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톨루엔에 녹인 천연고무를 탄소가루의 결합재로 사용하여 바이오센서를 제작하였을 때, 반죽은 용매가 증발한 후 기
계적 물성을 보였다. 이 특성은 탄소반죽전극 실용화의 선행 조건을 만족시키는 것으로, 이 특성의 활용성을 살펴보기
위하여 과산화수소 정량을 위한 바이오센서를 제작하고, 그것의 전기화학적인 정량 및 정성적 특성을 파악하기 위하
-2
-3
여 여러 가지 속도론적 파라메타, 즉 대칭인자(0.37), 교환전류밀도(i0, 0.075 mAcm ), 이중층의 축전용량(Cd, 9.7 × 10
-7
-2
-3
F), 시간상수(τA, 0.92 s), 최대전류(imax, 5.92 × 10 Acm ), Michaelis 상수(KM, 1.99 × 10 M) 및 기타 상수들을 도출하
였다. 이 실험적 결과는 천연고무가 탄소가루의 결합재로 활용될 수 있음을 보여 주었다.
When natural rubber dissolved in toluene comes into use as a binder of carbon powder, the volatilization of solvent just after
the construction of biosensor brought the mechanical robustness on the paste. This characteristic satisfied the pre-requisite
condition for the practical use of carbon paste electrode and a biosensor for the determination of hydrogen peroxide was
designed. In order to evaluate its electrochemical qualitative and quantitative behaviors, various electrochemical kinetic parameters of the electrode, e.g. the symmetry factor (α, 0.37), the exchange current density (i0, 0.075 mAcm-2), the capacitance
of double layer (Cd, 9.7 × 10-3 F), the time constant (τA, 0.92 s), the maximum current (imax, 5.92 × 10-7 Acm-2), the
Michaelis constant (KM, 1.99 × 10-3 M) and others were investigated. Results show that natural rubber is a promising binder
of carbon powder.
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1. Introduction

electrode is very useful in studying the electrochemical behaviors[10,11]

Enzymes have an immense catalytic power that accelerates the rate
of reactions by a factor of more than a million compared to cases without catalysis. For that reason, it is very critical to immobilize an enzyme to keep its identity in the matrix. In an effort to do this, many
methods have been attempted. These include using the physical adsorption property of the enzyme[1], the covalent bonding ability of the enzyme with a functional polymer[2], the immobilization of the enzyme
in a mixture of electrode material[3,4], and others[5-7]. Those processes mentioned above are not frugal from the economical and time
saving point of view as they must go through the complicated physical
and chemical processes of manufacture[8]. In order to reduce these
high costs, the carbon paste method came onto the stage[9]. This incorporates enzymes or zymogen in a mixture of carbon powder and

of enzymes because of its low cost, simplicity of manufacturing, and
fast response. In our previous work, many kinds of enzyme electrodes
were manufactured to determine their response characteristics with hydrogen peroxide[12-14]. If the electrode is going to be used practically
in daily life, mechanical solidity of the carbon paste must be acquired
after electrode fabrication. But the previous method remains far from
practical use because its binder, mineral oil, is nonvolatile and not
rigid. A strong need for a rigid and practicable binder that reveals mechanical stability made us look for a new binder. We found that natural rubber dissolved in toluene satisfied our needs. Various kinds of
rubber electrodes have been designed and their applications have been
explored[15-17]. Currently, our research activities revolving around this
are increasing[18]. The second additional requirement for the practical
use of the sensor is its reproducibility, that is, quantitative electrochemical behavior. The natural rubber molecules consist virtually of

1)

mineral oil and uses them as electrode materials. The carbon paste

cis-1,4-polyisoprene which shows no evidence of any trans material or
of any 1,2- or 3,4-isoprene polymer, in contrast to the synthetic
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polyisoprenes. It is known that natural rubber has a better shelf life
than the synthetics and has a high wet strength at low temperatures.
It also attains the excellent characteristic of membrane strength and

Table 1. Composition of Electrodes for Electrochemical Test
Electrode

Components (g)

A

gr (0.5) + nr (0.5)

B

gr (0.5) + nr (0.5) + tis (0.065)

elasticity[19,20]. Expecting that natural rubber should satisfy the
pre-requisite conditions for real use of a carbon paste electrode, an enzyme electrode bound with natural rubber was constructed for the determination of hydrogen peroxide. We report its details here in this
context.

nr : natural rubber solution (1.5% in toluene), gr : graphite powder, tis :
tissue, fer : ferrocene.

