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A simple method to immobilize poly(neutral red) (PNR) and flavin adenine dinucleotide (FAD) hybrid
film (PNR/FAD) by cyclic voltammetry is proposed. The PNR/FAD hybrid film can be easily prepared
on an electrode surface involving electropolymerization of neutral red (NR) monomers and the
electrostatic interaction between the positively charged PNR and the negatively charged FAD. It
exhibits electroactive, stable, surface-confined, pH-dependent, nano-sized, and compatible properties.
It provides good electrocatalytic properties to various species. It shows a sensitivity of 5.4 pA mM™!
cm 2 and 21.5 pA mM~' cm for hydrogen peroxide (H,0O,) and nicotinamide adenine dinucleotide
(NADH) with the linear range of 0.1 pM-39 mM and 5 x 107> to 2.5 x 10~* M, respectively. It shows
another linear range of 48.8-355.5 mM with the sensitivity of 12.3 pA mM~! cm~2 for H,O,. In
particular, the PNR/FAD hybrid film has potential to replace some hemoproteins to be a cathode of
biofuel cells and provide the biosensing system for glucose and ethanol.

1. Introduction

The detection of hydrogen peroxide (H,O,) has become
extremely important because of its wide and varied applications.
As a well-known oxidizing agent, H>O, is employed in textiles,
cleaning products, organic compounds, the food industry, and
for environmental treatments.’=® Several analytical methods have
been developed to detect and quantify H,O,, including spec-
trometry,*s titrimetry,® chemiluminescence,”” and electrochem-
istry.’**2 Among these, electrochemical methods have emerged
as preferable due to their relatively low cost, high efficiency, high
sensitivity, and ease of operation.

Horseradish peroxidase, cytochrome C, hemoglobin, and
myoglobin have been widely used to construct various ampero-
metric biosensors for H,O, detection due to their high sensitivity
and selectivity.’>'® However, there are several disadvantages of
the enzyme-modified electrodes, such as instability, high cost of
enzymes and complicated immobilization procedure. The
activity of enzymes can be easily affected by temperature, pH
value, and toxic chemicals. In order to solve these problems,
considerable attention has been paid to develop non-enzymatic
electrodes, for instance, noble metals, metal alloys, and metal
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nanoparticles.’*?! However, these kinds of electrodes have dis-
played the drawbacks of low sensitivity, poor selectivity and high
cost. Therefore, the development of a cheap and highly sensitive
catalyst for non-enzymatic H,O, detection (without HRP) is still
in great demand.

Some kinds of organic compounds with 7t-conjugated struc-
tures, such as redox dyes, are also employed in the construction
of mediated amperometric biosensors. Due to the conjugative
parent ring structure, interest in conjugated polymers containing
azine ring structure has been sparked by the promise of a new
group of conducting polymers. Several redox dyes including
methylene blue, brilliant cresyl blue and thionine have been used
for the modification of electrode surfaces, since they possess
stable redox-active properties.?>** Neutral red (NR) a phenazine
redox dye, with an amino group located on the heteroaromatic
phenazine ring, makes it amenable to facilitate electro-
polymerization.?® Poly(neutral red) (PNR) pertains to a new kind
of electroactive polymers derived from the neutral red mono-
mers. Their polymerization takes place by the oxidation of the
monomer cation to form a radical species that initiates the
process.? The electrocatalytic and the electro-oxidative behavior
of electrodes modified with PNR have also been described.””
Spectroscopic studies proved that PNR films retain the phena-
zine ring structure which is supposed to be responsible for the
electrochemical properties of the films.?

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
phosphate groups. FAD and FADH, have an isoalloxazine ring
as the redox-active component that readily accepts and donates
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electrons. This makes it ideally suited to be an intermediate that
is cyclically reduced and then re-oxidized by the metabolic
reactions. The adsorption of FAD has been studied on the Hg
electrode,? on the surface of titanium electrodes,*® and its elec-
trochemical properties have been determined.*' The electro-
catalytic reduction for H,O, was found while a FAD-modified
zinc oxide self-assembly film was studied in the absence/presence
of hemoglobin.* Recently, the FAD-based enzyme was also
applied in biofuel cells.?*=* Electron transfer mediators shuttling
electrons between the enzyme active centers and electrodes are
usually needed for the efficient electron transport of FAD
dependent oxidases (e.g., glucose oxidase, GOx),** NAD(P)*-
dependent dehydrogenases require the soluble NAD(P)* cofactor
and an electrode catalytically active for the oxidation of NAD(P)
H and regeneration of NAD(P)* to establish an electrical contact
with the electrode. The FAD-based biofuel cell was also expected
to improve the stability of the biofuel cell for long-term operation
of genetically engineered FAD-based enzyme.?” It is worthy to
further investigate the electrocatalytic reduction of H,O, with
FAD and its hybrid composite.

