shows the uniform and
relative small structure than PMB and FAD. This is extremely like
that the film formation of static interaction between PMB and FAD
leads to form a much smooth and compact structure.

3.4. Electrocatalytic properties of PMB/FAD hybrid film

The electrocatalytic reduction of hydrogen peroxide, chlorate,
bromate, iodate, and hypochlorite using the PMB/FAD hybrid film
was investigated. Fig. 5A displays the electrocatalytic reduction
cyclic voltammogram of hydrogen peroxide by PMB/FAD/GCE in
pH 7 PBS solution. During scanning potential range from 0.4 to
—0.6V, two cathodic peaks (at about —0.45V and —0.25V) were
found obvious current increasing as additions of hydrogen perox-
ide. Compared with bare GCE electrode (a’), which shows almost no
electrocatalytic current response for 4 x 10~4 M hydrogen peroxide
in the same scanning potential range, this film modified electrode
can show uniquely electrocatalytic potential and current. It means

that the PMB/FAD hybrid film can effectively lower over-potential
of hydrogen peroxide and enhance the electrocatalytic current. This
electrocatalytic mechanism can be expressed as following:

At Epc=—0.45V
PMB/MB/FAD + 2H" + 2e~ — PMB/MB/FADH, (2)
PMB/MB/FADH, + H,0, — PMB/MB/FAD -+ 2H,0 3)
At Epc=—0.25V,

PMB/MB(oxidized form)/FAD + H* + 2e~
— PMB/MB(reduced form)/FAD (4)

2PMB/MB(reduced form)/FAD + H,0,
— 2PMB/MB(oxidized form)/FAD + 2H,0 (5)

Inset of Fig. 5A shows the plot of electrocatalytic peak current
(Ip) versus Hy0, concentration. From the slope it exhibits the sen-
sitivity of 5550 nAM~! at Epc =—0.45V. As the examined results,
PMB/FAD hybrid film can be a good choice to detect hydrogen
peroxide especially for enzyme-free biosensor development. The
sensitivity of this H,O, biosensor will be fine estimated by amper-
ometry in Section 3.5.

Fig. 5B displays the electrocatalytic reduction of hypochlorite
using the PMB/FAD electrode in pH 7 PBS. Compared with bare
GCE electrode (a’), which shows almost no electrocatalytic current
response for 9 x 10-3 M hypochlorite in the same scanning poten-
tial range, the catalytic current was obviously increasing in three
cathodic peaks (atabout —0.45V, —0.25V, and —0.05 V) as additions
of hypochlorite. This electrocatalytic mechanism can be expressed
as following:

At Epc =—0.45V,
PMB/MB/FAD + 2H* + 2e~ — PMB/MB/FADH, (6)
PMB/MB/FADH, + CIO~ — PMB/MB/FAD + Cl~ + H,0 (7)
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Fig. 4. SEM images of: (A) bare GCE, (B) FAD/GCE, (C) PMB/GCE and (D) PMB/FAD/GCE; tapping mode AFM images of (A’) bare ITO, (B’) FAD/ITO, (C') PMB/ITO and (D’)

PMB/FAD/ITO.

At Epc=—0.25V,
PMB/MB(oxidized form)/FAD + H* + 2e~
— PMB/MB(reduced form)/FAD

2PMB/MB(reduced form)/FAD + CIO™

— 2PMB/MB(oxidized form)/FAD + CI~ + H20
At Epc=—0.05V,
PMB(oxidized form)/MB/FAD + H* + 2e~

— PMB(reduced form)/MB/FAD

(8)

9)

(10)

2PMB/MB(reduced form)/FAD + CIO™
— 2PMB/MB(oxidized form)/FAD + Cl~ + H,0 (11)

Inset of Fig. 5B shows the plot of electrocatalytic peak cur-
rent (Ip) versus NaClO concentration. From the slope it exhibits
the sensitivity of 95 uAM™1 at Epc=-0.45V. It was found that
the PMB/FAD hybrid film was good electro-active species for
hypochlorite.

