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Abstract

We report the preparation and characterization of poly(p-aminobenzene sulfonic acid) (PABS) films doped with flavins (flavin adenine din-
ucleotide (FAD), flavin mononucleotide (FMN), riboflavin (RF)). It is noted as PABS/flavins modified electrodes. In this study, the conducting
polymer, PABS served as a matrix during the electropolymerization to synthesize PABS/flavin composite films. The synthetic, morphological and
electrochemical properties of PABS/flavin films and PABS films were compared. Characterization was performed by cyclic voltammetry (CV),
atomic force microscopy (AFM), scanning electron microscopy (SEM) and ultraviolet visible (UV–vis) spectroscopy. AFM and SEM images
revealed that the incorporation of flavins significantly altered the morphology of the PABS films. UV–vis spectroscopy confirmed the presence
of flavins within composite films. PABS/FAD composite modified glassy carbon electrode (PABS/FAD/GCE) is used to electrochemically detect
NADH and NAD+. PABS/FAD/GCE showed excellent electrocatalytic activity for the oxidation of NADH and for the reduction of NAD+. At opti-
mum conditions, the sensor has a fast response to NADH and a good linear response observed for NADH in the range from 10 to 300 �M. The cyclic
voltammograms (CVs) waves of nicotinamide adenine dinucleotide reduction-oxidation (NAD+/NADH) reversible reaction was also observed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The flavins are an important class of biochemical com-
pounds which are found in both plants and animals. Due to
their importance, most of the flavins have been the subject
of many studies. In particular isoalloxazine, riboflavin, and
flavin mononucleotide have been thoroughly investigated and
excellent reviews of these studies are available [1]. Flavin ade-
nine dinucleotide (Scheme 1) occupies a key position in the
respiratory transport chain [1]. The electrochemical reaction
mechanism of FAD was thoroughly studied on various elec-
trode materials by many authors throughout a broad pH range
in aqueous solution [1–5].

One of the simplest methods of immobilizing biomolecules
on polymer surfaces is adsorption [6]. This includes both phys-
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ical adsorption and electrochemical adsorption techniques. The
latter is achieved by applying a potential to the polymer electrode
surface, which enhances electrostatic interactions and hence
immobilization [7]. The main disadvantage of adsorption, how-
ever, is that the biomolecule may easily desorb from the surface
during use.

Covalent attachment of biomolecules to the surface of
polymers ensures immobilization without leaching of the
biomolecule from the substrate surface [8]. Covalent attachment
of biomolecules to the monomer prior to polymerization has also
been reported [9,10]. This strategy, however, requires lengthy
syntheses to produce the monomer or to modify a preformed
surface. Because covalent attachment is usually achieved using
a linker, the separation of the biomolecule from the polymer
backbone can also have disadvantages in terms of signal trans-
duction [11]. Self-assembly techniques have been investigated
for biomolecule immobilization onto various support materi-
als. Layers formed by self-assembly require a polyion to effect
biomolecule attachment through strong electrostatic interaction
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Scheme 1. Oxidized form of the isoalloxazine ring system and members of the
flavin family, as defined by the nature of the R group attached to N-10.

[12–14] and can result in tightly packed structures that limit dif-
fusion [15]. Furthermore, careful control of pH is required to
achieve these assemblies and for them to retain stability.

Biomolecules have been trapped within conducting poly-
mers as dopant molecules when the appropriate conditions are
met [16,17]. To function as a dopant for oxidized conducting
polymers, anions are required. The vapor phase polymerization
of polypyrrole, poly-terthiophene and poly-3,4-ethylenedioxy
thiophene has been reported, which allows the incorporation of
biomolecules (guest) within the polymer matrix via a simple
washing step [18–20].

Among electrically conducting polymers, polyaniline and its
derivatives have been the focus of much attention. Sulfonated
polyaniline (SPAN) is of interest because of its unusual physi-
cal properties, improved processability, and potential industrial
applications [21–26]. SPAN is the first reported self-doped
water-soluble conducting polyaniline derivative and a prime
model for dopant and secondary dopant-induced processabil-
ity [27,28]. The solubility of polyaniline in aqueous solutions
and in most common organic solvents is greatly improved by
the presence of –SO3

− groups [29]. The environmental stability
of the parent polyaniline is also further improved in SPAN. The
conductivity of SPAN is independent of external protonation in a
broad pH range. SPAN was found to have better thermal stability
than its parent polyaniline [30].