In this work, we report a simple method to construct and
characterize the PNR/FAD composite. The electrocatalytic
properties of this composite were investigated with H,O,, O,,
NaClO, and NADH in neutral conditions was well as KBrO3 and
KIO; in acidic conditions. The preparation of electro-active
PNR and FAD arranged on an electrode surface was discussed
by electro-codeposition. This hybrid composite was character-
ized by cyclic voltammetry, scanning electron microscopy,
atomic force microscopy, and UV-Visible spectroscopy. The
applicability of this composite in a biosensing system and biofuel
cell was also discussed.

2. Experimental
2.1 Materials and apparatus

Hydrogen peroxide (H,0,), flavin adenine dinucleotide (FAD),
neutral red (NR), potassium chlorate (KClO3), potassium
bromate (KBrOs), potassium iodate (KIO3), sodium hypochlo-
rite (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 was used to prepare all the solutions. A phos-
phate buffer solution (PBS) of pH 7 was prepared using
Na,HPO, (0.05 mol L") and NaH,PO, (0.05 mol L7").

All electrochemical experiments were performed using CHI
1205a potentiostats (CH Instruments, USA). A three-electrode
system, which was composed of an Ag/AgCl (KCI saturated)
electrode as the reference electrode, a platinum foil counter
electrode, and a bare glassy carbon electrode (GCE) or modified
GCE as a working electrode, was used. The BAS (Bioanalytical
Systems, Inc., USA) GCE with a diameter of 0.3 cm was used for
all electrochemical experiments except for the amperometric
experiments (which used the GCE with a diameter of 0.6 cm). All
potentials in this paper were measured and reported versus
Ag/AgCl. The buffer solution was entirely altered by deaerating
using nitrogen gas atmosphere. The electrochemical cells were
kept properly sealed to avoid oxygen interference from the
atmosphere. The morphological characterization of composite

films was examined by means of SEM (S-3000H, Hitachi) and
AFM images were recorded with a_multimode scanning probe
microscope (Being Nano-Instruments CSPM-4000, China).

UV-Vis spectra were measured using a Hitachi model U-3300
spectrophotometer. Indium tin oxide (ITO) glass was used as the
substrate for different films for UV-Vis spectroscopy, SEM, and
AFM analysis.

2.2 Preparation of PNR/FAD modified electrode

Prior to the experiments, the GCE was polished with 0.05 um
alumina powder and ultrasonically cleaned in double-distilled
deionized water. When preparing the PNR/FAD hybrid film, the
cleaned GCE was immersed in 0.1 M PBS (pH 7) containing 2.5 x
10> M NR and 5 x 10> M FAD. The PNR was firstly formed on
electrode surface due to NR electropolymerization (—0.85 ~
+0.85 V, 0.1 V s7!). Then, FAD was co-deposited on the PNR
electrode surface by the electrostatic interaction between the
positive PNR and the negative FAD. Finally, the PNR/FAD film
modified electrode was prepared and used in the work.

3. Results and discussion

3.1 Cyclic voltammogram of poly(neutral red) and FAD film
formation

Poly(neutral red) and FAD hybrid film can be prepared on elec-
trode surface using glassy carbon electrode in neutral aqueous
solution. The hybrid film is abbreviated as PNR/FAD for
convenience. Fig. 1 shows the cyclic voltammograms of the (a)
PNR/FAD and (b) FAD in 0.1 M PBS (pH 7). Curve la is the
continuous cyclic voltammogram of PNR/FAD co-deposition
using GCE controlled in the potential range of —0.85 ~ +0.85V,
with a scan rate of 0.1 V s~!, and 30 scan cycles. Considering the
electrochemical process, there are two anodic peaks at —0.55 V
and — 0.39 V and two cathodic peaks at —0.59 Vand — 0.45V for
the first cycle (curve a). The anodic peak at ca. 0.68 V corresponds
to the formation of the radical cation dye. The anodic peak current
atabout0.06 V and the corresponding cathodic peak current at ca.
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Fig. 1 (a) Repeated cyclic voltammograms of PNR/FAD electro-code-
position using GCE in 0.1 M PBS (pH 7) containing 2.5 x 10> M NR
and 5 x 10 M FAD. (b) Cyclic voltammogram of 5 x 10> M FAD in
0.1 M PBS (pH 7) using bare GCE, scan rate = 0.1 V s~ Inset shows the
plot of the current of cathodic peak 1 versus scan cycles.
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0.02 V increase with the number of potential cycles, indicating
a successive increase in the amount of the poly(neutral red) film.
Therefore, three redox couples are found at the formal potential of
E\Y=0.025V, E," = —0.43 V, and E;* = —0.559 V in the cyclic
voltammogram (curve a) of PNR/FAD formation. The redox
couple 2 can be recognized by the FAD voltammogram (curve
1b). Compared with the previous reference, the redox couple 1 and
3(E," =0.025V and E;* = —0.559 V) can be also confirmed by the
well known poly(neutral red) and neutral red monomer,*®
respectively. Based on the mechanism of NR electro-
polymerization,®® the relatively negative redox peaks (Epas, Epc3)
can be assigned to NR monomer redox peaks similar to previous
results (NR redox peaks, Oy, and R,;)).** The oligomer appeared
was ascribed to radical-cations produced by the electro-initiation.
Then the radical-cation lost a hydrogen ion to generate a radical,
and the latter reacted with each other to form an oligomer that
could be more easily oxidized at a lower potential. A radical-
cation generation required higher potential, so the new peaks did
not appear on the electrode in the potential range of +0.4 to
—0.85 V. Curve la displays the obvious current development of
these redox peaks after scanning to the positive potential at
+0.85 V. The redox couple 1 (E;* = 0.025 V) did not appear in the
first scan segment (+0.4 V to —0.85 V). This is because the
potential is not positive enough to electro-oxidize the NR
monomer to generate PNR redox peaks (Epa1, Epe1). Withenough
positive potential (+0.85 V), the positive redox peaks (Ep,; and
E,c1) conformed to the redox reaction of the oligomer.*