The electrocatalytic reduction of the halates (chlorate, bromate,
and iodate) using PMB/FAD hybrid film was also studied by cyclic
voltammetry. Fig. 5C and D display the cyclic voltammograms of
electrocatalytic reduction for bromate and iodate, respectively. The
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Fig. 5. Cyclic voltammograms of PMB/FAD/GCE examined in 0.1 M PBS (pH 7) or 0.1 M KHP (pH 4) in the presence of: (A) [H202]=(a) O0M, (b) 1 x 104 M, (c) 2 x 104 M,
(d)3 x 10~ M, and (e) 4 x 10~4 M; (B) [NaClO]=(a) OM, (b) 3 x 10-3 M, (c) 6 x 10-3 M, and (d) 9 x 103 M; (C) [KBrOs]=(a) OM, (b) 5 x 10-2 M, (c) 0.1 M, and (d) 0.15 M; (D)
[KIO3]=(a) OM, (b) 1 x 10-2 M, (c) 2 x 1072 M, (d) 3 x 1072 M, (e) 4 x 10-2 M, and (f) 5 x 102 M, respectively; (a') is cyclic voltammogram of the bare GCE examined in the
maximal concentration of reactants for each case (A-D), scan rate=0.1Vs~!. Insets: the plots of electrocatalytic peak current (I,) vs. species concentration.

electrocatalytic mechanism can be expressed as following:
3PMB/MB/FADH, + BrO; — 3PMB/MB/FAD + Br~ + 3H,0  (12)
3PMB/MB/FADH, + 105 — 3PMB/MB/FAD + I~ + 3H,0 (13)

Insets of Fig. 5Cand D show the plots of electrocatalytic peak cur-
rent (Ip) versus KBrOs and KIO3 concentration. From the slopes this
sensor exhibits the sensitivity of 11.26 pAM~! and 10.8 pAM-! for
KBrO3; and KlIOs, respectively. By the test result, it was found bro-
mate and iodate could be electrocatalytic reduced by the hybrid
film.

This hybrid film was further used to electrocatalytic oxidize
NADH in PBS (pH 7). Fig. 6 displays the cyclic voltammogram of
electrocatalytic oxidation for NADH. It was found anodic current
increasing as additions of NADH while almost no current response
was found at bare electrode. However, it was noticed that the elec-
trocatalytic peak current seems not obvious at Ep, =0.05 V. It was
found more obvious at Epa =0.2V. This might be due to the delay
electron transformation between PMB polymer chain and NADH.
From the result, it was understood that NADH was electrocatalytic
oxidized by PMB redox couple. According to our experiment result,
the reaction mechanism when using a PMB/FAD hybrid film as a
catalyst can be described below:

PMB(reduced form)/FAD — PMB(oxidized form)/FAD + H® + 2e~
(14)

Fig. 6. Cyclic voltammograms of PMB/FAD/GCE examined in 0.1 M PBS (pH 7) in the
presence of [NADH]=(a)OM, (b)2.4 x 1074 M, (c)4.8 x 1074 M, and (d) 7.2 x 10~* M,
respectively; (a’) is cyclic voltammogram of the bare GCE examined in the maximal
concentration in this case, scanrate =0.1V s~!.Inset: the plot of electrocatalytic peak
current (I) versus NADH concentration.



208

Table 1
The electrocatalytic properties of poly(methylene blue)/FAD film with various reac-
tants in PBS (pH 7).

Substrate Electrocatalytic Electrocatalytic peak
reaction type potential (V) (vs. Ag/AgCl)

H,0, Reduction -0.45, -0.25

NacClO Reduction —-0.45, -0.25, —0.05

BrOs— Reduction -0.45

105~ Reduction -0.45

NADH Oxidation 0.20

PMB(oxidized form)/FAD + NADH — PMB(reduced form)/FAD

+NAD* + e~ (15)

Inset of Fig. 6 shows the plot of electrocatalytic peak cur-
rent (Ip) versus NADH concentration. It exhibits the sensitivity of
6020.8 LAM~1 at Ep, =0.2 V.

As result shown in Table 1, we conclude that the PMB/FAD
hybrid film is a good electroactive material due to good electro-
catalytic reaction for hydrogen peroxide, hypochlorite, bromate,
and iodate. Particularly, it might be developed one multi-functional
sensor for these species. According to the sensitivity of these ana-
lytes (the insets of the new Fig. 5), the H,0, sensitivity has about
50 times more than those of other analytes (hypochlorite, bromate,
iodate) except of NADH. A simple, enzyme-free, and low costly
hydrogen peroxide biosensor was studied in the next section.