On other hand, nicotinamide adenine dinucleotide (phos-
phate) (NAD(P)+/NAD(P)H) dependent enzymes, which
trivially called dehydrogenases, constitute the largest group
of the enzymes known nowadays. The number of character-
ized dehydrogenases is more than 500. These enzymes use
the turnover of nicotinamide adenine dinucleotide as a coupled
redox reaction. Electrochemical regeneration of this cofactor is
extremely important from both fundamental and practical points
of view. Biotechnological applications of this reaction include
the development of the biosensors for a great number of analytes,
the biofuel cells with different cheap fuels and would provide
the stereo-specific electrosynthesis of organic compounds [31].

Due to continuous efforts of bioelectrochemists during last
three decades, the mediators for (NAD+/NADH) regeneration
have been proposed. Quinones [32,33] and phenoxazine deriva-
tives containing quinoid structures [34,35] and polyaniline [36]
have been used successfully as two-electron catalysts for NADH
oxidation. Several phenaxzines transferring one proton per two
electrons have also been found to be suitable mediators of
pyridine nucleotide electrooxidation [37,38]. On the contrary,
the only mediator found for NAD+ electroreduction was the
rhodium (III)–bipyridyl complex [39]. However, all these sys-
tems required sufficient over voltages and were not able to
catalyze both NAD+ reduction and NADH oxidation. More-
over, the use of diffusion-free mediators for NAD+/NADH
regeneration was not plausible especially in analytical appli-
cations, because the resulting systems are operated with the
two diffusion-free mediators including NAD+/NADH itself.
Recently, our research group has been reported the new elec-
trocatalyst based on FAD incorporated modified electrode for
NAD+/NADH reversible reaction [40–42].

In this paper, we report the new polymer composite material
electrochemically synthesized by using p-aminobenzene sul-
fonic acid (p-ABSA) and flavins on glassy carbon electrodes
(GCE) and indium tin oxide coated (ITO) glass electrodes.
We found that the adsorption of flavins occurs in the order of
RF < FMN < FAD on the polymer materials. We observed this
modified electrode very stable in the pH ranges between 2 and
10, with well separated two redox waves. Here we demonstrate
that the new potent electrode material for electrocatalytic oxi-
dation of NADH and for electrocatalytic reduction of NAD+.
Furthermore, the NAD+/NADH reversible reaction was also
observed at physiological condition. Indeed, when compared to
other reported electrode materials by other groups [31] and our-
selves [40–42], this new polymer composite material as an opted
electrode material for electroanalysis of NADH and NAD+.

2. Experimental

2.1. Reagents and equipment

All chemicals and reagents used in this work were of
analytical grade, and were used as received without fur-
ther purification. These were: flavin adenine dinucleotide
disodium salt (97%), flavin mononucleotide (95%) and
riboflavin (98%), �-nicotinamide adenine dinucleotide reduced
form (98%), �-nicotinamide adenine dinucleotide (98%), and
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p-aminobenzenesulfonic acid were purchased from Sigma
chemical company, USA. Supporting electrolytes used for elec-
trochemical experiments were 0.1 M H2SO4, 0.1 M HNO3,
0.2 M phosphate and 0.1 M acetate buffer solutions. The aque-
ous solutions were prepared by using doubly distilled deionized
water, and before each experiment the solutions were deoxy-
genated by purging with pre-purified nitrogen gas.

Electrochemical measurements were performed with CH
Instruments Model-1200A with conventional three-electrode
cell. A BAS glassy carbon and platinum wire are used as the
working electrode and counter electrode, respectively. All the
cell potentials were measured with respect to an Ag/AgCl [KCl
(sat)], reference electrode. HITACHI Model S-3000H scanning
electron microscope was used for surface image measure-
ments. The UV–vis absorption spectra were checked by using a
U3300 Spectrophotometer (HITACHI). The AFM images were
recorded with a Multimode Scanning Probe Microscope Sys-
tem operated in tapping mode, (CSPM4000, Ben Yuan Ltd.).
All experiments were carried out at room temperature.

2.2. Synthesis of PABS/flavin and PABS films

Prior to use, the working electrodes were mechanically pol-
ished with alumina powder (Al2O3, 0.05 �m) up to a mirror
finish. Then the electrodes were cycled in 0.2 M sulfuric acid in
a potential range −0.5 to 1 V at a sweep rate of 100 mV s−1 until
a stable voltammogram obtained. The electrochemical deposi-
tion of PABS/flavin films was carried out by cyclic voltammetry
(between −0.5 and 2.0 V at 100 mV s−1) for 30 cycles or poten-
tiostatically by applying a potential at 2 V for 20 min. The
electropolymerization was conducted in a three-electrode cell
with glassy carbon as the working electrode, Ag/AgCl as the
reference electrode and platinum wire as the counter electrode.
The electrolyte consisted of 2 mM p-aminobenzenesulfonic acid
monomer and 1 mM FAD or 1 mM FMN or 1 mM RF in aqueous
solution of 0.1 M HNO3. The resulting films were washed with
doubly distilled deionized water before analysis. For compar-
ison, PABS films were prepared under the same experimental
conditions using aqueous solution of 0.1 M HNO3, in the
absences of flavin molecules. Finally, the modified GCE was
electroactivated by cyclic voltammetry from −0.75 to 0.65 V
in pH 6.4 phosphate buffer solution (PBS) at a scan rate of
100 mV s−1.