Additionally, the redox couple 2 (with formal potential, E,” =
—0.43 V) is known for the FAD redox couple***® which is also
similar to curve 1b (the redox couple of FAD in 0.1 M PBS).
Although FAD cannot be electropolymerized on the electrode
surface, using our method FAD can be further immobilized by
the electrostatic interaction between the negative charge of the
phosphate of FAD and the positive charge of PNR which had
been formed on the electrode surface. It was concluded that the
hybrid film was prepared by the electropolymerization of neutral
red and the electrostatic interaction between FAD and PNR.
This procedure resulted in PNR/FAD co-immobilization on the
electrode surface.

3.2 Characterization of poly(neutral red) and FAD hybrid film

The electrochemical properties of the PNR/FAD modified elec-
trode were studied by cyclic voltammetry. Fig. 2 shows the cyclic
voltammograms of PNR/FAD/GCE obtained with various scan
rates in 0.1 M PBS (pH 7). The electrochemical response of
PNR/FAD exhibited redox peaks, which can be attributed to the
electron transformation between PNR and FAD in the hybrid
film. The influence of the PNR/FAD redox peaks at different
scan rates was investigated with the linear correlation (as shown
in the inset of Fig. 2A).

In the scan rates of 10-100mV s~!, the cathodic and anodic peak
currents are both proportional to the scan rate (peak 1 is used to
study), implying that the electrochemical kinetics is a surface-
controlled process. As can be known from the CVs (Fig. 2A and
2B), the electrochemical behaviour of the PNR/FAD/GCE,
including both the peak current (/,) and the peak separation (AE})
was enhanced with the increase of scan rate. The peak current of
redox couples is directly proportional to scan rates up to 1000 mV

Current

o

500 {100
Sean rate/ mV s’

-1.0-(;.8-(;.6-(;.4-6.2 (l) 0!2 0].4 0.6
E/'Vvs. Ag|AgCl

Fig. 2 Cyclic voltammograms of PNR/FAD/GCE examined in 0.1 M
PBS (pH 7) with different scan rates of (A) low scan rate: (a) 0.01, (b)
0.02, (c) 0.03, (d) 0.04, (e) 0.05, () 0.06, (g) 0.07, (h) 0.08, (i) 0.09, and (j)
0.1 V's~'; and (B) high scan rate: (a) 0. 1, (b) 0.2, (¢) 0.3, (d) 0.4, (e) 0.5, (f)
0.6, (g) 0.7, (h) 0.8, (1) 0.9, and (j) 1 Vs~', respectively. Insets show the plot
of anodic and cathodic peak current (/,, and I,,c) vs. scan rate.

s~! (insets of Fig. 2A and 2B) as expected for a surface-confined
process. The anodic peak current and scan rate can be expressed
as:

Anodic peak 1:

I, = —0.0102v — 0.3318 (R* = 0.9928) (1)

Anodic peak 2:

Ine> = —0.0128v — 0.4192 (R* = 0.9971) )

Anodic peak 3:
I3 = —0.0178v — 0.4792 (R* = 0.9973) 3)

where I,,, is the anodic peak current in pA and v is the scan rate in
mV s~L,

For a surface process, according to Laviron’s equation,* I, =
n’F*vAT/ART, and the slope of the I,—v curve, the surface
coverage (I) of PNR and FAD were estimated. Under the
condition of 30 cycles assuming a flat surface, they were esti-
mated as about 5.3 x 107" mol cm~2 and 4.9 x 107" mol cm2
for PNR and FAD, respectively. It means that almost the same
amount of PNR and FAD cover on the electrode surface was
present.

