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 Hydrogen peroxide (H2O2) is an important target material for detecting biomolecules 
including acetylcholine (ACh), glutamate (Glu), and glucose.  In this study, we report on H2O2 
detection under biological environments based on the redox reaction.  The redox potential 
change caused by the reaction between the electron mediators of ferrocenes and H2O2 catalyzed 
by horseradish peroxidase (HRP) was measured using a gold electrode connected to a source 
follower circuit.  The mediators were either dissolved in sample solutions using ferrocenyl 
methanol (FcMeOH) or immobilized on the sensor surface in the form of 11-ferrocenyl-1-
undecanethiol (11-FUT).  H2O2 detection under biological environments was demonstrated in 
both samples.  The overall outputs in the 11-FUT-immmobilzed electrodes were lower than 
those in the samples with dissolved FcMeOH.  The detection range of H2O2 was from 10−5 
to 10−3 M for the samples with dissolved FcMeOH, while it was from 10−4 to 10−2 M for the 
11-FUT-immobilized electrodes.  It was suggested that the oxidation of the mediators by H2O2 
insufficiently took place in the 11-FUT-immobilized electrodes, leading to the lower outputs.

1. Introduction

 Electrochemical sensors(1) have been extensively studied with the aim of realizing miniature 
and simple biosensing systems.  Recently, bioimaging based on electrochemical methods(2–4) 

has been attracting attention because of its label-free detection.  Electrochemical sensors are 
roughly divided into amperometry(4–7) and potentiometry.(8–10)  In principle, the output of 
potentiometric sensors does not change with the sensing area, and thus they are attractive 
for image sensors, for which miniature sensing areas are required to achieve high-resolution 
imaging.  
 Various neurotransmitters and biomolecules have been detected by potentiometric 
techniques including ion-sensitive field-effect transistors(8) and charge-transfer-type 
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potentiometric sensors.(10)  For example, the detection of acetylcholine (ACh),(11–13) glutamate 
(Glu),(14) and glucose(12,15) has been reported, and they were detected as pH changed with 
enzymatic reactions.  In biological environments, however, it is necessary to use pH buffers, 
which suppress pH changes caused by enzymatic reactions, resulting in a reduction in the 
magnitude of output signal.  On the other hand, the detection of target molecules based on the 
changes in redox potential of working electrodes has been reported.(16–18)  In these studies, 
target molecules were degraded by enzymes, and, at the same time, mediators included in the 
specimen were oxidized/reduced.  Then, the redox potential determined by the quotient of the 
oxidation state of the mediators was detected by FETs.  In our previous study, we reported the 
detection of hydrogen peroxide (H2O2) based on the redox potential in the system consisting 
of a gold electrode and a source follower circuit.(19)  A number of biomolecules (e.g., ACh, Glu, 
and glucose) generate H2O2 when they are degraded by enzymes, and H2O2 acts as an oxidant.  
Thus, H2O2 is a useful material for detecting these molecules based on the redox mechanism.  
 Although we reported the detection of H2O2 by a potentiometric technique in our previous 
study, the demonstration under biological environments has not been realized yet.  In addition, 
the effects of the device structure including the immobilization of the mediators are yet to be 
investigated.  Thus, in this study, potentiometric sensors with mediator-immobilized electrodes 
were fabricated, and the response of the electrode potential to H2O2 was investigated under 
biological environments.

2. Experimental Procedure

2.1 Sensing principle

 Ferrocenes were employed as electron mediators.  The redox reaction between H2O2 and 
ferrocenes was catalyzed using horseradish peroxidase (HRP) as described in the following 
equations:

 + HRP
2 2 2H O +2H 2 2H O,e− →+  (1)

 2Ferrocene (red) 2Ferrocene (ox) + 2 ,−→ e  (2)

where “red” and “ox” indicate the reduced and oxidized states of ferrocenes, respectively.  The 
resulting electrode potential (E) is determined by the quotient of the concentration in each of 
these states as

 o Ferrocene (ox)
ln ,

Ferrocene (red)
  
  

= + RTE E
nF  (3)

where Eo is the standard potential, R is the gas constant, T is the temperature, n is the number of 
electrons involved in the reaction (two in this study), and F is the Faraday constant.  If all of the 
ferrocenes are initially in the reduced state, the concentration of ferrocenes in the oxidized state 
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corresponds to the generated/added H2O2 concentration, and thus the output corresponding to 
the concentration of H2O2 is obtained.