3.5. Amperometric response of hydrogen peroxide
electrocatalysis by PMB/FAD hybrid film

The determination of hydrogen peroxide using PMB/FAD elec-
trode was studied by amperometry. Amperometric response with
additions of hydrogen peroxide was tested to study electrocat-
alytic reduction of hydrogen peroxide by PMB/FAD film modified
GCE electrode in the deaerating PBS solution. Fig. 7 shows
amperometric response of hydrogen peroxide that was evalu-
ated at PMB/FAD/GCE. Applied potential is set at —0.45V with
electrode rotation speed of 1000 rpm. Initial period of 0-200s,
amperometric response of PMB/FAD/GCE is tested for blank.
As sequential additions of 104 M hydrogen peroxide per 50s
by micro-syringe during 200-5000s, the correlative amperomet-
ric response of PMB/FAD/GCE can be found. As tested result,
PMB/FAD/GCE has detection limit of 0.1 wM and shows linearly
amperometric responses for hydrogen peroxide in the concentra-
tion of 0.1-960 M. It has sensitivity of 1109 uM mM~! cm~2 and
signal/noise of 3 as shown in Fig. 7. The relative standard devi-
ation (RSD) for determining H,0, (n=10) was 2.87%. It indicates
that the senor has very good reproducibility at pH 7. As shown in

Table 2
Comparison of the performance of different enzyme-free H,0, sensors.

K.-C. Lin et al. / Sensors and Actuators B 157 (2011) 202-210

Fig. 7. Amperometric responses of sequential additions of H,0, (10-% M per time)
tested by PMB/FAD/GCE in 0.1 M PBS (pH 7) solution, rotating speed = 1000 rpm,
Eapp=—0.45V (insets: (A) scale-up amperomograms of PMB-FAD/GCE during
400-1200s; and (B) plot of current response vs. H,O, concentration).

Table 2, this electrode shows competitive sensitivity as compared
with other enzyme-free (without HRP) H, 0, sensors. Having above
information, it is good for developing hydrogen peroxide sensor.

3.6. Stability study of PMB/FAD hybrid film

Repetitive redox cycling experiments were done to determine
the extent of stability relevant to PMB/FAD modified GCE in 0.1 M
PBS solution (pH 7). This investigation indicated that after 100 con-
tinuous scan cycles with scan rate of 0.1Vs~1, the peak heights
of the cyclic voltammograms decreased less than 5%. On the other
hand, the PMB/FAD modified GCE kept its initiate activity for more
than one month as kept in 0.1 M PBS solution (pH 7). A decrease of
8% was observed in current response of the electrode at the end of
30th day. And the electrocatalytic response current of PMB/FAD
for H,0,, NADH, KBrOs, KIO3, and NaClO can keep more than
90% of original current response. The analytical applicability of the
biosensor was evaluated by determining the recoveries of five H,0,
samples with different concentrations by the standard addition
method. The results were satisfactory, with an average of 99.2%,
as listed in Table 3. Based on above result, we suggest that this
sensor could be a re-usable one due to its good stability and multi-
functional property.

Modifiers Working potential (V) (vs. Ag/AgCl) Linear range (M) LOD (M) Sensitivity (mAM~! cm~2) Ref.
Nanostructured Prussian Blue? 0.05 103-10* 0.001 700 [37]
Conventional (unstructured) Prussian Blue? 0.05 10-'-10° 0.001 500-700 [37]
Prussian Blue? —-0.05 10-1-102 0.10 600 [38]
Cerium oxide nanoparticles? 0.2 1-50 1 15 [39]
Polymer/Pt nanoparticle” 0.6 42 x1072-1.6 x 10? 0.042 500 [40]
Pt nanowire? 0 10%-6 x 10* 0.050 540 [41]
CNT/nano-Pt® 0.55 2.5x1072-2 x 103 0.025 3886 [42]
Carbon film/nano-Pt? 0.6 5x1071-2x 103 0.0075 56 [43]
Ensembles of nano-Pt” 0.5 5x1074-4x 103 500 21 [44]
PMB/FAD? -0.45 10-1-9.6 x 102 0.10 1109 This work

2 Sensing of H,0, by its reduction.
b Sensing of H,0, by its oxidation.
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Table 3
H,0, recoveries at various concentrations determined with the biosensor
(PMB/FAD).

[H202] (nM) [H20;] Found? (nM) Recovery (%)
1 1.01 101.0
1.5 1.49 99.3
2 1.97 98.5
25 248 99.2
5 4.89 97.8

2 Average of three measurements.

4. Conclusions

Here we report a method to form an enzyme-free H, O, biosen-
sor based on PMB/FAD nanocomposite. It has good electrocatalytic
reduction for hydrogen peroxide without HRP enzyme and shows
lower over-potential and higher current response as compared
with bare electrode. Amperometric response of PMB/FAD/GCE is
linearly dependent on H,0, concentration. The proposed film also
shows good electrocatalytic reaction for NADH, KBrOs, KIO3, and
NaClO, respectively. It can be further utilized to develop multi-
functional biosensors. As the results, the proposed method has
excellent advantages of enzyme-free, multifunction, low cost, low
over-potential, and high sensitivity.
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