From the slopes of above expressed equations, all of them are
a linear correlation between the current and scan rate. This
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means a diffusion-less control. Moreover, the ratio of oxidation-
to-reduction peak current is nearly unity and formal potential is
not changed with increasing scan rate under this pH condition.
The result shows that the PNR/FAD film is both stable and
electrochemically active in neutral aqueous buffer solution.

Fig. 3 displays the pH-dependent voltammograms of the
PNR/FAD modified electrode. In order to ascertain this, the
voltammetric responses of PNR/FAD/GCE were obtained in
the solutions of pH 1-13. As can be seen in Fig. 3, three redox
couples are pH-dependent and their formal potential (EY) are
shifted negatively as increasing pH values. This means that the
film is stable in pH 1-13. The inset of Fig. 3 shows the formal
potential (E,°, E,*, and E3”) plotted over a pH range of 1-13.
For convenience, E,%, E,”, and E;” are marked by the order from
the relatively positive to the relatively negative potential.

The PNR redox couples (with a formal potential of E,” and
E;") exhibit the significant slopes of —56.6 mV pH~! and —58.4
mV pH™' (for redox couple 1 and redox couple 3), respectively.
The FAD redox couple (E,") is also found to be pH-dependent
with a slope of —47.2 mV pH' with the increase of pH value.
These slopes are close to that given by the Nernstian equation,
for two electrons and two protons involved in the redox reaction.
In this case, two electrons and two protons were involved in the
PNR redox couple,®® whereas two electrons and two protons
were involved in the FAD redox couple.* Scheme 1 and 2
represent the reduction and oxidation states for neutral red and
FAD, respectively.

3.3 SEM and AFM images analysis of poly(neutral red) and
FAD hybrid film

Scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) were utilized to study the morphology of the active
surface of the electrodeposited PNR films with/without FAD,
and compared with the bare GCE or ITO, as shown in Fig. 4.
In contrast with the SEM images (Fig. 4A-C) of PNR, FAD,
and PNR/FAD film modified ITO electrodes, they exhibit

Current

> 0

7,
=
=-0.0566x+0.4431, R = 0.9982 0.5 \*\.

E",
E',=-0.0472x-0.0752,R* = 0.9913 a1
E",=-0.0584x -0.1221,R" =0.9975 L) 5 0

pH

I 1 I 1
-0.9 -0.6 -0.3 0.3 0.6

1.2 0
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Fig. 3 Cyclic voltammograms of PNR/FAD/GCE examined in various
pH conditions of: (a) pH 1, (b) pH 3, (c) pH 5, (d) pH 7, (¢) pH 9, (f) pH
11, and (g) pH 13, respectively, scan rate = 0.1 V s~'. Inset: the plot of
formal potential of PNR/FAD/GCE vs. pH (E|”, E,”, and E3” represent
formal potential of three redox couples marked from positive to negative
potential).

significant morphology. The PNR (prepared by electro-
polymerization) has a unique porous structure which might be
due to the interlocking and stacking of PNR polymer chains.
FAD (prepared by adsorption) exhibits globular structure might
be due to the aggregation of FAD molecules. In particular, the
PNR/FAD (co-immobilized by electro-codeposition) shows
a much more compact and uniform structure than both PNR and
FAD. It looks like the cavities of the porous PNR structure were
occupied by the globular FAD structure.

These film modified electrodes were further studied on the
microscale by AFM. The AFM images (Fig. 4A’-C’) of these films
were found to have a morphology similar to their relevant SEM
images. Average diameters of these composites were found with
36.58 nm, 33.37 nm, and 38.98 nm for PNR, FAD, and PNR/
FAD, respectively. From an average height estimation, they were
found to be 10.7nm, 21.1 nm, and 13.9 nm in the same order. They
have a similar particle size (average diameter). In particular, the
average height of PNR/FAD is found to be between PNR and
FAD. This means that PNR/FAD is formed more compactly and
might be due to the film formation process with the porous
and positive-charge PNR structure filling up with the negative-
charge FAD. One can conclude that the PNR/FAD film forms
compactly through the electrostatic interaction between the
electropolymerized PNR (positive charge) and FAD (negative
charge) during the electro-codeposition.

Here we proposed the mechanism of PNR/FAD formation as
Scheme 3. By electropolymerization of neutral red monomers,
dimers form first and lead to a PNR polymer chain on the elec-
trode surface (as shown in Scheme 3a). The formed PNR would
have a positive charge and attract the negatively charged FAD in
the solution (as shown in Scheme 3b). Based on the result of
PNR/FAD surface coverage and the morphology, the negative
FAD might be the dopant anion entering the film to form the
compact structure.