2.2 Materials

 As described in the previous section, HRP and electron mediators were used to detect H2O2, 
where both ferrocenyl methanol (FcMeOH) and 11-ferrocenyl-1-undecanethiol (11-FUT) were 
employed as electron mediators.  To mimic biological environments, a recording medium 
(RM) composed of 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM d-glucose, 
and 10 mM sodium 4-(2-hydroxyethyl)piperazine-1-ethanesulfonate (HEPES) (pH 7.4) was 
employed.  The RM was prepared by dissolving these substances in deionized water (DIW) 
(18.2 MΩ∙cm at 298 K).  H2O2 and other substances were dissolved in the RM to prepare 
sample solutions unless otherwise noted.  HRP and FcMeOH (95%) were purchased from 
Sigma-Aldrich Inc. Sodium HEPES (≥99.0%) was purchased from Dojindo Laboratories.  
NaCl, KCl, MgCl2, ethanol (99.5%), H2O2 (30.0%), potassium hexacyanoferrate(II) trihydrate 
[K4Fe(CN)6] (99.5%), and potassium hexacyanoferrate(III) [K3Fe(CN)6] (99.0%) were purchased 
from Wako Pure Chemical Industries, Ltd. Ethanol was used as a solvent for both FcMeOH 
and 11-FUT solutions.  K4Fe(CN)6 and K3Fe(CN)6 were used to examine the electrochemical 
characteristics of the measurement system.  

2.3 Device fabrication

 Gold (Au) electrodes were fabricated as reported in Ref. 19.  An approximately 300-nm-thick 
Au film was deposited by sputtering.  Each of the electrodes was patterned into a 1 × 1 mm2 
area by a conventional lift-off technique.  Both electrodes modified with 11-FUT and without 
modification were prepared as schematically illustrated in Fig. 1(a).  The modification was 
conducted in the following procedure according to Ref. 18.  First, the electrodes were cleaned 
using a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) at a ratio of 3:1 (SPM) 
to remove organic substances from the Au surface.  The cleaning was performed with 50 μL of 
SPM for 5 min, followed by rinsing with DIW for about 1 min.  Then, the gold electrodes were 
immersed in 0.5 ml of a 0.5 mM 11-FUT solution for 24 h at room temperature to immobilize 
11-FUT on the gold surface.  Finally, they were rinsed with ethanol and DIW to remove the 
unreacted 11-FUT.

2.4 Measurement procedure

 The electrode potential of the Au electrode was measured with a source follower circuit 
consisting of an off-chip n-channel metal-oxide-semiconductor FET (MOSFET), a voltage 
source, and a current source.  The MOSFET was fabricated using our facility, and the dimension 
of the gate was length/width = 10/40.  The MOSFET chip is described in detail elsewhere.(19)  
Figure 1(b) shows a schematic of the measurement system.  A constant current (IS) and constant 
voltages (VREF and VD) were provided by a semiconductor device analyzer (SDA) (B1500A, 
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Agilent Technologies).  The common ground was connected to that of the SDA.  A metal shield 
box was used for electromagnetic and light shielding.  The characteristics of the source follower 
circuit are shown in Fig. 2.  Because the constant current was supplied by the SDA, its gain 
was nearly unity.  The gold electrode, a Ag/AgCl reference electrode with 3 M NaCl, and the 
MOSFET were put in the metal shield box.  A picture of the electrode chip is shown in Fig. 
1(c).  During the measurements, a couple of cups containing water were put in the shield box to 
suppress the evaporation of the sample solution.  In the measurement system, the output (VOUT) 
is described by the following equation:

 VOUT = VIN − (VT + K), (4)

 VIN = VREF + (EAu − EAgCl), (5)

where VIN is the gate voltage of the MOSFET, VT is the threshold voltage of the MOSFET, K is 
the constant related to the drain current, and VREF is the voltage of the AgCl/Ag electrode.  EAu 
and EAgCl are the interfacial potentials between each of these electrodes and the electrolyte.  
Consequently, VOUT is expressed as

 VOUT = EAu − EAgCl + (VREF − VT − K). (6)