3. Results and discussion

3.1. Electrochemical synthesis of PABS/FAD and PABS
films

Fig. 1A shows the growth of PABS/FAD films onto a GCE.
Since the FAD molecules and NO3

− were the only species in
solution other than p-ABSA in the formation of PABS/FAD film,
this implied that the FAD acted as dopant as an indicated by
an increase in current with electrolysis time and the formation
of a yellow coating was observed on electrode surface. Fur-
thermore, in the absence of FAD molecules in the electrolyte
medium the growth of the blue polymer coating was observed,

Fig. 1. (A) CVs of the film growth of PABS/FAD on GCE from electrolyte
0.1 M HNO3 solution containing 2 mM p-(ABSA) and 1 mM FAD (pH 2.0). (B)
CVs of the film growth of PABS on GCE from 0.1 M HNO3 solution containing
2 mM p-(ABSA). Scan rate = 0.1 V s−1.

demonstrating that FAD molecules indeed incorporated in the
polymerization. There is no adsorption of FAD molecules on
GCE [5] was observed during electrochemical cycling in the
potential range used for polymerization in the absence of p-
ABSA. This is additional evidence that FAD acted as a dopant
in the electropolymerization process.

Further, Fig. 1A shows, in the first scan, anodic peaks 1 and
2 were observed with peak potential value at −0.12 and 1.11 V,
respectively. From the second scan on, cathodic peaks 3 and 4
were observed with peak potential value at 0.39 and −0.18 V.
From the second cycle anodic peak 5 appeared with potential at
0.45 V. Then larger peaks were observed upon continuous scan-
ning, reflecting the continuous growth of the film. These facts
indicated PABS/FAD film was deposited on the surface of GCE
by electropolymerization. A uniform adherent yellow polymer
film was formed on the GCE surface. For comparison, PABS
films were prepared under the same conditions using aqueous
solution of 0.1 M HNO3, in the absences of FAD molecules.
After modification, the PABS/FAD and PABS film electrodes
were carefully rinsed with doubly distilled water, then stored in
air and used for analysis.

The electrochemical polymerization mechanism of p-ABSA
at GCE was similar to the references reported [43]. The reaction
mechanism may be described as follows p-ABSA was first oxi-
dized to free radical (peak 2); the free radical combined together
rapidly to hydrazobenzene sulfonic acid; then hydrazobenzene
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Scheme 2. The electrochemical process of PABS polymer peak.

sulfonic acid was oxidized to azobenzene sulfonic acid (peak
5), and azobenzene sulfonic acid reduced to hydrazobenzene
sulfonic acid (peak 3).

In the confirmed mechanism of polyaniline formation, the
cation radical, which is primarily formed as the product of the
electrooxidation, loses a proton forming a neutral species. The
latter dimerizes with another cation radical. As a result of further
electrooxidations and proton losses followed by the attacks of
the cation radicals, trimers, oligomers, and eventually polyani-
line are formed [21,23]. During the formation of PABS, the
primary species is the cation radical of p-ABSA formed dur-
ing the electrolysis as suggested in [21]. The copolymers of
aniline and aniline sulfonic acids are produced with the attack
of either the aniline cation radical or the cation radical of aniline
sulfonic acids on the intermediate neutral species. Incorporation
of aniline sulfonic acid units into the polymer chain prevents the
autocatalytic growth of polyaniline, producing less conductive
lower molecular weight polymers [23]. Cyclic voltammograms
of polymer redox process of azobenzene sulfonic (peak 5) acid
to hydrazobenzene sulfonic acid (peak 3) was given in Scheme 2.

The developing of anodic peak (1) and cathodic peak (4) in
the CVs of Fig. 1A shows the co-deposition of FAD molecules
within polymeric film onto the GCE surface. Fig. 1B shows the
formation of PABS films in the absences of FAD molecules in
the electrolyte solution, two anodic peak (peaks 2 and 5) and one
cathodic peak (peak 3) were observed, the blue color polymer
was obtained on GCE as mentioned earlier [23]. For compari-
son, PABS modified GCE was prepared and its electrochemical
behaviors was tested. A reduction peak (peak 4) in Fig. 1A and
1B centered at −0.12 V may due to the insertion of anions (for
example NO3

− and SO4
2−) accompanied by the hydrogenation

of polymer site [21,23], this cathodic peak was overlap with
reduction peak of FAD during synthesis of PABS/FAD film.