3.4 UV-Visible spectra analysis

The experiment was designed to understand the spectra of these
materials in the solution or coated on ITO by UV-Visible spec-
troscopy. Fig. SA shows the spectra of these materials dissolved
in 0.1 M PBS (pH 7). Curve a shows the baseline of buffer
solution in Fig. SA. Two main absorption peaks are found at
466 nm and 532 nm in curve b resulting from the NR monomer
solution. The maximal absorption at A,,,, = 532 nm reveals the
neutral red monomer reported by Schlereth and Karyakin.?® The
FAD spectrum (curve c) shows absorption peaks at 382 nm and
455 nm, similar to the result of previous work.*’ Curve d shows
the addition of NR spectra and FAD spectra without new peaks.
Moreover, the main absorption peaks (at 466 nm and 562 nm)
were found to be similar to the previous spectra of NR in pH 7.5
aqueous solution.* This means that the addition of FAD slightly
affects the pH condition (from pH 7 to 7.5) so that NR turned to
the basic form. One can conclude that no other interaction occurs
when mixing NR and FAD in neutral solution.

Considering these materials prepared on ITO, Fig. 5B shows
the UV-Vis spectra of (a) ITO (baseline), (b) PNR/ITO, (c) FAD/
ITO, and (d) PNR/FAD/ITO, respectively. The absorption peaks
are different from those in aqueous solution. In the spectra of
these modified ITO films, PNR/ITO exhibits absorption peaks at

This journal is © The Royal Society of Chemistry 2012
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H
N CH, pH 6.8 N £

+ 2H" + 2e-
(HO)N N7 NH, (H,C),N N NH,

Scheme 1 The redox reaction of neutral red.

350 nm, 480 nm, and 670 nm while FAD/ITO exhibits adsorption
peaks at 345 nm, 440 nm, and 670 nm. The PNR/FAD/ITO shows
absorption peaks similar to that of PNR/ITO. One may conclude
that the PNR/FAD hybrid film maintains the structures of PNR
and FAD. However, itis noticed that the absorption peak height is
lower than that of PNR/ITO. This is caused by the different PNR
deposition amount between the electro-codeposition of
PNR/FAD and the electropolymerization of PNR. Finally, one
can conclude that there is no other chemical reaction between
FAD and NR in both the neutral solution and the electro-code-
position. The PNR/FAD film can be stably immobilized on the
electrode surface.

3.5 Electrocatalytic properties of poly(neutral red) and FAD
hybrid film

The electrocatalytic reduction of hydrogen peroxide, oxygen,
hypochlorite, chlorate, bromate, and iodate was investigated
with the PNR/FAD hybrid film in different pH conditions. The
redox process of this film can be expressed as in the following
equations:

PNR(oxidized form)/FAD + 2H* + 2¢~ — PNR(reduced form)/
FAD )

PNR(oxidized form)/FAD + 2H* + 2e- — PNR(oxidized form)/
FADH, (5)

Fig. 4 SEM images of (A) PNR/ITO, (B) FAD/ITO, and (C) PNR/
PNR (oxidized form)/FAD + 4H* + 4¢- — PNR(reduced form)/ FAD/ITO; tapping mode AFM images of (A’) PNR/ITO, (B') FAD/ITO,

FADH, (6)  and (C') PNR/FAD/ITO.

P
HN /N CH; - N CH;
0)\ A + 2H" 4 26 o—= cz\ | |
II\I CH; ]'I'J ]l\l CH;
R H R

R = C;sH»03N5 or H*F*H
Hf?ﬁ(}l

H—?—Oﬂ

H*?*CH MH,

R =
H_?_H N | |
Il |
o:i—o—g—o— - e

CH OH

Scheme 2 The redox reaction of FAD.
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Scheme 3 The proposed formation mechanism of (a) PNR and (b) PNR/FAD on the electrode surface.
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Fig. 5 (A) Absorption spectra of (a) baseline (0.1 M PBS, pH 7), (b)
2.5x 10> M NR, (¢) 5 x 10°M FAD, and (d) 2.5 x 10> M NR + 5 x
10> M FAD in 0.1 M PBS (pH 7) using quartz cell, path length = 1 cm.
(B) Absorption spectra of (a) baseline (ITO), (b) PNR/ITO, (c) FAD/
ITO, and (d) PNR/FAD/ITO.

