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A novel naﬁon–riboﬂavin membrane was constructed and characterized by the scanning electron microscopy
(SEM), transmission electron microscopy (TEM), UV-visible spectroscopy and cyclic voltammetric techniques. The
estimated average diameter of the designed nanoparticles was about 60 nm. The functional membrane showed a quasireversible electrochemical behaviour with a formal potential of –562 ± 5 mV (vs Ag/AgCl) on the gold electrode.
Some electrochemical parameters were estimated, indicating that the system has good and stable electron transfer
properties. Moreover, horseradish peroxidase (HRP) was immobilized on the riboﬂavin–naﬁon functional membrane.
The electrochemical behaviour of HRP was quasi-reversible with a formal potential of 80 ± 5 mV (vs Ag/AgCl). The
HRP in the ﬁlm exhibited good catalytic activity towards the reduction of H2O2. It shows a linear dependence of its
cathodic peak current on the concentration of H2O2, ranging from 10 to 300 µM.
[Rezaei-Zarchi S, Saboury A A, Javed A, Barzegar A, Ahmadian S and Bayandori-Moghaddam A 2008 Nano-composition of riboﬂavin–naﬁon
functional ﬁlm and its application in biosensing; J. Biosci. 33 279–287]

1.

Introduction

It is well known that biological macromolecules exhibit
a rather slow rate of heterogeneous electron transfer at
conventional electrodes, ascribed to either their extended
three-dimensional structures or the resulting inaccessibility
of the electro-active centre or to their adsorption onto and
subsequent passivity of the electrode surface (Scheller et
al 2005). In recent years, numerous investigations have
been carried out on electrochemical biosensors to improve
the rapidity, selectivity and sensitivity, and reduce the cost
of chemical analysis (Khoo and Chen 2002; Kurzawa
et al 2002; Kong et al 2003). Much effort has been focused
on facilitating electron transfer between proteins and
electrodes, including the application of electron transfer
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mediators, where immobilization of the mediator is as
important as that of the enzyme (Chaubey and Malhotra
2002). A series of organic materials such as methylene
blue (Arvand et al 2003), methylene green (Munteanu et
al 2001), Prussian blue (Karyakin et al 2004), phenazines
(Pessoa et al 1997) and thionine (John and Ramaraj 2004)
have been used as electron transfer mediators. Flavins work
as redox coenzymes in many biological transformations and
hence they have been used as redox mediators between the
electrode and several enzymes (Ogino et al 1995).
Materials that allow the immobilization of mediators
and biological molecules have a great potential for the
development of sensors and biosensors (Gorton et al 1991).
Several studies using zeolites, clays, zirconium phosphate
and modiﬁed silica as immobilization supports have been
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carried out successfully and published (Rolison 1990;
Kubota et al 1995; Cai et al 1996). During recent years, the
increasing popularity of naﬁon perﬂuorosulphonated ionexchange resin (naﬁon) for the fabrication of redox polymermodiﬁed electrodes is due to the easy fabrication, good
electrical conductivity, and high partition coefﬁcients of
many redox compounds in naﬁon, which is a perﬂuorinated
anionic polyelectrolyte. At present, reagent grafting onto a
naﬁon surface is a common procedure in order to obtain
supports for the catalysts, ion-exchange selectivity from
the solution and matrices for immobilization of several
materials, such as enzymes and electron mediators (Miura
et al 1984; Gogol et al 2000). These properties make naﬁon
an excellent matrix for use in modiﬁed electrodes. Naﬁon
has some important characteristics such as a high surface
area, rigidity, porosity, chemical stability, good
biocompatibility and the ability to resist interference
from anions and biological macromolecules, making it a
promising matrix (Murray 1984; Andrieux et al 1990; Liu
and Deng 1995).
The naﬁon immobilization process is simple and versatile,
and offers good retention of the biochemical and recognition
properties, increases the stability and also improves the
electrochemical properties of the immobilized species.
Considering these aspects, the present work describes the
use of naﬁon for riboﬂavin immobilization, which is a new
method for immobilizing riboﬂavin onto the surface of a gold
electrode with the help of naﬁon. The combined stabilities of
riboﬂavin and naﬁon, and the effect of electrolytes are also
investigated in this study. In addition, horseradish peroxidase
(HRP) was immobilized onto the riboﬂavin–naﬁon ﬁlm and
applied to determine the concentration of H2O2.
2.

and the current, ﬂowing towards the working electrode,
is plotted versus the applied voltage to give the cyclic
voltammogram) and a single-compartment voltammetric
cell equipped with a platinum rod auxiliary electrode,
an Ag/AgCl reference electrode (from Metrohm) and a
working gold electrode, with a disk diameter of 1 mm (Azar
Electrode, Iran). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images were
obtained with DSM 960A and CEM 902A (Zeiss, Germany),
respectively.
2.3