3.2. Electrochemical behavior of PABS/FAD and PABS film
modified GCEs

Fig. 2 shows a comparison of the CVs of the PABS/FAD and
PABS film modified GCE in pH 6.4 PBS reveals that the currents

attained in the both case are almost equal, due to the entrapment
of the FAD molecules in the polymer backbone additional redox
wave was obtained for PABS/FAD/GCE, the formal potentials
(E0′

) (Epc + Epa/2) are −0.4 and 0.07 V for FAD and PABS at pH
6.4 (Fig. 2a), respectively. PABS modified GCE was shown only
one redox wave centered at 0.09 V (Fig. 2b) when compared to
PABS/FAD/GCE, 20 mV difference are observed in E0′

value
for polymer redox waves, this potential difference may arise
due to the adsorption of FAD molecules onto the polymer back-
bone. To ascertain the solution behavior of FAD in pH 6.4 PBS,
the CV was recorded in the buffer solution containing 1 mM
FAD by using well cleaned bare GCE, Fig. 2a and 2c shows
cyclic voltammograms of PABS/FAD/GC and the redox waves
of 1 mM FAD recorded at a scan rate of 100 mV s−1. A pair of
small redox peaks can be seen for the FAD at bare GCE, E0′

is
−0.38 V, which is in good agreement with a literature report [5].
For the PABS/FAD/GC films shows a pair of well defined redox
peaks can be seen at −0.4 V (E0′

) versus Ag/AgCl, attributed
to the oxidation and reduction of isoalloxazine group of FAD.
Note that the currents obtained for PABS/FAD/GCE was one

Fig. 2. CVs of (a) PABS/FAD, (b) PABS films modified GCE in pH 6.4 PBS
and (c) CV of 1 mM FAD in pH 6.4 PBS at bare GCE. Scan rate = 0.1 V s−1.
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Fig. 3. CVs of PABS/FAD/GCE in pH 6.4 PBS at different scan rates, The scan
rates from inner to outer are 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18,
and 0.20 V s−1, respectively.

order of magnitude higher than that obtainable for the FAD in
solution at GCE; it was clearly shown the advantages of using
the polymer PABS as a matrix for immobilization of FAD are
evident, since a large surface area is available.

Fig. 3 shows the cyclic voltammograms of the PABS/
FAD/GCE by immersing in pH 6.4 PBS at different scan rates in
potential range −0.75 to 0.65 V. As shown in Fig. 4A and 4B the
peak currents increased linearly with the scan rate between 10
and 100 mV s−1 as expected for a surface process. Moreover, the
anodic peak currents were almost the same as the corresponding
cathodic peak currents and the peak potential did not change
with increasing the scan rate. The peak-to-peak potential sepa-
ration (�Ep = �Epa − �Epc) is about 30 and 160 mV for FAD
and polymers redox peaks were obtained at sweep rates below
100 mV s−1, suggesting facile charge transfer kinetics over this
range of sweep rate. At higher sweep rates, the plot of peak cur-
rents versus scan rate deviates from linearity and the peak current
becomes proportional to the square root of the scan rate (Fig. 4A
and 4B), indicating a diffusion controlled process, which is
reflective of the relatively slow diffusion of counter ions into
the electrode surfaces. At higher sweep rates (υ > 100 mV s−1)
peak separations begin to increase, indicating the limitation due
to charge transfer kinetics. Based on Laviron theory [44] the
electron transfer rate constant (Ks) and charge transfer coeffi-
cient (α) can be determined by measuring the variation of peak
potential with scan rate. The values of peak potentials were pro-
portional to the logarithm of the scan rate for scan rates higher
than 2.0 V s−1 (Fig. 5). The slope of the �Epc versus log(υ) was
about 191 mV for FAD and was about 275 mV for polymer peak.
Using the equation Ep = K − 2.3030(RT/αnF) log(υ) and the two
electrons transferred for FAD a charge transfer coefficient (α)
0.48 was obtained. Introducing these values in the equation
[45]:

log Ks = α log(1 − α) + (1 − α) log α − log(RT/nFυ)

− α(1 − α)nFE/2.3RT (1)

Fig. 4. (A) Plot of FAD peak currents vs. square root of scan rate and (B) plot
of polymer peak currents vs. square root of scan rate.

An apparent surface electron transfer rate constant (Ks) 187
(±5) s−1, was estimated for reversible redox waves of FAD in
PABS/FAD/GCE. This larger value of electron transfer rate con-
stant indicate high ability of PABS for promote electron between
FAD and electrode surface.

