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Abstract The remarkable enhancement of electron trans-
fer on screen-printed carbon electrodes (SPCEs) with mod-
ification bgf iron nanoparticles (Fea,,), coupled with
Fe(CN)s* > redox species, was characterized with an in-
crease of electroactive area (A4.,) at electrode surface to-
gether with a decrease of heterogeneous electron transfer
rate constant (k°) in the system. Hence, Fenm,-Fe(CN)63 -
SPCEs with deposition of glucose oxidase (GOD) dem-
onstrated a higher sensitivity to various glucose concentra-
tions than Fe(CN)637/GOD—deposited SPCEs. In addition,
an inhibited diffusion current from cyclic voltammograms
was also observed with an increase in redox concentra-
tion and complicated the estimation of A.,. Further anal-
ysis by the electrochemical impedance method, it was
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shown that this effect might be resulted from the electrode
surface blocking by the products of activated complex
decomposition.
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Introduction

Over the past few years, screen printing seems to be one
of the most promising technologies in the application of
simple, rapid, inexpensive, and disposable biosensors in
clinical and industrial analysis because of the advantages
such as versatility, low cost, and particularly the possibility
of mass production. In particular, amperometric biosensors
fabricated via screen-printed carbon electrodes (SPCEs)
have not only gained the interests of many research lab-
oratories [1-5] but have also been commercially exploited
in the fabrication of personal glucose biosensors for diabetics
[6, 71.

Artificial redox mediators are often used to shuttle
electrons between the embedded redox center of enzyme
and the electrode surface for the amperometric biosensors
[8, 9]. The ferro/ferricyanide [Fe(CN)s* 7] redox system
used in this study exhibits a heterogeneous one-electron
transfer and is one of the most extensively studied redox
couples in electrochemistry [10, 11]. The scheme of the
glucose biosensing mechanism with this redox species is
shown in Fig. 1.

Many attempts have been made to modify SPCEs in
the application of biosensors for enhancing the electron
flow to some extent [12—14]. Iron nanoparticles (Fepano)
is one of the popular nanomaterials [15] that are gaining
interests to offer excellent prospects for chemical and
biological sensing. In our laboratory, the preliminary ex-
perimental results showed that a simple way of Fe.,0
modification on the surface of SPCEs could amplify the
amperometric current with Fe(CN){H} redox couples,
hence increase the sensor sensitivity.
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Fig. 1 The sequence of electron transfer in the ferricyanide-
mediated glucose biosensor

Electroactive area (4.,) related to redox probe system
has been used to characterize the current amphﬁcatlon of
modified electrodes using a fixed Fe(CN)s> concentration
based on the assumption that the peak current was linearly
proportional to the redox concentration [16—18]. However,
the estimation of A4., is complicated by the nonhnear
responses of the cathodic peak current to the Fe(CN)g>~
concentration at the disposable SPCEs used in this work.

Previous reports [19-24] showed that the electron
transfer process in the Fe(CN)s* ®~ system was consider-
ably more complex and could not be treated as a simple
outer-sphere electron exchange between two species pres-
ent in the solution. The effect of the supportlng electrolyte
cation on the electron transfer kinetics in Fe(CN)s* >~
redox system was postulated to be associated with ion-pair
formation in the active complex containing the oxidized
and reduced redox system species linked by the supporting
electrolyte ions [19, 20]. Some authors suggested that
platinum electrode surface was adsorbed by Fe(CN)¢* >~
ion [21, 22] and partially blocked by the decomposition
products of active complex [23, 24].

The main purpose of this study was to investigate the
kinetics of the enhanced electron transfer in Fe(CN)g* ">~
redox system on SPCEs with modification by Fe,,,, and
the inhibited diffusion current with an increase in redox
concentration using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). In addition, a
higher sen81t1V1ty to varying glucose concentrations by
Fepano-Fe(CN)s>~ SPCEs with deposition of glucose oxi-
dase (GOD) was also presented.

Experimental

K3Fe(CN)g and K4Fe(CN)g were purchased from Merck,
iron nanoparticles (Fepan,) (25~100 nm) from Vacuum
Metallurgical Co., Ltd (Chiba, Japan), GOD (EC 1.1.3.4,
5,100 U mg protein ', from Aspergillus niger) and B-p-
glucose were from Slgma (St. Louis, MO, USA). All other
chemicals were analytical grade. Phosphate buffer solu-
tions (PBS, 0.1 M) were prepared by mixing stock solu-
tions of K,HPO, and NaH,PO,, and pH values were
adjusted with 0.1 M H3;PO,4 or NaOH solution. GOD solu-
tion was freshly prepared daily just before the fabrlcatlon
of biosensors with PBS (pH 7.0) to glve 0.6 U pul".