For the preparation of the naﬁon–riboﬂavin-modiﬁed
gold electrode, the concerned electrode was mechanically
polished twice with alumina (particle sizes 10 and 0.3 µm)
to a mirror ﬁnish. Then, it was ultrasonically treated in water
for 10 min. Thereafter, it was treated electrochemically in
0.2 M sulphuric acid, cycling between –0.2 and +1.5 V (vs
Ag/AgCl) at a sweep rate of 0.1 Vs–1, until a clean gold
electrode was obtained. Finally, the electrode was washed
with deionized double distilled water. Naﬁon solution (2 µl,
5%) was dropped onto the surface of the freshly prepared
gold electrode and dried at room temperature for 20 min.
Then, the electrode was dipped into a freshly prepared
riboﬂavin solution (1 mM) for 10 min, washed carefully
with deionized double distilled water and stored at 4oC when
not in use. The experimental solutions were de-aerated using
highly pure nitrogen for 30 min and a nitrogen atmosphere
was kept over the solutions during the whole measurement.
All the electrochemical experiments were carried out in 0.1
M phosphate buffer solution, pH 7.0 at 25 ± 1oC.

Material and methods
2.1

Reagents

Riboﬂavin, naﬁon (5% ethanol solution), HRP and ﬁne
alumina powder were purchased from Sigma, St Louis,
USA. Potassium dihydrogen phosphate, di-potassium
hydrogen phosphate.3H2O, HCl and NaHCO3 were obtained
from Merck, Darmstadt, Germany. All the reagents were
of analytical grade. Solutions were prepared in deionized
double distilled water (18 MΩ cm, Barnstead Instrument).
2.2 Apparatus and measurements
Electrochemical measurements were carried out with a
potentiostat/galvanostat (Model 263A, EG&G, USA) by the
cyclic voltammetric method (cyclic voltammetry is a type
of potentio-dynamic electrochemical measurement in which
the voltage is applied to a working electrode in the solution
J. Biosci. 33(2), June 2008

Naﬁon–riboﬂavin-modiﬁed gold electrode

2.4

Electron microscopy of the membrane

In order to obtain the SEM images, the samples were
prepared by the method described for the preparation of
a naﬁon–riboﬂavin-modiﬁed gold electrode. The TEM
images of the naﬁon–riboﬂavin particles were taken by the
following method: at ﬁrst, a solution with the same volumes
of 1 mM riboﬂavin and 5% naﬁon was prepared and diluted
100 times with 50% ethanol. A drop of this diluted solution
was added to fomvar/carbon-coated grids (400 meshes) and
after drying, viewed under the TEM, operating at 80 kV.
2.5

HRP–naﬁon–riboﬂavin modiﬁed gold electrode

Of the HRP solution (10 mg/ml in pure water) 2 µl was
dropped onto the naﬁon–riboﬂavin-modiﬁed gold electrode
and dried in air at room temperature for about 60 min. The
modiﬁed electrode was kept in a bottle over water vapour at
4ºC when not in use.

Nano-composition of riboﬂavin–naﬁon functional ﬁlm and its application in biosensing
3.
3.1

Results and discussion
Material characterization

The riboﬂavin–naﬁon membrane surface was viewed
with SEM and TEM to consider its uniformity and other
characteristics. The SEM images, taken from a cross-section
of the membrane, represent the interaction between the
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substrate and the riboﬂavin–naﬁon membrane. Figure 1a
demonstrates that the membrane is in close contact with
the substrate and has a thickness of about 800–1200 nm.
The top view of the membrane showed several meshy
protuberances and hollow structures (ﬁgure 1b). The TEM
images showed that the naﬁon–riboﬂavin particles were
in a mixture of integrated and single-particle forms, made
from uniform spheres with an average particle size of about