2. Experimental Section

3. Results and Discussion

2.1. Chemicals

Natural rubber was a product of Malaysia (NR, RSS#1, Mooney viscosity : 61, density : 0.92). The source of peroxidase was chicken liver
tissue ruptured with a homogenizer and scarcely had it been prepared
before it was used. The substrate (abbr. S) was hydrogen peroxide
(Junsei, EP, 35%), electrolyte, NaCl (Shinyo pure Chem. = 99.5%) and
the mediator, ferrocene (Sigma). Toluene and graphite powder were
purchased from Sigma-Aldrich (= 99.9 %) and from Fluka (= 0.1 mm),
respectively.
2.2. Apparatus

The biosensor was connected to a BAS model EPSILON (Bioanalytical
systems, Inc. U. S. A.) to obtain a linear sweep voltammogram (LSV).
The other amperometric measurements were performed with an EG&G
Model 362 potentiostat (Princeton Applied Research, U. S. A.). Its output was recorded on a Kipp & Zonen x-t strip chart recorder (BD 111,
Holland). All the LSV’s were obtained in the unstirred solution.
Ag/AgCl (BAS MF 2052) and Pt electrode (BAS MW 1032) were
used for reference and for the auxiliary electrodes, respectively.
2.3. Fabrication of Biosensor

The addition of the graphite powder (0.91 g) followed dissolving
0.09 g of ferrocene in 10 mL of chloroform and the mixture was dried
in a mild condition. The electrode material was prepared by mixing 1.0 g
of the produced graphite powder with the rubber solution (1.5 %) at
a 1 : 1 ratio (wt/wt). 0.065 g of the ruptured liver tissue was completely mixed with 1 g of this paste by hand. This was packed into
a 6 mm i.d. and 1.0 mm depth polyethylene tube which has ohmic
contact. It was smoothed by friction on a spatula to make a flat working surface. The conversion factor of the signal into current density is
3.54.
2.4. Measurements

Amperometric current was determined as follows : when the decreasing tendency of the residual current keeps horizontal after applying the excitation potential on the working electrode in a stirred solution, substrate solution is added in 10 mL of 0.1 M NaCl solution.
Then the current difference between before and after adding the substrate was considered to be the signal produced by the decomposition
of substrate[15].
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C

gr (0.5) + nr (0.5) + fer (0.9)

D

gr (0.5) + nr (0.5) + tis (0.065) + fer (0.9)