For comparison, in the same manner, the electrochemical
synthesis of PABS/FMN and PABS/RF were prepared on GC
electrodes from the electrolyte containing 1 mM FMN or RF
and p-ABSA in 0.1 M HNO3. Fig. 6a and 6b shows the cyclic
voltammogram of PABS/RF and PABS/FMN modified GC elec-
trodes in pH 6.4 PBS. The surface coverage concentration (Γ )
of FAD, FMN, and RF were evaluated from the following
equation:

Γ = Q

nFA
(2)

where A (=0.0707 cm2) is the area of the glassy carbon elec-
trodes, n (=2) the number of electrons per reactant molecule, Q
the charge obtained by integrating the anodic peak at low voltage
scan rate (20 mV s−1), and F is the Faraday constant. We assume
that all of the immobilised redox centers are electroactive on the
voltammetry time scale. In the present case, the calculated val-
ues of Γ , E0′

, �Ep, for PABS/FAD, PABS/FMN, and PABS/RF
modified GC electrodes are presented in Table 1.
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Fig. 5. Plot of peak potential separation vs. log υ for GCE modified with
PABS/FAD: (A) FAD redox peak and (B) polymer peak, respectively.

3.3. Stability and pH dependence of the PABS/FAD,
PABS/FMN and PABS/RF modified GC electrodes

The stability of the PABS/FAD/GCE and the reproducibil-
ity of the electrochemical behavior were investigated by
cyclic voltammetry. Under continuous potential sweeping at
100 mV s−1 between 0.7 and −0.65 V in 0.1 M phosphate buffer
solution (pH 6.4), an insignificant decay in the peak currents was
observed during the initial cycles (1% for first 25 cycles), and
the rate of current decrease then decreased (4% after 200 cycles)
(Fig. 7A). In addition it was found that the current only decreased
by 5% when the electrode was immersed in buffer solution (pH
6.4) for 30 h. The stability of the modified electrodes was eval-
uated by the same method in electrolyte solutions with pH 2
and 10. The results indicated the modified electrode was stable
at acidic solution, but in alkaline media (pH 10) more decrease
was observed in the peak currents (10% after 100 cycles). These
results suggest that the initial decay might be due to material that
is weakly bonded to the electrode surface. Since the method of

Fig. 6. CVs of (a) PABS/RF and (b) PABS/FMN and (c) PABS/FAD films
modified GCE in pH 6.4 PBS. Scan rate = 0.1 V s−1.

the electrode preparation is simple and fast (less than 20 min),
the current decay is not a serious limitation for this modified
electrode.

On other hand, the stability of the PABS/FMN and PABS/RF
modified GC electrode and the reproducibility of the electro-
chemical behavior were also investigated by cyclic voltammetry
in the procedure used for PABS/FAD/GCE. An insignificant
decay in the peak currents was observed during the initial cycles
(2% for first 25 cycles), and the rate of current decrease then
decreased (10% after 200 cycles). In addition it was found that
the current decreased by 10% when the electrode was immersed
in buffer solution (pH 6.4) for 30 h. Indeed, when compared
to PABS/FAD/GCE, the rate of current decrease is higher for
PABS/FMN and PABS/RF modified GCEs, this indicating the
interaction of FMN and RF are not enough stronger on the poly-
meric film than FAD molecules. Note that the Γ value of FAD is
higher than FMN and RF modified electrodes (Table 1), this is
another evident for stronger interaction between FAD molecules
and PABS film (see Fig. 6).

It has been shown that FAD adsorbs very strongly in two
different orientations on a mercury electrode surface in neutral
solutions. At dilute coverages, it has been suggested that both
the isoalloxazine and adenine moieties are adsorbed parallel to
the electrode surface at all potentials, while at higher surface
coverages, FAD can reorient to a perpendicular configuration
[46,47], particularly at potentials near the pzc. In acidic solutions
[2,48], evidence for a third tightly packed orientation has been
obtained, in which the adenine group, now protonated, is no
longer on the electrode surface, resulting in improved lateral
interactions and tighter packing of adjacent isoalloxazine ring
systems. The adsorbed FAD monolayer is believed to reorient,
concertedly, between parallel and perpendicular, as the potential
is changed in all solutions.

Table 1
Formal potentials and surface coverage for FAD, FMN, and RF on the PABS/FAD, PABS/FMN, and PABS/RF modified GC electrodes

Modified GCEs Epa (V) Epc (V) �Ep (mV) E0′
(V) Γ (×10−10 mol cm−2)

PABS/FAD −0.390 −0.408 18 −0.399 6.2154
PABS/FMN −0.393 −0.419 26 −0.406 5.3211
PABS/RF −0.395 −0.419 24 −0.407 5.0063
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Fig. 7. (A) CVs of PABS/FAD/GCE in phosphate buffer solution: (a) 1st cycle,
(b) 100th cycle and (c) 200th cycle. (B) Schematic diagram of adsorption of
FAD molecules with PABS films.