Figure 1. Scanning and transmission electron micrographs (TEM) of naﬁon and riboﬂavin. Scanning electron micrograph images of the
naﬁon–riboﬂavin membrane: (a) cross-section, (b) top view. TEM images (c, d) of naﬁon–riboﬂavin nanoparticles. (For details, refer to
the text.)
J. Biosci. 33(2), June 2008
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60 nm (ﬁgure 1c,d). In fact, riboﬂavin has the potential to
be immobilized strongly onto the electrode surface and the
riboﬂavin–naﬁon-modiﬁed electrode is not only stable but
according to Chen et al (1994), these nanoparticle structures
also greatly increase the surface area of the membrane. On
the other hand, riboﬂavin molecules disperse homogeneously
inside the nanoparticles (Yao et al 2005).
Figure 2 shows the UV-visible spectra of riboﬂavin,
adsorbed on naﬁon (a) and in the solution (b), respectively.
By adding riboﬂavin to naﬁon, no changes were observed
on the status of riboﬂavin peaks at 364 and 440 nm but
the adsorption was decreased to considerable levels.
As described before, micro-emulsion and nanoparticle
production of the materials decreases their absorbance in
the UV-visible region (Clarke et al 1997; Yao et al 2005;
Gao et al 2006). Hence, the results show that naﬁon particles
gather around some of the riboﬂavin molecules and develop
nanoparticles. The structure of naﬁon has an abundance of
F and O atoms, which can develop very strong hydrogen
bonds with some H atoms in the riboﬂavin molecules. In
the present study, electron microscopy showed the construction of nanoparticles while the UV-visible spectra veriﬁed
these ﬁndings. Our previous study, based on the production
of methylene blue nanoparticles on naﬁon ﬁlm (Hong et al
2007), and the recent investigation has proven that naﬁon can
be a very interesting and useful material in the construction
of nanoparticles used in different electroactive materials.
3.2

Electrochemical properties of the material

Cyclic voltammograms obtained for the naﬁon-modiﬁed gold
electrode did not show any peak current in the investigated
potential range, while in case of the naﬁon–riboﬂavinmodiﬁed gold electrode, a clear redox peak was scanned
that indicates immobilization of riboﬂavin on naﬁon. This
observation represents a good electrochemical signal for
the present analysis. The formal potential (Eo´), determined
by using the following equation: Eo´= (Epc + Epa)/2 (where
Epc is the cathodic and Epa is the anodic peak potential),
was about –562 mV at pH 7.0. A linear dependence of
the anodic and cathodic peak currents on the square
root of the scan rates (v1/2) is illustrated in ﬁgure 3 for
the adsorbed riboﬂavin. This behaviour is similar to a
diffusion-controlled redox process but no decrease in the
peak current was observed after repeated cycles of this
experiment (ﬁgure 4). These ﬁndings indicate that riboﬂavin
is strongly adsorbed onto the surface of naﬁon. Hence, the
redox process is controlled by the diffusion of counter-ions
to maintain electroneutrality on the electrode surface. Other
possible causes for this behaviour can be the resistance of
the material or an electron transfer process, occurring by
the electrohopping mechanism (Yamashita et al 2002).
This behaviour is more likely to be seen when the electron
J. Biosci. 33(2), June 2008

transfer mechanism occurs at a high concentration of the
supporting electrolyte.
The separation of the peak potentials, ∆Ep (∆Ep = Epa
– Epc), was about 95 mV for riboﬂavin–naﬁon. It was
almost constant with changes in scan rate. In addition, the
ratios between the cathodic and anodic peak currents were
near unity. This behaviour shows a good electron transfer
rate between the adsorbed riboﬂavin and the electrode
surface (Laviron 1982; Honeychurch and Rechnitz
1998). The number of electrons transferred between the
electrode and the adsorbed riboﬂavin during the redox
process was calculated by the use of the following
equation: Efwhm= 90.6/n, where n is the number of electrons
participating in the reaction and E is the peak width at half
height. For riboﬂavin adsorbed in this condition, the number
of electrons was close to 1.5, which indicates that a part of
the ﬂavins is being converted to a semi-quinone state during
the redox process. The present data are in accordance with
a previous study done on riboﬂavin immobilization on a
zirconium oxide-modiﬁed silica gel (Yamashita et al 2002).
Table 1 shows the effect of different ions on the naﬁon–
riboﬂavin ﬁlm. These ions can affect the electrochemical
response of the electrode due to interaction with the adsorbed
electro-active species or with the matrix (Yamashita et al
2002). Table 1 explains the effect of different electrolytes on
Eo´ and ∆Ep, and also the results obtained from the average
of the ﬁve measurements. Our data explain the fact that
different ions do not change Eo´ and ∆Ep to a considerable
level so they cannot be adsorbed by this ﬁlm.
3.3

Electrochemical characteristics of the HRP–naﬁon–
riboﬂavin modiﬁed gold electrode

Figure 5a represents the electron transfer properties of
the immobilized HRP on the naﬁon–riboﬂavin-modiﬁed
gold electrode at different sweep rates. A pair of welldeﬁned redox peaks was observed in the potential range of

Table 1. Effect of different supporting electrolytes on Eo´ and
∆Ep for naﬁon–riboﬂavin obtained in 0.1 M solution at pH 7.0;
scan rate 100 mV/s
Supporting electrolytes

∆Ep

Eo´

KNO3

87 ± 6

–555 ± 10

LiNO3

95 ± 5

–560 ± 8

NaNO3

94 ± 7

–548 ± 11

Ca(NO3)2

86 ± 7

–552 ± 10

NH4NO3

84 ± 9

–549 ± 6

NaCl

91 ± 7

–552 ± 7

Na2SO4

89 ± 9

–557 ± 11

NaClO4

85 ± 8

–552 ± 9
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Figure 2. UV-visible spectra of riboﬂavin adsorbed on naﬁon (a) and in solution (b).