Once a biosensor is newly constructed, electrochemical characterization of its constituent materials should be precedent. This is because
100% of the signal current should be from the corresponding reaction.
There is little point in discussing the quantity of measured electricity
tainted by side reactions. The number of structural materials of the
electrodes used in this work are 2 to 4 and their combinations which
can elucidate the electrochemical activities of each component are
shown in Table 1. Here, graphite powder for the conductor, natural
rubber for the binder, ferrocene for the mediator and chicken liver tissue for the source of enzyme are used. A pure glassy carbon electrode
was already confirmed not to yield any reduction current in our experimental range of electrode potential[16]. A-1 in Figure 1 was obtained with electrode A in the absence of the substrate. With no substrate, electrode A has the appearance of a very large reduction current
above at about -300 mV. Natural rubber is a mixture whose constituent
parts and their identities have not been clarified yet. In case any of the
components in natural rubber are electrochemically active in the range
of above potential, there may be every reason to believe that the current which appears is due to their reduction. Another plausible interpretation of this current is the reduction of water. Because its standard
reduction potential is -0.836 V (vs. SHE), the reduction function of
water may be extended to this part of the electrode potential. In practice, one may observe air bubbles on the electrode surface by the naked eye at this potential or higher during the process of electrolysis. It
is natural that this part of the potential should be eliminated from the
experimental range of the potential. A-2 is obtained in the presence of
the substrate when the range of the potential was cut down to -300
mV. This shows a little current of reduction above at -125 mV. This
current is not due to the mediation of the mediator, but the direct reduction of substrate by the electrode potential. The analysis of this result is taken up in great detail in the later part of text. B-1 was obtained using electrode B which contains chicken liver tissue. It produces an addition of cathodic current to A-2 above at -125 mV and
the appearance of anodic current below at +400 mV as well. The ruptured tissue is a mixture whose clarification of component parts is not
easy and it isn’t an overstatement to say that it is an electrochemically
active species. Those two ranges should be omitted from our experimental stage. B-2 is an LSV obtained in the range between +300
and -120 mV when the substrate was added. It shows anodic current
between +300 and +200 mV. There is currently no theoretical basis that
can explain this type of current. In our experiment, considering the
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Figure 2. Current difference between D-1 and D-2 in Figure 1.

Figure 1. Dependences of the reduction current on electrode potential.
1: in the absence of H2O2; 2: in the presence of 20 mM H2O2 in 0.1
M NaCl solution (scan rate ; 50 mVs-1).

Figure 3. Relationship between ln(il-i)/i and electrode potential, E for
the determination of Tafel constants.
current-voltage profile is commonly sigmoidal like the polarographic

mediated reduction of hydrogen peroxide, it makes it clear that the
range is ruled out.
In order to see the electrochemical behavior of the mediator, ferrocene, the potential range of the electrode was restricted within narrow
bounds (200∼-120 mV). C-1 in Figure 1 shows that the tail of the
anodic function is still alive. It is probable that the anodic current is
0
raised from the oxidation of ferrocene (E = 0.400 V vs. SHE). Finally,
the potential range was readjusted to remove the possibility of side
current (C-2 in Figure 1). Electrode D is the final electrode to be used
in our work, which contains all kinds of electrode material. D-1 and
D-2 in Figure 1 were obtained both in the absence of H2O2 and in the
presence of 20 mM H2O2 in 0.1 M NaCl solution respectively. The
current scale was subdivided 3.5 times. They show similarity in shape
and Figure 2 shows the variation in the difference of current between
D-1 and D-2 regarding the electrode potential. This is a current difference that has never been seen before and it may be taken as a conclusion that it was caused by the mediating process of ferrocene. The