The distinctive electrochemistry of FAD at pH less than ca.
4.5 indicates that the adenine group of FAD has a pKa, of ca.
4.5–5 [2,48]. In our experimental condition (pH 2) adenine moi-
ety is positively charged and it is reasonable that this interaction
would be more stable at the negative end of the dipole of the
isoalloxazine system and the positively charged adenine group
is now pointed directly towards the negatively charged polymer
(PABS) modified electrode surface. The schematic represen-
tation of interaction between adenine and negatively charged
polymer are presented in Fig. 7B.

Recently the comparative study of immobilization of FAD,
FMN, and RF on silica gel modified with zirconium oxide (Si:Zr)
was reported [49], the flavins were strongly adsorbed on theses
materials, the higher amount of adsorbed FMN and FAD can

Fig. 8. (A) CVs for PABS/FAD/GCE at different pH values: (a) 2.2, (b) 6.4 and
(c) 10.2. Scan rate 0.1 V s−1. (B) Formal potentials as a function of pH at scan
rate of 0.1 V s−1.

be attributed to the large affinity of zirconium to the phosphate
group present in flavin structure. However, other types of inter-
action must also be involved, since RF, which does not have a
phosphate group, was also adsorbed on Si:Zr, they are suggested
the interaction between Si:Zr and RF should occur via the isoal-
loxazine ring [49] so, the adsorption of FMN and RF occurred
with PABS by different interactions [2,49].

The effect of pH on the PABS/FAD, PABS/FMN and
PABS/RF-modified GCEs signal were investigated by record-
ing cyclic voltammograms using 0.1 M PBS at various pH values
from 2 to 11 (Fig. 8A). As can be seen in Fig. 8B, the formal
potential of the both surface redox couple was pH dependent. A
plot of E0′

versus pH gives a straight line from pH 2 to 11 for
PABS/FAD, PABS/FMN, and PABS/RF modified GCEs. The
results are presented in Table 2. These values are very close to the
anticipated Nernstian value of 59 mV for a two-electron–two-
proton process (Scheme 3). The value obtained for the slopes
of surface deposited flavins is much closed to that reported in
literature [50].

Table 2
The slope values of the plot of E0′

vs. pH of the modified electrodes

Modified electrodes Slopes (mV/pH)

PABS/FAD 50.8
PABS/FMN 49.8
PABS/RF 50.8
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Scheme 3. Redox process of part of the flavin (isoalloxazine ring) structure.

3.4. Surface characterization of PABS/FAD and PABS films

The surface morphology of the films was characterized by
SEM and AFM. As shown in Fig. 9, the surface morphol-
ogy of PABS/FAD film was significantly different from that
of PABS film. As previously reported by other researchers for
polyaniline [51] and as illustrated in Fig. 9B, a highly porous
material is obtained for a PABS film grown, 0.3–0.1 �m holes
are seen on the PABS film structures. However, even if the
roughness and the porosity are similar to that obtained for PANI
electropolymerized from an aqueous media [51], some morpho-
logical differences were observed. Indeed, a grainy structure was

Fig. 9. SEM images of (A) PABS/FAD composite film and (B) PABS film.

found for PABS/FAD films (Fig. 9A), and also micro-holes on
the PABS film was fully covered by the flavins.

Fig. 10 shows the morphology (A) and phase diagrams (B)
of the PABS/FAD composite films, Comparing Fig. 10A and
10B, the brighter particles were thought to be FAD molecules
with an average film thickness 2.2 �m. Further, Fig. 10 shows
the morphology (C) and phase diagrams (D) of the PABS films,
the PABS film thickness with an average size of 373 nm and
the phase diagram (Fig. 10D) shows the small holes as we
seen in SEM figures. When compare Fig. 10A and 10B with
Fig. 10C and 10D, the flavins are strongly adsorbed as a layer
with polymer film. The thickness of the PABS/FAD compos-
ite is significantly larger than that of the PABS films alone.
This is an indicative of good interaction between the flavins
and PABS polymer because the flavins acted as a dopant. The
randomly oriented fibrils were consistently coated with polymer
films. This porous morphology allows for excellent electrolyte
access with less resistance. The high conductivity of PABS in the
composite film increases the electrical properties of the redox
processes and also provides a large surface area available for
flavins intercalation.