Glucose standard solutions (0-600 mg dl" ") were prepared
in PBS (pH 7.0), left overnight to allow equilibration of the
anomers and stored at 4°C. Solutions of Fe,,,, and Fe,ap0-
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Fe(CN)s>~ were prepared by dlssolvmg appropriate amounts
of Fepano in PBS (pH 7.0) and in 0.1 M Fe(CN)g®~ solu-
tion, respectively. Double-distilled water (Millipore-Q)
was used in this study. Disposable SPCEs test strips (gifts
from Apex Biotechnology Corp., Hsinchu, Taiwan) with a
two-electrode configuration were used for glucose biosen-
sor fabrication. Each SPCEs test strip consists of two
identical half-circular electrodes (with a diameter of 5 mm
and a gap of 0.5 mm) that were used as the working and
counter electrodes on a polyvinyl chloride substrate.

Electrochemical experiments including CV and chrono-
amperometry (CA) were performed using a CHI 440 elec-
trochemical workstation (CH Instruments, USA). The EIS
analyses were performed with an Autolab PGSTAT12 (Eco
chemie, B.V., The Netherlands) and controlled by GPES
4.9 and FRA 4.9 softwares, and the impedance spectra
were recorded in the frequency range of 0.1 Hz—100 kHz
by using a sinusoidal excitation signal (single sine) with an
excitation amplitude of 10 mV. All electrochemical mea-
surements were determined at room temperature (25+1°C),
and results were reported by taking the mean of the mea-
surements in triplicate.

For kinetics study, Fe,.,,-modified SPCEs were pre-
pared by pipetting 10 pul Fe,,,, solution onto the bare
electrode surface and dried at 40°C for 15 min. CV and EIS
measurements were conducted immediately after 10 upl
redox solution was dropped on the bare or Fe,,,,-modified
SPCEs.

The fabrication of Fe(CN)6 ~/GOD or Fepno-Fe(CN 63 7/
GOD SPCEs was firstly deposited with 10 pl Fe(CN)g™
Fenano-Fe(CN)s> solution on the surface of bare SPCEs
and dried at 40°C for 15 min. And then 5 ul GOD solution
was layered-on and dried to be ready for use. For glucose
sensing, the amperometric current-time response at a fixed
potential of 0.3 V, following the addition of glucose solu-
tions onto the biosensor test-strips, was recorded for 10 s,
and the calibration plots of the glucose biosensors were
constructed.

Results and discussion
Characterization of Fe,,,,-modified SPCEs

CVs were conducted with Fe,,,,-modified SPCEs in the
presence of 0.1 M Fe(CN)s® over the potentlal range
from —0.5 to +0.5 V at a scan rate of 0.05 Vs '. A current
amplification is observed with increase 1n Fepano loading
on the modified SPCEs toward Fe(CN)s>~ redox reaction
(Fig. 2). It implies that Fe,,,, could act as a promising elec-
troactive material for glucose biosensor.

In Fig. 2, the Fe,,,,-modified SPCEs also show a slight
shift of the peak potentials of reduction/oxidation (E},./E,;,)
with the increasing loading of Fe,,,,, e.g., from —0.113/
0.133 V (Fig. 2, curve a) at bare SPCEs to —0.186/0.176 V
(Fig. 2, curve e) at Fe,,,,-modified SPCEs with 0.4%
Fepano loadmg It implies that the effect of state density of
Fe(CN)s* "% redox couples on the heterogeneous electron
transfer rate (k°) at SPCE might have been changed.
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Fig. 2 Cyclic voltammograms of Fep,,,-modified SPCEs with
different Feyano (W/V), a 0%; b 0.1%; ¢ 0. 2% d 0.3%, and e 0.4%
loadings i in the presence of 0.1 M Fe(CN)>~ solution. Scan rate was
005V s

Therefore, Nicholson methodology [25] was adopted to
clarify this effect as described in the following section.

Rate constant determination from CV
with varying scan rate

Kinetic study was conducted at Fe,,,,-modified and bare
SPCEs with varying scan rate (v). The increasing separa-
tion between the oxidation and reduction peaks potentials
(AE,) with increasing scan rate indicated the quasi-re-

versible process of the redox couples on electrodes (Fig. 3).

The Nicholson method is very useful to estimate the rate
constant k° for quasi-reversible reactions by determining
AE, vs v, and then with the relation between AE,, and the
parameter ¥ [25], which is defined as

(l)Ox/l)Red)O[/zko
[Doxmu(nF /RT)]'?

