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	 Hemin-confined thin films composed of poly(ethyleneimine) (PEI) and 
carboxymethylcellulose (CMC) were fabricated by layer-by-layer (LbL) deposition on 
the surface of a glassy carbon (GC) electrode for the detection of hydrogen peroxide 
(H2O2).  Hemin could be easily immobilized in LbL films by immersing an LbL-film-
modified electrode in hemin solution, irrespective of the electric charge on the surface 
layer of the film.  The results showed that a small amount of hemin located near the 
surface of the electrode is involved in the electrochemical reaction, while most of the 
hemin molecules in the film are not involved.  The hemin-modified electrode showed an 
excellent amperometric response to H2O2 on the basis of electrocatalytic reduction under 
electrode potentials of –0.6 and –0.4 V.  The hemin-modified electrode exhibited a linear 
calibration graph for 0.005–0.8 mM H2O2 when operated at –0.6 V.  The hemin-modified 
electrode was found to be stable for about 2 weeks.  Thus, the usefulness of LbL films 
composed of PEI and CMC as a scaffold for immobilizing hemin was demonstrated.

1.	 Introduction

	 Hydrogen peroxide (H2O2) is widely used in many fields such as the  pharmaceutical, 
chemical, iron and steel, textile and food industries as sterilizing, oxidizing, deodorizing 
or bleaching agent.  Industrial waste products contaminated with H2O2 are known to 
be harmful to human beings as well as to the environment.  Therefore, the detection 
of H2O2 is of crucial importance in industry and environmental science.(1)  Many 
methods including titration, spectrophotometry, fluorescence, chemiluminescence and 
electrochemistry have been used to detect H2O2 in laboratories.(2)  Electrochemical 
sensors based on peroxidase have attracted much attention because of their simplicity, 
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high sensitivity and rapidity.(3,4)  Horseradish peroxidase (HRP) is a widely used enzyme 
for this purpose.(5–12)

	 It is known that many types of protein can catalyze the redox reaction of H2O2 
in addition to peroxidases.  In fact, heme proteins such as cytochrome C (Cyt C),(13) 
hemoglobin (Hb)(14–16) and myoglobin (Mb)(17–19) have also been used extensively for 
fabricating H2O2 sensors because of their peroxidase-like catalytic activity to H2O2.(20–22)  
It has been found that hemin, a prosthetic group of Mb or Hb, and microperoxidase-11 
and microperoxidase-8 also exhibit peroxidase activity even after they are immobilized 
on an electrode surface.(23–27)  In this study, we prepared electrochemical H2O2 sensors 
using hemin as a catalyst. 
	 Hemin (iron protoporphyrin IX) is found in the active center of heme proteins 
and has been immobilized on the surface of electrodes to develop electrochemical 
sensors for organohalides, dioxygen, tryptophan and H2O2.(28–32)  In these hemin-
immobilized electrodes, however, the immobilization of hemin on the electrode involves 
a somewhat complicated and time-consuming procedure including polymer synthesis, 
electropolymerization and carbon nanotube processing.
	 In this study, to develop a simple protocol for immobilizing hemin on the surface 
of electrodes, glassy carbon (GC) electrodes coated with a layer-by-layer (LbL) thin 
film composed of poly(ethyleneimine) (PEI) and carboxymethylcellulose (CMC) are 
used.   The LbL thin film is a widely used technique for the fabrication of functional 
materials and biosensors because of its simplicity and versatility.(33–38)  In this context, we 
have reported a preliminary result for the H2O2 sensor prepared using hemin-modified 
LbL films.(39)  We report in detail the preparation of a H2O2 sensor comprising GC 
electrodes coated with hemin-immobilized LbL films.  The H2O2 sensor would be useful 
for detecting H2O2 in industries and also for developing biosensors by coupling with 
enzymes that generate H2O2 as a reaction product.  

2.	 Materials and Methods

2.1	 Reagents
	 Iron(III) protoporphyrin IX chloride (hemin) was purchased from Tokyo Kasei Co. 
(Tokyo, Japan) and used as received.  An aqueous solution of poly(ethyleneimine) (PEI; 
MW, 60,000–80,000) (30%) was purchased from Nacalai Tesque Co. (Kyoto, Japan).  
PEI has a random branched structure, the ratio of primary, secondary and tertiary amino 
groups being nominally about 1:2:1.  Sodium carboxymethylcellulose (CMC; MW, 
260,000) and p-aminobenzenesulfonic acid (p-ABS) were purchased from Tokyo Kasei 
Co.  The chemical structure of hemin is shown in Fig. 1.  All other reagents used were 
of the highest grade available and used without further purification.  A 10 mM Tris-HCl 
buffer containing 50 mM NaCl (pH 7.4) was used throughout unless otherwise noted.  
All solutions were prepared in high-purity water (Milli-Q, Millipore) immediately before 
use.