Fig. 11 is shown the UV–vis spectrum of p-(ABSA) in the
solution, the maximum adsorption band is located at 250 nm
(Fig. 11a). The adsorption spectrum of mixed solution contain-
ing flavins and p-(ABSA) were shown three bands at 450, 360,
and 250 nm (Fig. 11b). A conventional flavin is known to have
two characteristic absorption bands at 360 and 450 nm for the
oxidized form in the visible range [49]. The PABS polymer films
and PABS/FAD composite films were prepared onto the ITO
coated glass electrodes for investigation of native structure of
flavins on the composite materials. PABS/FAD composite films
on ITO glass slides showed three adsorption bands at 446, 370
and 300 nm (Fig. 11c). PABS films was shown one sharp band at
294 nm and second broad adsorption band at about 450–650 nm,
these bands due to the polymer film (Fig. 11d). The spectra are
dominated by two broad absorption bands at 294 nm (peak 1)
and at 450–650 nm (peak 2) in aqueous solution. According to
the general practice of peak assignment, peak 1 is attributed
to the �–�* transition of the benzenoid moieties in the poly-
mer linear structure or simply to the band gap of the polymer
[21]. The broad band around 450–650 nm could be attributed
to the intramolecular �–�* transition of benzenoid to quinoid
units in the polymer structure [23]. These results suggesting that
flavins in PABS films has a nearly the same as the native state of
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flavins in solution, as previously reported by other researchers
for flavins [48]

After characterizing the voltammetry of PABS/FAD/GCE in
pH 6.4 phosphate buffers, electrocatalytic oxidation of NADH
and reduction reaction of NAD+ in aqueous solutions was exam-
ined.

3.5. Effect of polymer film thickness studies

Fig. 12 shows the surface coverage versus thickness of
the composite films. The PABS/FAD film was prepared using
cyclic voltammetry and its thickness was measured by vary-

ing the number of cycles during polymerization, e.g., 5, 10,
15, 20, 25, 30, 35 and 40 cycles. It was interesting to observe
that there was a rapid increase in surface coverage of FAD
molecules and for PABS polymer up to 30 cycles, after that
the surface coverage slowly tended to reach the limiting value.
In the present paper, the PABS/FAD film thickness was con-
trolled by the number of cycles during cyclic voltammetry.
However, the thickness of the films was measured using AFM
technique (Fig. 10A) and that was found as 2 ± 0.2 �m for 30
cycles in the same experimental conditions. Hence, the opti-
mum film thickness for PABS/FAD modified electrode was
2 ± 0.2 �m.

Fig. 10. The AFM morphology (A) and phase diagrams (B) of the PABS/FAD composite films; the AFM morphology (C) and phase diagrams (D) of the PABS films.
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Fig. 10. (Continued ).

3.6. Electrocatalytic oxidation of NADH

Fig. 13A details the voltammetric responses of PABS/FAD/
GC working electrode (scan rate 10 mV s−1) in pH 6.4 phos-
phate buffer solutions towards increasing additions of NADH.
Analysis of the voltammetric response at bare GCE in the pres-
ence of NADH reveals an oxidative wave about +0.6 V. Upon the
addition of NADH to the solution an increase in the oxidative
peak current is observed at +0.20 V over the entire concentration
range studied, with a corresponding decrease in the reductive
current at 0.0 V. This voltammetric response is entirely con-

sistent with polymer undergoing an electrocatalytic mediated
reaction process. Fig. 13B details the corresponding standard
addition plots obtained in the presence of various concentra-
tions of NADH when the current was measured at +0.2 V; greatly
enhanced signals are produced in the presence of the catalytic
mediator. Analysis of this plot revealed a linear range from 10
to 300 �M with a correlation coefficient of 0.992. The relation-
ship between the response current and the concentration starts
to deviate slightly from the straight line at the concentrations
higher than 300 �M. The detection limit is estimated to be 1 �M
(S/N = 3).
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Fig. 11. UV–vis spectra of (a) p-(ABSA) solution, (b) mixed solution of FAD
and p-(ABSA), (c) PABS/FAD composite films and (d) PABS films on ITO
coated glass electrodes.

3.7. Electrocatalytic reduction of NAD+

Fig. 14 shows the cyclic voltammograms of a PABS/FAD/
GCE in a phosphate buffer solution in absence (curve a) and
presence (curves b–d) of 20, 30 and 50 �M NAD+. It can be
seen that the reduction of NAD+ was accomplished by a clear
increase in the cathodic current at a potential of −0.41 V, cor-
responding to the catalytic reduction of NAD+. Simultaneously,
a decrease in the anodic peak current in the presence of NAD+

was also observed. No such an electrochemical reduction current
was obtained at an unmodified GCE in 0.1 M phosphate buffer
upon the addition of NAD+ solutions. These results indicated
that NAD+ could be biocatalytically reduced at the PABS/FAD
modified GCE. The FAD-mediating biocatalytical reduction of
NAD+ can be presented in literature [40–42].