= (M

where Do, and Dgeq are the diffusion coefficients of the
oxidized and reduced forms respectwely, of the redox
couple in solution, Fe(CN)¢**~ redox system exhibits a
heterogeneous one-electron transfer (n=1), and the remain-
ing terms have their usual electrochemical significance.
Accordingly, the dependence of ¥ on v'"? should be linear
(Fig. 3, inset), with the slope proportional to rate constant
k°. Furthermore, some approximations should be made, by

considering the dlffusmn coefﬁ01ent Dox=Dgrcq With the
known value of 8.0x107¢ cm? s ' [24], at 7=298°K, and ¥
became independent of the transfer coefficient .

From Frg 3 (mset) and Eq. (1), £° values are calculated
as 1.7x1072 cms™! for bare SPCEs and 1.1x10> cm's™! for
Fenano-modified SPCEs, respectively. It is known that the
rate of electron transfer at carbon-based electrodes depends
on the structure and morphology of the carbon material

0.6 1
0.6 4
S
0.4 - 0.3 4
0.0 T T
0 20 .
z 0.2 A2 2 12 Anodic
a7 v IV s
S§]
0.0 4
-0.2 >
Cathodic
6 5 -4 -3 2
Inv/Vs!

Fig. 3 Plots of the peak potential of (o) bare and (a) Fepano-
modified SPCEs by 0.4% (w/v) Fep.,, against the natural logarithm
of the scan rate in the presence of 0.1 M Fe(CN)(, solution. /nset,
plots of the corresponding parameter ¥ against inverse of square root
of the scan rate

used i in the electrodes and k° value can be ranged from 10*
cms ' to 102 cm s ' for carbon-based electrodes with
pretreatment or modification [26, 27]. In addition, it is
found that £° values for Fe,,,,-modified and unmodified
SPCEs are in the range of quasi-reversible reactions [28].
However, a lower value of £° for Fe,,,,-modified SPCEs is
observed. It may be explained that the electroactive sites on
the electrode surface are changed to be more hydrophobic
toward redox couple solution after SPCEs being modified
with Fepao [13].

Estimation of electroactive area

Electroactive area was used to characterize the carbon-
based electrodes in many studies [16—18] by simple cyclic
voltammetric analysis according to the Randles—Sev¢ik
equation modified for quasi-reversible reaction [28]
ip = K(A,a) x (2.69 x 10°)n*?4,CVDy/v )
where ip is the peak current, 4., is the electroactwe area
(cm?), D is the diffusion coefficient (cm® s™'), C is the
concentratlon of the probe molecule in the bulk solution
(mol cm ), K(A, ) is a modified parameter for quasi-
reversible reaction with function of A, defined as &°/
[D(nF/RT)v]l/ 2., and the transfer coefﬁcient (a). The other
terms have their usual significance.
Cyclic voltammetry was performed again over the po-
tentlal range from +0.5 V to —0.5 V with scan rate 0of 0.05 V
! at both bare SPCEs and Fe,,n,-modified SPCEs toward
drfferent Fe(CN)¢*~ concentrations. The resulting cathodic
peak currents (i) were inhibited with increasing redox
concentration as shown in Fig. 4. The modified parameter
K(A, o) in Eq. (2) can be determined from AE, and E,¢/>—
Ey. [28], where E, and E,, are cathodic peak and half-
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Fig. 4 Plots of i,K(A, a) ' obtained from cyclic voltammograms
for (o) bare and (4 ) Fenano-modified SPCEs by 0.4% (w/v) Femm
with varying concentration of Fe(CN)¢”; scan rate=0.05 V s

peak potential, respectively. With substituting each calcu-
lated K(A, «) in the modified Randles—Sev¢ik Eq. (2) as
follows,
ipK(A, )" =2.69 x 10°n°24,,CVDy/v 3)
where the nonlinear response characteristics of the left term
in Eq. (3) to the Fe(CN)s>~ concentration was illustrated in
Fig. 4, and this effect complicated the estimation of elec-
troactive area. It is noted that the SPCEs used in this study
is difficult to produce notable 7, in the low Fe(CN)g>~
concentration ranges (<0.025 M). To reduce this effect, it
was estlmated from the slope of the linear region of the sz
(A, @) ' vs Cplotat C—0 and 4., yielded 7.1£0.9x10 > cm?
for bare SPCEs, which 1s about 8.3% of its apparent
geometric area (O 085 cm?) without considering the rough-
ness of the electrode Meanwhile, an increased A, (2.2+
0.6x107% cm?) was obtained for the Fe,un,-modified
SPCEs. The results are almost compatible to the SPCEs
containing commercial carbon paste without any pretreat-
ment in the report of Dock and Ruzgas [12].