2.2	 Apparatus and measurements
	 All measurements were performed on an electrochemical analyzer (ALS, model 
660B) using a conventional three-electrode system consisting of the hemin-modified GC 
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electrode as a working electrode, a Ag/AgCl reference electrode and a platinum wire 
as a counter electrode.  All electrochemical measurements were carried out under a N2 

atmosphere after deoxygenation for 15 min because the measurement was significantly 
disturbed by dissolved oxygen.  The temperature of the sample solutions was maintained 
at room temperature (ca. 20°C) during the measurements.  The hemin-modified 
electrodes were stored in 10 mM Tris-HCl buffer (pH 7.4) at 4°C when not in use.
	 UV-visible absorption measurements were carried out on a UV-3100PC spectrometer 
(Shimadzu Co., Kyoto, Japan) at room temperature after the quartz slide modified with 
multilayer films was dipped in hemin solution for 60 min and then rinsed in the working 
buffer overnight. 

2.3	 Preparation of hemin-immobilized electrode
	 The surface of a GC electrode (diameter, 3 mm) was polished thoroughly using an 
alumina suspension and rinsed in water under sonication for 10 min.  Then the polished 
electrode was electrochemically modified with p-ABS by scanning the electrode 
potential over the range of +0.5 – +1.4 V at a scan rate of 0.01 Vs–1 in 5 mM p-ABS 
aqueous solution containing 0.1 M KCl in accordance with the literature.(40)  The p-ABS-
modified GC electrode was then coated with LbL multilayer films by alternate and 
repeated depositions of PEI and CMC in 0.5 mg/mL solutions as previously reported.(41)  
Briefly, the p-ABS-modified GC electrode, whose surface is negatively charged, was 
first immersed in 0.5 mg mL–1 PEI solution for 30 min to deposit the first layer on the 
p-ABS-modified electrode and rinsed in the working buffer for 10 min.  The PEI-treated 
electrode was then immersed in 0.5 mg mL–1 CMC solution for 30 min and rinsed 
similarly.  By this treatment, a polyamine-polysaccharide bilayer film can be prepared 
on the surface of the electrode.  Multilayer films with the desired number of layers were 
prepared by repeating the deposition.  The LbL-film-modified electrode thus prepared 
was immersed in 0.05 mM hemin solution for 60 min to immobilize hemin in the LbL 
film.  The hemin solution was prepared by diluting a stock solution of hemin in 0.1 N 
KOH.  
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Fig. 1.   Chemical structure of hemin.
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3.	 Results and Discussion

3.1	 UV-visible absorption spectra of hemin immobilized in PEI/CMC 
multilayer films
	 Figure 2 displays the UV-visible absorption spectra of hemin immobilized in (PEI-
CMC)n multilayer films (n = 1–5) recorded in a 10 mM Tris-HCl buffer containing 50 mM 
NaCl.  The absorption intensity of hemin increased with increasing number of layers.  
All the spectra displayed an absorption maximum at approximately 395 nm called the 
Soret band with a shoulder at approximately 359 nm.  It is known that the aggregation 
of hemin is associated with the lowering of absorbance and the broadening of the Soret 
band, while the monomer gives rise to a sharp intense Soret band with a  maximum 
at approximately 395 nm in neutral and basic solutions.(42,43)  Therefore, the hemin 
immobilized in the LbL film is predominantly in monomeric form.  A small amount of 
dimer might be responsible for the shoulder absorption.  Similar spectral features are 
observed for the PEI-terminated (PEI-CMC)nPEI films.

3.2	 Preparation of hemin-immobilized LbL film-modified electrodes
	 We have reported previously that PEI/CMC multilayer films are permeable to small 
ions and molecules irrespective of the thickness and the sign of the surface charge of 
the films.(41)  Figure 3 displays cyclic voltammograms (CVs) associated with the redox 
reactions of hemin on the GC electrode coated with the (PEI-CMC)5 multilayer film.  
The CVs were recorded occasionally over 90 min, during which the (PEI-CMC)5 film 
coated electrode was immersed in 0.05 mM hemin solution (pH 7.4).  No redox peak was 
observed immediately after the electrode was dipped into the hemin solution (0 min).  
This is because no hemin molecules reach the electrode surface due to the slow diffusion 
of hemin in the film.  The redox current of hemin increased with increasing time, and 
a pair of well-defined redox peaks were clearly observed after 60 min.  Similar results 
were observed for the PEI-terminated (PEI-CMC)5PEI film modified electrode (data not 
shown).  These results suggest that hemin permeates the LbL films irrespective of the 
sign of the electric charge on the surface of the film.  On the basis of the results reported 
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Fig. 2.	 UV-visible absorption spectra of hemin immobilized in (PEI-CMC)n multilayer films (n = 
1–5).  Hemin was immobilized in the films by immersing the films in 0.05 mM hemin solution in 
10 mM Tris-HCl buffer containing 50 mM NaCl (pH 7.4) for 1 h.
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in Fig. 3, we treated the LbL-film-modified electrodes in 0.05 mM hemin solution 
for 60 min to immobilize hemin in the film throughout this study.   The difference 
between the oxidation and reduction potentials in the CVs is ca. 150 mV, suggesting a 
quasi-reversible one-electron transfer involving an Fe(III)/Fe(II) redox couple in the 
immobilized hemin.(44)