At pH 7 (0.1 M PBS), Fig. 6A-C displays the voltammetric
responses for hydrogen peroxide, oxygen, and hypochlorite,
respectively. In the presence of hydrogen peroxide, Fig. 6A
shows the voltammogram of PNR/FAD with two electro-
catalytic peaks at —0.42 V and —0.55 V. The electrocatalytic
reaction can be expressed as the following equation:

PNR(reduced form)/FADH, + 2H,0, — PNR(oxidized form)/
FAD + 4H,0 (M

Compared with the bare GCE electrode (curve a’), this film
modified electrode shows unique electrocatalytic peaks of these
species. It means that the PNR/FAD hybrid film can effectively
lower the over-potential and enhance the electrocatalytic current.
As a result, the PNR/FAD hybrid film can be a good choice to
detect hydrogen peroxide. This hybrid composite can be used as
a substitute for HRP and those hemoproteins to catalyze the

reduction of H,O,. By application of PNR/FAD, it is easier and
probably without generation of interfering signal from some
hemoproteins interfering materials. Based on the reduction
property of this FAD-based composite, it also has the potential
to replace some hemoproteins®® to be a cathode of biofuel
cells. 335

Current
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Fig. 6 Cyclic voltammograms of PNR/FAD/GCE examined in 0.1 M
PBS (pH 7) or 0.1 M KHP (pH 4) in the presence of: (A) [H,O,] = (a)
0OM, (b)2x102M,(c)4 x 102M, (d) 6 x 102 M, (¢) 8 x 102 M, and
() 1 x 107" M; (B) [O3] = (a) 0 mg L' (0%), (b) 0.8 mg L' (10%), (c) 1.6
mg L™ (20%), and (d) 2.4 mg L' (30%); (C) [NaClO] = (a) 0 M, (b) 4 x
102 M, (c) 8 x 10°M, (d) 1.2 x 102 M, (e) 1.6 x 10> M, and (f) 2 x
102 M; (D) [KCIO3] = (a) 0 M, (b) 9 x 107 M, (c) 1.8 x 1072 M, (d) 2.7
x 1072 M, (e) 3.6 x 1072 M, and (f) 4.5 x 102 M; (E) [KBrOs] = (a) 0 M,
(b) 1.5 x 102 M, (¢) 3 x 107> M, and (d) 4.5 x 107> M; (F) [KIO;] = (a)
0M, (b)1 x 102 M, (c)2 x 102 M, and (d) 3 x 1072 M, respectively; (a’)
is the cyclic voltammogram of the bare GCE examined in the maximal
concentration of reactants in each case (A-F), scan rate = 0.1 V s,
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Fig. 6B displays the electrocatalytic reduction of oxygen using
the PNR/FAD electrode in 0.1 M PBS (pH 7). It clearly shows
the electrocatalytic current response for 2.4 mg L' oxygen with
two cathodic peaks at —0.42 V and —0.55 V. Fig. 6C displays the
electrocatalytic reduction of hypochlorite using the PNR/FAD
electrode in 0.1 M PBS (pH 7). It shows the specific catalytic
current for 2 x 1072 M hypochlorite with three cathodic peaks at
—0.1 V, —0.42 V, and —0.55 V. According to these significant
results, we can apply these specific potentials to determine these
species with appropriate calculation. The electrocatalytic reac-
tions can be expressed as the following equations:

PNR(reduced form)/FADH, + O, — PNR(oxidized form)/FAD
+ 2H,0 ®)

PNR(reduced form)/FADH, + 2CIO~ — PNR(oxidized form)/
FAD + 2CI~ + 2H,0 9

At pH 4 (0.1 M KHP), the electrocatalytic reduction was also
studied by PNR/FAD/GCE. Fig. 6D-F displays the PNR/FAD
voltammetric responses to chlorate, bromate, and iodate,
respectively. By the result, the PNR/FAD electrocatalytically
reduces bromate and iodate excepting chlorate. It is noticed that
the different electrocatalytic properties are especially good for
iodate. One can conclude that the PNR/FAD has electrocatalytic
activities dependent on the atomic number of the halide reactants
([KIOs] > [KBrOs] > [KCIO3]). The electrocatalytic reactions can
be expressed as the following equations:

PNR(reduced form)/FADH, + BrO;~ — PNR(oxidized form)/
FAD + Br~ + 2H,0 + 1/20, (10)

PNR(reduced form)/FADH, + 103~ — PNR(oxidized form)/
FAD + I~ + 2H,0 + 1/20, (1D

Fig. 7 displays the PNR/FAD voltammetric response to
NADH in 0.1 M PBS (pH 7). Compared with the bare electrode,
it shows an obvious electrocatalytic oxidation current to NADH
at about 0.1 V. From the result, one can conclude that the PNR/
FAD is a good electro-active species for NADH oxidation.
According to our experimental results, the reaction mechanism
when using a PNR/FAD hybrid film as a catalyst can be
described as follows:

PNR (oxidized form)/FAD + 2NADH — PNR(reduced form)/
FAD + 2NAD (12)

As the result shown in Table 1, we conclude that the PNR/
FAD hybrid film is a good electro-active material due to good
electro-catalytic reaction for hydrogen peroxide, oxygen, hypo-
chlorite, bromate, iodate, and NADH. In particular, it can be
developed as a multi-functional sensor for these species. A
simple, HRP-free, and low-cost hydrogen peroxide sensor was
further studied by amperometry.