Fig. 1. (Color online) Schematic illustration of the (a) redox-reaction system and (b) measurement circuit. (c) 
Photograph of the electrode chip.
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 Because the parameters in parentheses were constant throughout the measurements, the data 
shown hereafter refer to the difference in the interfacial potential of electrodes (EAu − EAgCl).
 First, to examine the measurement principle, the dependence of the electrode potential on 
redox compounds was measured on the basis of the procedure described in Ref. 16.  The gold 
electrode and the Ag/AgCl reference electrode with 3 M NaCl were immersed in 100 μl of the 
mixed solutions of K4Fe(CN)6 and K3Fe(CN)6 at various ratios.  They were dissolved in the RM, 
while the total concentration of the mixed solutions was maintained at 10 mM.  The response 
of the gold electrodes to pH was also measured.  The gold electrode and the Ag/AgCl reference 
electrode with 3 M NaCl were immersed in 100 μL of pH buffer solutions containing sodium 
dihydrogen phosphate (NaH2PO4) and disodium hydrogen phosphate 12-water (Na2HPO4·12H2O).  
The pHs of the prepared buffer solutions were 5.8, 6.8, and 7.8.  
 The changes in the potential of the gold electrodes for H2O2 were obtained by the following 
procedure.  The electrodes and the Ag/AgCl reference electrode with 3 M NaCl were first 
immersed in 90 µL of RM and the measurement was started.  After waiting for 280 s from 
the measurement start to confirm the stability of the potential, the shield box was opened, and 
then 10 μl of H2O2 solution was added at 300 s.  The potential was measured for 1200 s after 
the H2O2 addition.  Besides the electrode modified by 11-FUT, the potential was also measured 
for unmodified gold electrodes with an RM containing 2 mM FcMeOH to investigate the 
influences of the immobilization of the electron mediators.

3. Results and Discussion

3.1	 Response	of	gold	electrodes	to	redox	potential	and	influences	of	pH

 According to the redox mechanism described in Sect. 2.1, the change in electrode potential 
should be proportional to the logarithm of the concentration ratio of K3Fe(CN)6 to K4Fe(CN)6 
as shown in Eq. (7), where brackets indicate the concentrations of the corresponding substances.  
The electrode potential against the Ag/AgCl electrode for various quotients between [K3Fe(CN)6] 

Fig. 2. Output characteristics of the source follower circuit. The slope of the characteristics, namely, the output 
gain, is nearly unity.
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and [K4Fe(CN)6] is plotted in Fig. 3.  The potential increases with increasing concentration 
ratio of K3Fe(CN)6 to K4Fe(CN)6, and the relationship between the potential and the logarithm 
of [K3Fe(CN)6]/[K4Fe(CN)6] exhibits good linearity in the range from 10−2 to 102, while there 
are discrepancies between the measured values and the fitted line for the concentration ratio 
near 10−3 and 103.  In the ranges, the concentrations of [K3Fe(CN)6] and [K4Fe(CN)6] are low, 
and thus the errors in the concentration or volume of the solution may not be negligible to cause 
such discrepancies.  The extracted slope for the range was approximately 54.7 mV/dec, which is 
near the Nernstian value (59.1 mV at 298 K).  The results corroborate that the fabricated sensor 
detects the electrode potential determined by redox equilibrium.

 ( )3 6 3 6o o

4 6 4 6

K Fe(CN) K Fe(CN)
ln 59.1 mV log   at 298 K

K Fe(CN) K Fe(CN)
RTE E E
nF

      
      

= + ≈ +  (7)

The responses of the electrodes to pH were also measured.  The electrode potential in solutions 
with various pHs is shown in Fig. 4, where error bars indicate standard deviations (n = 3).  
Although there are large deviations, the electrode potential is confirmed to be insensitive to pH.

3.2 Responses of electrodes to hydrogen peroxide

 Figure 5 shows the time-dependent H2O2 response of the electrode potential for which 
FcMeOH was dissolved in the sample solution.  A solution containing H2O2 was added at 300 s.  
In the figure, the responses for various H2O2 concentrations including the control sample (without 
H2O2 addition) are plotted.  The output drift was approximately 20 mV for 1200 s after H2O2 
addition.  For the H2O2 concentration of 10−6 M and below, the potential change by H2O2 was 
less than or comparable to the magnitude of the drift.  In contrast, a significant potential change 
was observed for the H2O2 concentration of 10−5 M, and the output increased with increasing 

Fig. 3. Electrode potential as a function of the 
concentration ratio of K3Fe(CN)6 to K4Fe(CN)6.