	 Figure 4 shows a comparison of the total amount of hemin immobilized in the 
multilayer films and that involved in the electrochemical reaction.  The amount of hemin 
confined in the (PEI-CMC)n and (PEI-CMC)nPEI films increased with increasing number 
of layers.  It is interesting that the amount of hemin involved in the redox reaction is 
rather low for all the films as compared with the total amount of hemin immobilized.  
For example, the amounts of hemin involved in the redox reaction are 3.9×10–10 and 
2.6 ×10–10 mol cm–2 for the (PEI-CMC)5 and (PEI-CMC)5PEI films, while the amounts 
of hemin immobilized in the (PEI-CMC)5 and (PEI-CMC)5PEI films were 4.3×10–9 
and 0.5×10–8 mol cm–2, respectively.  Thus, the percentages of hemin involved in the 
redox reaction in the (PEI-CMC)5 and (PEI-CMC)5PEI films were about 9.0 and 4.9%, 
respectively.  Therefore, it is likely that only the hemin located near the electrode surface 
is involved in the redox reaction, while most of the hemin molecules immobilized in the 
outer layers in the LbL film cannot be involved in the redox process.
	 Table 1 shows the effect of ionic strength on the amount of hemin immobilized 
in the film.  There is little difference between the two types of films in the loading of 
hemin when it is immobilized under a lower ionic strength (10, 50, and 150 mM NaCl).  
Under a higher ionic strength, however, the amount of hemin in the (PEI-CMC)5 film is 
significantly higher than that in the (PEI-CMC)5PEI film.  This may originate from the 
fact that the high ionic strength affects the permeability of the multilayer films.(45–47)

	 Figure 5 shows the relationship between the concentration of hemin in the dipping 
solution and the amounts of hemin immobilized in the (PEI-CMC)5 and (PEI-CMC)5PEI 
films.  The total amount of hemin immobilized in the multilayer films slightly increases 
when the hemin concentration is 0.1 mM as compared with that in 0.05 mM hemin 
solution.  However, in the hemin solutions above 0.1 mM, the amounts of hemin 
immobilized in the film are nearly the same with each other.
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Fig. 3.	 Cyclic voltammograms (CVs) of hemin on the GC electrode coated with (PEI-CMC)5 
multilayer film as a function of dipping time.  Scan rate: 0.05 V s–1.  The dipping times in 0.05 mM 
hemin solution were 0, 15, 30, 60 and 90 min. 
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3.3	 Catalytic reduction of H2O2 on the hemin-immobilized electrode
	 Figure 6 shows the CVs of H2O2 on the hemin-immobilized (PEI-CMC)5-film-modified 
electrode.  The cathodic current of the CVs increased with increasing concentration of 
H2O2, showing that the hemin-modified electrode catalyzes the reduction of H2O2.
	 For the amperometric measurement of H2O2, the electrode potential was fixed at 
0.2, 0, –0.2, –0.4 or –0.6 V.  Figure 7 shows the amperometric response of the hemin-
immobilized (PEI-CMC)5-film-modified electrode to H2O2.  Curves c and b are the 
responses under electrode potentials of –0.6 and –0.4 V, respectively.  The response 
to 0.1 mM H2O2 is indicated by the arrow in the figure.   In contrast, the response was 
negligible on the hemin-free (PEI-CMC)5-film-modified electrode (0.1 mM H2O2 
was added dropwise up to a final concentration of 1 mM).   The hemin-immobilized 
electrode showed a response to H2O2 even under a positive potential at 0.2 V (see inset).  
This is probably due to the formation of an intermediate Fe(III)-H2O2 complex that is 
decomposed to an Fe(IV)-oxo species, which is known to be reduced under a positive 
potential.(48,49)  There was no response on the hemin-free electrode under the same 
positive potential.  The response of the hemin-confined electrode is rapid, the response 
time being about 5–15 s.

Fig. 4.	 Amount of hemin immobilized in (PEI-CMC)n (a) and  (PEI-CMC)nPEI films (b) with 
different numbers of layers.  The gray bars (left) and light-gray bars (right) show the data obtained 
from UV-visible absorption spectra and CV, respectively.  The data are based on three independent 
preparations.