Electrochemical recognition of Fe,,,,-modified
SPCEs by EIS

A common way of showing the resulting data is the
Nyquist Plot, in which the real (Z') vs the imaginary (Z")
components of the impedance (Z) are plotted. When an
AC current flows through a circuit made of resistors,
capacitors, inductors, or any combination of these, the
impedance, the ratio of applied voltage to measured current
(Z=E/l),, shows a complex notation with the real part
attributable to resistors and the imaginary part attributable
to the capacitors (Z =7'+jzZ;j =v—-1 ) . The interface can
be modeled by a simplest equivalent circuit (Fig. 5), made
of the electrolyte solution resistance (Rg) in series with
the parallel circuit of Faradic impedance and double-layer
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Fig. 5 A simple equivalent circuit for quasi-reversible electron
transfer process

capacitance (Cq). Here, Faradic impedance is composed of
Warburg impedance (Zy,) and electron transfer resistance
(Rer), whose expression can be derived from Butler—
Volmer equation and, for small applied signal amplitudes,
can be translated into the exchange current under equilib-
rium, iy [28].

Re = RT(nFiy) ™" “4)

The exchange current iy [28] is given by the equation

io = nFAeak®Cox exp[—anF (Eq — E*) /(RT)] (5)
= nFAcak®Creq exp[(1 — a)nF (Egqe — E*) /(RT)]
where Co, and Cgreq are the bulk concentration of the
oxidized and reduced form, respectively, of redox couple in
solution, Ey4. is the equilibrium dc-potential of the elec-
trode, £°' is the formal potential of the redox couple in the
solution, and the remaining terms have their usual sig-

nificance. Under the experimental conditions used in this
work, i.e., Eg.=E°" and Cpx=Creq=C, Eq. (5) reduces to

o = nFALk°C 6)
Combination of Eqgs. (4) and (6) gives
Aea = RT /(" F*Rek°C) (7)

where the electroactive area, A.,, can be obtained. In this
study, it was camed out with varying the total concentra-
tion of the Fe(CN)s* ">~ redox couple but keeping Cox=
Creq at the open-circuit potentials. A constant phase el-
ement (CPE) is often introduced in the equivalent circuit
instead of a capacitance for a better fitting to stem from the
fact that the electrode is normally rough and the deviation
of real situation from the ideal behavior.

The Nyquist Plots with different dilute Fe(CN)s* "~
solutions for bare and Fe,,,,-modified SPCEs are shown
in Fig. 6, and R, can be acquired by modeling of the
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Fig. 6 Nyquist Plot at SPCEs in 1 mM Fe(CN)* "~ concentration
for (©) bare and (4 ) Fe,ano-modified SPCEs by 0.4% (W/v) Fepano.
Inset, plot of the reciprocal of R at bare SPCEs with good linear
correlations (7=0.9993) against Fe(CN)g bulk concentrations
(0.25, 0.5, 0.75, 1.0, 2.0, 3.0, and 6.0 mM)

impedance data using this simple equivalent circuit. It is
indicated that the reciprocal of R.; depended linearly on
Fe(CN)¢**" concentration with very good regression
(*=0.9993) up to 6.0 mM (F ig. 6 inset). From Eq. (7), the
Aea glves Value 8.3+0.7x10 > cm? for bare SPCEs and 2.4+
0.3x10 2 cm? for Fe,,no-modified SPCEs, which are close
to those obtained from CV, and this provides a validating
evaluation of A, Therefore, the amplified current at
SPCEs with modification by Fe.,, is characterized with a
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Fig. 7 Nyquist Plot at bare SPCEs in a 6.0; b 12; ¢ 25; d 50; e 100;
£ 200 mM Fe(CN)* 4737 concentration

significant increase of 4., due to the high electric properties
of iron nanoparticles.

Depending on the types of electrochemical reactions
involved at the interface, the equivalent circuit can be more
complicated. The inhibited mechanism in Fig. 4 was fur-
ther investigated by EIS. It was shown in Fig 7A and B that
a second semicircle at the moderate region of frequency
appeared gradually with an increase in Fe(CN)¢*"* con-
centration at bare SPCEs. Similar curves can be obtained
for Fe,.,,-modified SPCEs (data not shown). Nyquist Plots
together with the equivalent circuit that best fits these
results are depicted in Fig. 8. It has been known that im-
pedance behavior by Nyquist Plots with more than one
semicircle may describe electrochemical systems with
more complicated Faradaic processes (i.e., coating forma-
tion/deterioration or adsorption phenomena on the trans-
ducer as well as coupled chemical reactions). Indeed, EIS
has also proved to be an effective method to probe the
interface properties of surface-modified transducers [29].