3.8. Electrocatalysis of NAD+/NADH regeneration

Electrocatalysis of NAD+/NADH regeneration was also
investigated by cyclic voltammetry at the freshly prepared
PABS/FAD modified electrodes to nicotinamide adenine dinu-
cleotide. As mentioned, NAD+ can be reduced to enzymatically
active NADH using FAD as an electrocatalyst [40–42] and

Fig. 12. Plot shows the surface coverage’s vs. number of cycles of polymeriza-
tion (A) FAD and (B) PABS.

Fig. 13. (A) CVs of PABS/FAD/GCE in pH 6.4 PBS: NADH = (a′) 0.0 �M,
(a) 12.5 �M, (b) 25 �M, (c) 37.5 �M and (d) 50 �M. Scan rate 10 mV s−1. (B)
Calibration plot of [NADH] vs. peak current.

NADH can be oxidized to NAD+ using PABS as an electrocata-
lyst, the addition of pure NADH provides the anodic (oxidation)
current of polymer peak of PABS/FAD/GCE modified electrode
was increased at 0.20 V (pH 6.4) (Fig. 15) where as the addition
of pure NAD+ causes the cathodic (reduction) current at the FAD
peak at about −0.41 V. Thus, PABS/FAD modified electrode is
active in both NAD+ reduction and NADH oxidation.

The anodic peak current of the PABS redox couple at a
potential of about 0.20 V (versus Ag/AgCl) increased noticeably,
while the cathodic peak current decreased, as the concentration

Fig. 14. CVs of PABS/FAD/GCE in pH 6.4 PBS: NAD+ = (a) 0.0 �M, (b)
20 �M, (c) 30 �M and (d) 50 �M. Scan rate 10 mV s−1.
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Fig. 15. CVs of PABS/FAD/GCE in pH 6.4 PBS: (b) NADH or NAD+ = 0.0 �M,
(c) 50 �M NADH or 50 �M NAD+ and (a) bare GCE with 50 �M NADH. Scan
rate 10 mV s−1.

of NADH increased (Fig. 15). It was indicated that the oxidation
of NADH was mediated by PABS film and the NAD+ was elec-
trocatalytically reduced by the mediated action of FAD redox
couple. The reaction mechanisms when using a PABS/FAD
composite film as a catalyst are described below [40–42]:

PABS (reduced form)/FAD

→ PABS (oxidized form)/FAD + 2H+ + 2e− (3)

PABS (oxidized form)/FAD + NADH

→ PABS (reduced form)/FAD + NAD+ (4)

PABS (reduced form)/FAD + 2H+ + 2e−

→ PABS (reduced form)/FADH2 (5)

PABS (reduced form)/FADH2 + NAD+

→ PABS (reduced form)/FAD + NADH + H+ (6)

The stability of the PABS/FAD/GCE as discussed in Sec-
tion 3.3, when compared to other modified electrode systems
reported for NAD+/NADH reversible reaction [40–42], the
response of the electrode peak current reached (95%) within
2 s and the method of immobilization of flavins is simple and
the enzymatic activity of flavins almost retained in the com-
posite materials it was understood from the formal potential
of flavins in solution and on the PABS film are almost same.
Due to the chemical stability, electrochemical reversibility and
high electron transfer rate constant of flavins on PABS modified
electrodes, it can be widely used in electrocatalysis as an elec-
tron transfer mediators to shuttle electrons between analytes and
substrate electrodes.

4. Conclusions

We reported the synthesis and properties of composite mate-
rial PABS/flavins film modified electrodes, we have applied a

novel approaches for synthesis of PABS/FAD films, first one,
the adenine group of FAD molecules are positively charged in
acidic solution, so we opted negatively charged PABS polymer
for immobilization of flavins, the oppositely charged species
are very attractive for the preparation of biosensors. Hence,
the PABS/FAD composite material was very stable than other
method used for immobilization of flavins. The flavins acted
as a dopant in the electropolymerization process of p-(ABSA).
SEM and AFM results indicated that the doped flavins signifi-
cantly changed the morphology of PABS film and the composite
film formed grainy nature. The UV–vis studies confirmed that
the incorporation of the flavins in the PABS film. Finally,
PABS/FAD/GCE is used to electrochemically detect NADH
and NAD+. PABS/FAD/GCE showed excellent electrocatalytic
activity for the oxidation of NADH and for the reduction of
NAD+. At optimum conditions, the sensor has a fast response to
NADH and a good linear response to NADH in the range from
10 to 300 �M. The CV waves of nicotinamide adenine dinu-
cleotide reduction-oxidation (NAD+/NADH) reversible reaction
was also reported in physiological condition.
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