In this work, one main goal we try to complete is the devel-
opment of a multi-functional sensor using the PNR/FAD hybrid
film. So, the electrocatalysis of hydrogen peroxide and NADH

NADH

Current

-1.0-058-()'.6-014-012 (l) 0].2 OI.4 0.6
E/Vvs.Ag|AgCl

Fig. 7 Cyclic voltammograms of PNR/FAD/GCE examined in 0.1 M
PBS (pH 7) in the presence of [NADH] = (a) 0 M, (b) 1.4 x 10~* M, (b)
2.8 x 107*M, (c)4.2 x 10*M, (d) 5.6 x 10~*M, (e) 7 x 10~* M, (f) 8.4 x
10* M, (g) 9.8 x 10* M, (h) 1.12 x 10 M, and (i) 1.26 x 107 M,
respectively; (a’) is cyclic voltammogram of the bare GCE examined in
the maximal concentration in this case, scan rate = 0.1 Vs~ .

were further studied using this hybrid composite. It was studied
by amperometry (in Section 3.6) due to their specific potentials.

Further study was focused on the electroactivity behaviour at
FAD alone, PNR alone and the composite film. Since FAD
cannot be directly electro-deposited on the electrode surface the
FAD-layer modified electrode was prepared by adsorption. By
comparison as shown in Table 2, the net current response was
estimated and compared for each electrocatalysis at different
modified electrodes including FAD/GCE, PNR/GCE, and PNR/
FAD/GCE. The FAD-layer adsorbed electrode may be not
stable so that might provide a relatively low net current response.
Eliminating this point, one can find that the net current response
of PNR/FAD was almost the sum of the net current response of
FAD and PNR for each electrocatalysis experiment. This means
that PNR/FAD can maintain the electroactivity of FAD and
PNR at least. Hence this hybrid composite can be used as
expected for electrocatalysis of these species.

Based on the activity for hydrogen peroxide and NADH, it has
the potential to be developed as a good biosensing system as
shown in Scheme 4. By the FAD/FADH, redox process, H>O,
can be electrocatalytically reduced to H,O while glucose is oxi-
dised to gluconic acid by glucose oxidase (GOx) as shown in
Scheme 4a. By the PNR,.s/PNR,, redox process, NADH is
electrocatalytically oxidized to NAD* while alcohol is oxidized

Table 1 The electrocatalytic properties of poly(neutral red)/FAD film
with various reactants in 0.1 M PBS (pH 7) or 0.1 M KHP (pH 4)

Electrocatalytic peak
potential/V (vs.

Substrate Electrocatalytic reaction type Ag/AgCl)

H,0, Reduction (pH 7) —0.42, —0.55

0, Reduction (pH 7) —0.42, —0.55
NaClO Reduction (pH 7) —0.10, —0.42, —0.55
BrO;- Reduction (pH 4) —0.45

105~ Reduction (pH 4) —0.42, —0.55
NADH Oxidation (pH 7) 0.10
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Table 2 Net current response to analytes by FAD, PNR, and PNR/FAD modified glassy carbon electrodes

Net current response”

(AT/AC)PA M~ NADH (pH 7) H,0, (pH 7) 0, (pH 7) NaClO (pH 7) KBrO; (pH 4) KIO; (pH 4)
FAD . 16 377 31 11.2 10.8

PNR 4275 — 22 000 89 2 310
PNR/FAD 4594 30.8 30 000 132 71.1 2927

Downloaded by George Washington University on 05 December 2011
Published on 02 November 2011 on http://pubs.rsc.org | doi:10.1039/C1AN15739F

“ Net current response means that the current was contributed by the material i to analyte j per unit concentration, AI/AC;, in pA M.

to acetaldehyde by alcohol dehydrogenase (ADH) as shown in
Scheme 4b. It can provide the biosensing for glucose and ethanol
using the PNR/FAD hybrid composite.

3.6 Amperometric responses for hydrogen peroxide, oxygen,
hypochlorite and NADH using poly(neutral red) and FAD hybrid
film

The determination of hydrogen peroxide using the PNR/FAD
electrode was studied by amperometry. Amperometric response
with several additions of hydrogen peroxide was tested to define
the sensing abilities of the PNR/FAD film modified GCE
electrode.