In this study, the additional bulk resistance (R},), derived
from the second semicircle in parallel with 3 pure geo-
metric capac1tance (C,), appeared as Fe(CN)¢* "~ concen-
tration is higher than 25 mM. It may be suggested that there
is a barrier, which is resulted from blocking of decompo-
sition products of active complex on the electrode surface
[23, 24], for electron transfer between the electrode and the
redox probe in solution. Similar result was also observed

B
N
+Ht+y ++"'"""+
#ﬂ h# 4# K +
+ ++ o
+ +
Zl
= R, >i< R, =>|

Fig. 8 Equivalent circuit (a) that best describe the impedance
behavior of electrodes with deposition of decomposition products by
active complex and their corresponding Nyquist Plot (b)
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Fig. 9 Glucose calibration plots obtained from chronoamperometric
recording at (0) Fe(CN)s> /GOD-deposited and ( & ) Fepano-Fe(CN)s> /
GOD-deposited SPCEs by 0.4% (w/v) Fepu,, at the operating
potential of 0.3 V in supgorting electrolyte of 0.1 M PBS (pH 7.0)
(regression coefficient, 7*=(0) 0.9867 and (&) 0.9731). Ai is the
difference between the response currents in the presence and ab-
sence of glucose

by Winkler [24], who had investigated the dependence of
electron transfer at platinum electrode on the Fe(CN)¢* "~
redox concentration by using various voltammetric meth-
ods, and pointed that the electron transfer was inhibited by
the partial blocking of electrode surface by Fe(CN)g* "~
decomposition products.

Calibration curve of glucose biosensing

Inasmuch as Fe,,,,-modified SPCEs showed a higher elec-
tron transfer rate than unmodified SPCEs, further applica-
tion for glucose biosensing was examined by using CA
at fixed operating potential of 0.3 V. The difference be-
tween the response currents in the presence and absence
of glucose (Ai) was obtained at 10 s, and the calibration
curves were plotted with Ai against glucose concentration
(Fig. 9). Results showed that both the Fe(CN)s> /GOD and
Fepano-Fe(CN)¢> /GOD-deposited SPCEs exhibited a lin-
ear response to glucose in the concentration range from 50
to 600 mg dI"!. In addition, the Fe,,,,-modified glucose-
sensing strips demonstrated an increase of sensitivity from
0.043 to 0.062 A mg ' dl compared to the glucose-
sensing strips without Fe,,,, modification. According to
the results from CV analysis (see “Estimation of electro-
active area”), the enhanced sensitivity may be a major
contribution to the increase of 4., of SPCEs. Moreover,
because the response sensitivity of the biosensor is pro-
portional to the overall bio-electrochemical reaction rate
as shown in Fig. 1, an increase of sensitivity may be
expected as a result from the enhanced electron transfer
rate. However, it was found that both the background and
glucose-response currents increased simultaneously for
Fepano-modified SPCEs. Therefore, a lower enhancement
of the sensitivity for glucose detection compared to en-
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hancement observed for redox current (in Fig. 2) was
obtained.

Conclusions

The significant enhancement of electron transfer on SPCEs
with modification by iron nanoparticles (Fe,a,,), coupled
with Fe(CN)(,‘H} redox species, was characterized with an
increase of electroactive area (4., ) at electrode surface (2.4+
0.3x10 % cm?) by a factor approximately 3 than the bare
SPCEs (8.3+0.71x10° cm?) and together with a decrease
of the heterogeneous electron transfer rate constant. An
inhibited diffusion current was observed from CVs with an
increase in redox concentration for both SPCEs, and this
effect complicated the estimation of electroactive area
at electrode surface. It was attributed to the blocking of
decomposition product of active complex that can be easily
detected in the impedance spectra, similar to polymer-
coated phenomena, by the appearance of a second semi-
circle in Nyquist Plot. Therefore, it provides a suitable
method to evaluate the variety of carbon-based SPCEs with
modification, taking into account the different properties
of the carbon-paste compounds. In addition, a glucose
biosensor with an increase of sensitivity from 0.043 to
0.062 pA mg ' dl after the modification of SPCEs with
0.4% (w/v) Fe,ano 1 also presented.
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