wave when the electrochemical reaction is diffusion-controlled. Because
the confines of the electrode potential can not go beyond -120 mV,
one small part of the wave is illustrated. Performing the Boltzmann fit
gives the functional relation between signal current and electrode potential as follows :
i = 0.0017 + (0.39-0.0017)/[1 + exp{(E+263)/84}]
where i is the signal current density (µAcm-2) and E is the applied potential (mV). 0.39 mAcm-2 that was obtained in the negative expansion
of E to an open end, is regarded as the limiting current, il,c. It is common knowledge that the reaction between ferrous ion and hydrogen
peroxide is a one electron transfer reaction (n = 1) in the organism[21].
The relation between overpotential, E and ln(il,ci)/i in the irreversible
system is linear and its slope and intercept are RT/αnF and RT/α
nFln(io/il,c) respectively in the Tafel region. Figure 3 is a graph of ln(il,c
i)/i versus E. The exchange current density (i0) and symmetry factor
Appl. Chem. Eng., Vol. 21, No. 6, 2010
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Figure 4. Illustrations of current flows versus time resulting from
potential step experiment. A and B were obtained in the presence of
substrate (20.0 mM) and in the electrolytic solution (0.10 M NaCl)
respectively. C = A - B Step potential: -90 mV.
(α) obtained from the two Tafel constants are 0.075 mAcm-2 and 0.37
respectively. Electron transfer between electrode and substrate are dependent on the structure of the electrode surface. Two time-profiles (i
vs, t) of the electrode D measured by potential step (at -90 mV vs.
Ag/AgCl) are illustrated in Figure 4. B develops a decreasing tendency
of double layer charging current when only electrolytes exist in the
system. The decay tendency of this current is theoretically the 1-st order exponential{i=E/Rsexp(-t/RsCd)}, where Rs is the solution resistance
and Cd is the capacitance of the double layer. In the case where the
capacitor is initially uncharged (q = 0 at t = 0), i=E/Rs and τ= RsCd.
When the trend curve of B (i = 0.72exp(-t/0.27) + 0.24) is extrapolated, we have imax, B = 0.96 mAcm-2 at t = 0 and Rs = 94 Ω.
In addition, the availability of imax, B makes it easy to calculate the time
constant, τB = 0.91 sec and the capacitance of the double layer, Cd
= 9.72 × 10-3 F from the equation, τ= RsCd. Being calculated in a
similar fashion to the above-stated, imax, A and τA are 1.0 mAcm-2 and
0.92 sec respectively. Figure 4 shows that A is larger than B. The reason for this phenomenon is conjectured as follows. Current B gets a
single contribution from the double layer charging. Current A gets a
double contribution from the condenser charging and the substrate
diffusion. Also, Figure 4 shows that the current difference (C) between
A and B grows larger with time. It seems that the migration of electrolytes meets with a check of substrate. A calibration plot, which was
acquired by hydrodynamic amperometry, is inset in Figure 5. Calibration
plots of the enzyme electrode as a function of substrate concentration
deviate easily from their linearity even at low substrate concentration.
Several explanations are possible for this phenomenon. First of all, it
is probable that the enzyme can catalyze at any one of the steps when
the dissociation of hydrogen peroxide goes through multi-step reactions.
Secondly, various kinds of isozymes in this system can take part in the
hydrogen peroxide dissociation at various rates. Besides, the active
sites on the electrode surface are limited in number and the inter-
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Figure 5. Lineweaver-Burk plot for enzyme kinetics. Inset: the calibration
curve.
mediates can be adsorbed or saturated on the sensor surface. Figure 5
also shows a Lineweaver-Burk plot obtained by taking the reciprocals
of both signal currents and substrate concentrations of the calibration
curve. If one obtains the linear graphic in the double reciprocal plot,
then it can be accepted that the reaction is due to catalysis of the
enzyme. It shows good linearity with a correlation of 0.995. The maximum current (imax ) and Michaelis constant (KM) calculated from the
plot are 5.92 × 10-7 Acm-2 and 1.99 × 10-3 M respectively. This result
indicates that peroxidase bound with natural rubber works normally
and confirms that natural rubber meets the requirements as a binder in
the electrode. Putting all accounts together, the reduction of H2O2 is
due to the normal catalysis of enzymes contained in chicken liver and
shows again that natural rubber is a recommendable binder of carbon
powder. The detection limit of the electrode used in Figure 5 was 4.2
-5
× 10 M, which is at the average. If the factors which affect the magnitude of signal, e. g. content of mediator and tissue, pH of solution,
temperature and others are optimized properly, then it can be improved
even more.

4. Conclusions
A carbon paste electrode bound with natural rubber is very effective
from the manufacturing point of view because it does not go throughcomplicated manufacturing. It shows an excellent robustness and a
semi-permanent shelf life. Electrochemical kinetic parameters of the
enzyme electrode indicated that peroxidase bound with natural rubber
works normally and proved that natural rubber is a promising binder
for the practical use of a carbon paste electrode. It is a matter of general knowledge that voltammetry produces an inferior detection limit to
the spectroscopic method[22,23]. But if further efforts for the improvement of the detection limit are undertaken side by side, it is certain
that the profits from the synthesis of the whole situation in voltammetry using this biosensor will surpass the spectroscopic method.
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