Fig. 8A shows the amperometric responses of PNR/FAD/GCE
for hydrogen peroxide in 0.1 M PBS (pH 7). An applied potential
at —0.45 V with an electrode rotation speed of 1000 rpm, the
amperometric response of PNR/FAD/GCE was tested as a blank
during the initial period of 0-200 s. As sequential additions of 10~*
M hydrogen peroxide (time interval = 50 s) during 200-2000s, the
correlative amperometric responses are increasing significantly.
By the result, the PNR/FAD/GCE has a detection limit of 0.1 uM
(S/N = 3). It provides two linear concentration ranges of 0.1
uM-39 mM and 48.8-355.5 mM with the sensitivity of 5.4 pA
mM~! cm~2 and 12.3 pA mM~! cm~2, respectively. The relative
standard deviation (RSD) for determining H,O, (n = 10) was
3.78%. It indicates that the senor has very good reproducibility at
pH 7. As shown in Table 3, this electrode shows competitive
sensitivity as compared with other enzyme-free (without HRP)
H,O, sensors. Having the above information, it is good for
developing an HRP-free H,O, sensor.
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| FAD QigiH,0, Gluconic acid

|

‘ ;N
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Y FADH Y | 9 H,0

(a)
| Ethanol

2e [ L
B PNR. G NADHS |ATcohol dehydrogenase™
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= ; J Y Ethanal
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=l § PR, I NAD' |
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=
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Scheme 4 Biosensing system of glucose and alcohol based on the PNR/
FAD hybrid composite.

Fig. 8B shows the amperometric responses of PNR/FAD/GCE
for NADH determination. The sensitivity, detection limit, and
linear concentration range were estimated to be about 21.5 pA
mM~'em 2 107 M (S/N = 3),and 5 x 107 to 2.5 x 10~* M for
NADH. The relative standard deviation (RSD) for determining
NADH (n = 10) was 4.8%. It indicates that the senor has very
good reproducibility for NADH determination at pH 7.

As the result, this hybrid composite can be used as a multi-
functional sensor to determine H,O, and NADH.

3.7 Stability study of poly(neutral red) and FAD hybrid film

Repetitive redox cycling experiments were done to determine the
extent of stability relevant to PNR/FAD/GCE in 0.1 M PBS
solution (pH 7). This investigation indicated that after 100
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Fig. 8 (A) Amperometric responses of sequential additions of H,O,
(each 10~* M per time, time interval = 50 s) at the PNR/FAD/GCE in 0.1
M PBS (pH 7), rotation speed = 1000 rpm, E,,, = —0.45 V. Inset: the
plot of peak current vs. H,O, concentration. (B) Amperometric responses
of sequential additions of NADH (each 5 x 10~ M per time, time
interval = 50 s) at the PNR/FAD/GCE in 0.1 M PBS (pH 7), E,,, = 0.1
V. Inset: the plot of peak current vs. NADH concentration.
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Table 3 H-,O, recoveries at various concentrations determined with the
sensor (PNR/FAD)

[H,0,] Recovery
[H,0,)/uM found“/uM (%)
1 1.02 102.0
1.5 1.49 99.3
1.99 99.5
25 2.49 99.6
5 4.9 98.0

“ Average of three measurements.

continuous scan cycles with a scan rate of 0.1 V s7!, the peak
heights of the cyclic voltammograms decreased by less than 5%.
This electrode was also monitored and compared with its initial
current response when kept in 0.1 M PBS solution (pH 7) for
more than one month. A decrease of 8% was observed in the
current response of the electrode at the end of the 30th day. And
the electrocatalytic response current of PNR/FAD for H,O,,
NADH, KBrOs3, KIO3, and NaClO can retain more than 90% of
its original current response. The analytical applicability of the
sensor was evaluated by determining the recoveries of five H,O,
samples with different concentrations by the standard addition
method. The results were satisfactory, with an average of 99.68%,
as listed in Table 3. As the result, this hybrid composite is more
stable and different from the neutral red monomer which might
be due to the more compact PNR/FAD structure.

4. Conclusions

Here we report a simple method to fabricate a multi-functional
sensor for the determination of H,O, and NADH based on the
PNR/FAD nanocomposite. It can be an HRP-free H,O, sensor
due to the good electrocatalytic reduction of H,O, without the
HRP enzyme and shows a lower over-potential and higher
current response. It has the potential to replace some hemopro-
teins to be a cathode of biofuel cells. It can provide the biosensing
system for glucose and alcohol. In neural and acidic conditions, it
can electrocatalytically reduce KBrOj;, KIO;, O,, and NaClO,
respectively. Moreover, the amperometric response of
PNR/FAD/GCE is linearly dependent on the H,O, and NADH
concentration at different potentials. This proposed film shows
a good electrocatalytic result to develop multi-functional sensors.
It has the advantages of being enzyme-free, multi-functional, low
cost, having a low over-potential, and high sensitivity.
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