Concentration of NaCl / mM Loading of hemin in the film / 10–9 mol cm–2

(PEI-CMC)5 film (PEI-CMC)5PEI film
10 3.8±0.8 4.5±0.6
50 4.4±0.8 5.2±0.5

150 5.5±0.1 5.5±0.6
300 4.8±0.6 1.8±0.3

Table 1
Loading of hemin in the LbL films as a function of the ionic strength of hemin solution.

The listed data are calculated based on 4 independent preparations.

1 2 3 4 5
0

2

4

6
a

Am
ou

nt
of

he
m

in
in

film
s

(n
m

ol
cm

-2
)

Number of layers

1 2 3 4 5

b



Sensors and Materials, Vol. 20, No. 5 (2008)	 227

Fig. 5.	 Effect of the concentration of hemin on the amount of hemin immobilized in the (PEI-CMC)5 
(light-gray bars, right) and (PEI-CMC)5PEI (gray bars, left) films.  The data are based on three 
independent preparations. 
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Fig. 6.	 CVs of hemin-modified (PEI-CMC)5-film-coated GC electrode in the absence (a) and 
presence of 0.05 (b), 0.5 (c) and 1.0 mM H2O2 (d) in 10 mM Tris-HCl buffer (pH 7.4) containing 
50 mM NaCl.  Scan rate: 0.05 Vs–1.
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Fig. 7.	 Amperometric responses of hemin-free (a) and hemin-modified (PEI-CMC)5-film-coated 
GC electrodes (b and c) to H2O2 in 10 mM Tris-HCl buffer (pH 7.4) containing 50 mM NaCl.  The 
electrode potential was set at –0.4 for b and –0.6 V for a and c.  The concentration of H2O2 in the 
sample solution was increased stepwise and the final concentrations are 1, 0.2, and 0.2 mM for 
a, b and c, respectively.  Inset: Reactions of H2O2 on hemin-free (a) and hemin-confined   (PEI-
CMC)5PEI-modified electrodes (b) at an applied potential of 0.2 V.  The final concentration of 
H2O2 was 1 mM.
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	 Figure 8 shows calibration curves for H2O2 over the concentration range of 0.005–1 mM 
for the hemin-immobilized (PEI-CMC)5- and (PEI-CMC)5PEI-film-coated electrodes 
measured at –0.6 V.  A linear relationship is obtained in the range of 0.005–0.8 mM H2O2.  
The detection limit is 0.1 µM when the signal-to-noise ratio is 3, and the regression 
equations are y = –19.1X–0.5 and y = –22.7X–0.4 (mM of H2O2) for the (PEI-CMC)5 and 
(PEI-CMC)5PEI multilayer films, respectively. 
 
3.4	 Stability of the hemin-immobilized electrode
	 To evaluate the stability of the hemin-modified electrode, the response of the 
electrode to 0.001–0.5 mM H2O2 was measured every day for 3 weeks (Fig. 9).  The 
response was relatively stable during the first 2 weeks for both films.  After 2 weeks, 

Fig. 8.	 Typical calibration graphs for hemin-modified (PEI-CMC)5-film- (■) and (PEI-
CMC)5PEI-film- (●) coated GC electrodes to H2O2 in 10 mM Tris-HCl buffer (pH 7.4) containing 
50 mM NaCl.  The applied potential was set at –0.6 V.  The data are based on three independent 
measurements.
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Fig. 9.	 Stability of hemin-confined (PEI-CMC)5-film (b and d) and (PEI-CMC)5PEI-film-coated 
electrodes (a and c).  The concentrations of H2O2 were 0.5 mM for a and b and 0.1 mM for c and d.  
The applied potential was set at –0.6 V.
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however, the response began to decrease day by day.  This is probably due to the leakage 
of hemin from the LbL film. 

4.	 Conclusions

	 We successfully prepared a hemin-modified electrode as a H2O2 sensor using LbL 
films composed of PEI and CMC.  Hemin can permeate the LbL films irrespective of the 
sign of the electric charge of the surface to be immobilized in the film.  The amount of 
hemin confined in the LbL films depended on the number of layers.  Hemin immobilized 
in the LbL films exhibited an electrocatalytic activity to H2O2 under applied potentials 
of –0.4 and –0.6 V.  Thus, the usefulness of an LbL film as a scaffold for immobilizing 
hemin was established.  The LbL-film-based H2O2 sensors may be useful for detecting 
H2O2 because of their easy preparation and high sensitivity.  Further improvement in the 
stability of the hemin-immobilized films is possible by the covalent attachment of hemin 
to the film through a coupling agent or by using hemin-modified polymers to construct 
LbL films.
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