Figure 3. (a) Typical cyclic voltammograms of naﬁon–riboﬂavin on the gold electrode at different scan rates. The voltammograms (from
inner to outer) designate scan rates of 25, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV/s, respectively. (b) Dependence of
the anodic and cathodic peak currents on the square root of the scan rates. All the data were obtained at pH 7.0 and 0.1 mol l-1 phosphate
buffer solution.
J. Biosci. 33(2), June 2008
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Figure 4. Cyclic voltammograms of riboﬂavin–naﬁon after (a) 1 cycle, (b) 50 cycles and (c) 100 cycles in 0.1 mol l-1 phosphate buffer
solution at a scan rate of 100 mV s-1.

Figure 5. (a) Cyclic voltammograms of the naﬁon–riboﬂavin–horseradish peroxidase (HRP) modiﬁed gold electrode in 0.1 mol l-1
phosphate buffer solution at different sweep rates (from inner to outer: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 V s-1). (b) Relationship of peak current
and scan rate (v).
J. Biosci. 33(2), June 2008
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Figure 6. (a) Cyclic voltammograms obtained at a naﬁon–riboﬂavin– horseradish peroxidase (HRP) modiﬁed gold electrode in
0.1 mol l-1 phosphate buffer solution (pH 7.0) for 50–400 µM concentrations of H2O2 and (b) the relationship between the cathodic peak
current of HRP and different concentrations of H2O2.

–0.3 to +0.6 V, which could be ascribed to the electron
transfer of HRP at the modiﬁed electrode at different sweep
rates. Figure 5b shows that the cathodic and anodic peak
currents of HRP have a linear relationship with the scan
rate. The integration of the redox peaks at different sweep
rates also gave a nearly constant charge (Q) value. These
are the characteristics of diffusionless and thin-layer
electrochemical behaviour (Murray 1984), which showed
good and stable immobilization of HRP onto the naﬁon–
riboﬂavin ﬁlm. Electron transfer of redox protein at the
bare gold electrode is very slow so the redox peak cannot
usually be observed (McNeil et al 1992; Tian et al 2004).
Furthermore, no redox peaks were observed for the redox
proteins at the naﬁon-modiﬁed gold electrode (without
riboﬂavin) nor for the naﬁon–riboﬂavin modiﬁed gold
electrode at a potential range of –0.3 to +0.6 V. However,
the naﬁon–riboﬂavin functional membrane signiﬁcantly
facilitates the electron-transfer rates of the protein. Naﬁon
improves the stability of HRP and offers a biocompatible
microenvironment on the electrode surface (Chen et al 1994;
Hong et al 2007).

Figure 6a represents the incorporation of HRP onto
the naﬁon–riboﬂavin membrane, which functions as an
effective catalyst for the reduction of H2O2. The calibration
curve (ﬁgure 6b) shows a linear dependence of the cathodic
peak current on the H2O2 concentration at a potential range
of 0–300 µM. The reproducibility of the catalytic current
response of the disposable sensor was tested at an H2O2
concentration of 50 µM. The sensor showed an acceptable
reproducibility with a relative standard deviation of 2.6% for
over 4 successive assays and the detection limit was 10 µM.
The detection limit was determined from the cross point of
the lines ﬁtted to the linear segments of the cathodic peak
current vs H2O2 concentration (Richard and Erno 1994).
Thus, this experiment has introduced a new biosensor for
the sensitive determination of H2O2 in solution.
4.

Conclusions

The results show that naﬁon was able to immobilize
riboﬂavin onto the surface of a gold electrode with good
J. Biosci. 33(2), June 2008
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stability and effective electron transfer. TEM and UVvisible spectroscopic analyses showed the incorporation of
riboﬂavin nanoparticles onto the naﬁon polymer. We found
that such incorporation facilitates electron transfer between
the protein and the electrode surface. Hence, the redox
behaviour of HRP can be deﬁned by this functional ﬁlm. The
data from this study show that such modiﬁed ﬁlms can be
useful for biological sensing and bioelectrochemical studies,
while the immobilization of HRP on the riboﬂavin–naﬁon
ﬁlm exhibited good catalytic activity towards the reduction
of H2O2. In view of the sensitivity, reproducibility and
simplicity of the construction, this has great promise in the
ﬁeld of biosensors.
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