Fig. 4. Electrode potential as a function of pH.
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H2O2 concentration.  Further increasing the H2O2 concentration to more than 10−3 M resulted in 
output saturation.  
 The time-dependent H2O2 response of the electrode on which 11-FUT was immobilized is 
shown in Fig. 6.  In a similar manner to Fig. 5, the H2O2-containing solution was added at 300 s.  
The electrode potential was hardly changed for the H2O2 concentration of 10−5 M and below, 
and it was increased for the H2O2 concentration of 10−4 M and above.  In contrast to the sample 
with dissolved FcMeOH, the potential in the steady state further increased even for above 
10−2 M H2O2.  Compared with those in Fig. 5, the transient changes in the potential were slower, 
although they were dependent on the H2O2 concentration.  It is also noted that the output drift 
is smaller for 11-FUT than for FcMeOH.  It has been reported that various ions adsorb on gold 
electrodes, e.g., halide and thiocyanate ions,(20,21) whose adsorption causes a potential change 
in the electrodes.  In this study, the RM includes chloride ions, and thus these ions are likely 
to adsorb on the electrode to cause output drift in the sample with dissolved FcMeOH.  On the 
other hand, the adsorption was less likely in the 11-FUT sample because the electrode surface 
was covered with 11-FUT, resulting in a smaller output drift.
 The potential changes caused by the addition of H2O2 are plotted as a function of H2O2 
concentration in Fig. 7, where the potential change is defined as the difference in the potential 
at 1500 and 280 s (after and before the H2O2 addition).  In the sample where FcMeOH was 
dissolved, the concentration of FcMeOH was 2 mM, and thus, the dissolved FcMeOH could be 
fully oxidized with 1 mM H2O2, which caused the saturation behavior for H2O2 concentrations 
higher than 10−3 M.  This result also indicates that the oxidation reaction described in Eq. (1) 
sufficiently proceeded in the solution.  On the other hand, the output changes in the 11-FUT-
immobilized electrodes were less than those for which FcMeOH was dissolved in the solution, 
and the limit of detection (LOD) for the 11-FUT-immobilized sample was worse.  Although the 
potential change in the electrode is described by Eq. (3), the interaction related to charge transfer 
between the ferrocenes and the electrodes is necessary to cause the potential change.  Thus, it 
is possible that the magnitude of the potential change varies depending on the state of the redox 

Fig. 5. (Color online) Time dependence of the electrode potential in response to the addition of H2O2 solution at 
various concentrations, where FcMeOH was dissolved in the solution, not immobilized on the electrode surface. In 
the figure, the H2O2 solution was added at 300 s.
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species.  In this study, the ferrocene dissolved in the solution in the form of FeMeOH moves and 
easily contacts with the electrode surface, whereas those immobilized on the electrode surface 
as 11-FUT may be restricted in their movement to sufficiently interact with the electrodes, 
causing the output difference.  Additionally, no saturation behavior was observed above 10−3-
M H2O2.  11-FUT was immobilized with 0.5 ml of 0.5 mM 11-FUT solution.  The immobilized 
molecules are at most 2.5 × 10−7 mol, which can be fully oxidized by 100 μl of 1.25 mM 
H2O2 solution, and the actually immobilized molecules are likely fewer than that.  Thus, it is 
expected that the output will saturate at the lower concentration of 11-FUT than of the samples 
for which FeMeOH was dissolved.  However, no saturation behavior was observed in the H2O2 
concentration range of 10−4 to 10−2 M.  This behavior may be related to the reaction between 
H2O2 and the ferrocenes immobilized as 11-FUT, whereas the reason of such behavior is not 
clear at this stage.  Although further investigation on the response of the 11-FUT-immobilized 
device to H2O2 is necessary, these results demonstrate the H2O2 detection under biological 
environments by the electrodes on which electron mediators were immobilized.

4. Conclusions

 In this study, potentiometric sensors were fabricated using a gold electrode and a source 
follower circuit.  By using ferrocenes as electron mediators and HRP, the electrode potential 
change caused by the redox reaction including H2O2 was measured under biological 
environments.  The measurements were carried out both in the samples where the mediator 
of FcMeOH was dissolved in the sample solutions and where 11-FUT was immobilized on the 
electrode surfaces.  In the samples with dissolved FcMeOH, H2O2 was detected in the range 
from 10−5 to 10−3 M.  On the other hand, the overall potential changes as a function of the H2O2 
addition were lower for the 11-FUT-immobilized electrodes, and the detection range was from 
10−4 to 10−2 M.  Finally, it was demonstrated that H2O2 was detected on the basis of redox 
reactions with surface-modified electrodes under biological environments.

Fig. 7. Potential change caused by the H2O2 addition 
plotted as a function of the H2O2 concentration in the 
solutions.
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