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A new approach to construct a reagentless enzyme bio-
sensor is described. Based on multilayer horseradish
peroxidase in a self-assembled monolayer configuration,
the biosensor was constructed using multilayer thionine
covalently tethered to the enzyme as an electron-transfer
mediator. The multilayer enzyme and the multilayer
mediator were stepwisely synthesized onto an L-cysteine-
assembled gold electrode using glutaraldehyde as a
bifunctional reagent. The multilayer mediator tethered to
the multilayer enzyme could effectively and stably shuttle
electrons between the electrode and the multilayer enzyme
linked onto the monolayer. The sensitivity of the resulting
enzyme biosensor with eight layers of enzyme and three
layers of mediator was more than 250 µA cm-2 for 1.0 ×
10-4 mol/L hydrogen peroxide under optimal conditions,
whereas such a modified electrode with one layer of
enzyme and one layer of mediator did not yield a detect-
able response to 1.0 × 10-4 mol/L hydrogen peroxide.

Electrical communication between redox sites of enzyme and
electrode is the basis for developing various amperometric
biosensor devices.1 Nevertheless, direct electron transfer is
usually not possible with most enzymes because their redox
centers are located deep inside the insulated protein shells.
Therefore, redox mediators are required in order to establish an
electrical connection between these redox centers and the
electrode.2 To fabricate a mediated enzyme biosensor, it would
be preferable to immobilize an electron-transfer mediator on the
electrode surface.3 A relatively high mediator concentration is
necessary for a high sensitivity of the biosensor, which depends
on the mediator concentration as well as the amount of enzyme.4

However, the electron-shuttling mediator suffers from the inherent
drawback that the soluble, or partially soluble, mediating species
can diffuse away from the electrode surface into the bulk solution
when the biosensor is used continuously or for multiple sample
analysis. Hence, immobilization of the mediators plays an
important role in the construction of the mediated enzyme
biosensors. Our group has used montmorillonite and Nafion gel
to prevent the electron-transfer mediator from leaching out of the

enzyme electrode.3,5 Successful mediated enzyme biosensors have
been developed with enzymes which have been either chemically
modified with electron relays6 or immobilized in the mediating
redox polymers such as polypyrrole,7 polyloxane,8 poly(ethylene
oxide),9 and poly(vinylpyridine).10

Recently, the self-assembly technique has been used for the
fabrication of amperometric enzyme biosensors.11 Two primary
analytical advantages associated with coating an electrode with a
self-assembled monolayer (SAM) are as follows: (1) Non-Faradaic
background currents are dramatically reduced, largely because
the monolayer prevents close approach of solvent and ions to the
electrode surface and, therefore, decreases the double-layer
capacitance,12 and reducing background currents is usually desir-
able in electroanalytical chemistry because it results in improved
sensitivity. (2) Self-assembled monolayers made it possible to
covalently bind enzyme onto electrode surfaces, and this type of
membrane-free amperometric enzyme sensors is of interest
because they have, in principle, high amperometric sensitivities
and rapid respond time, free from any diffusion problem of
substrates or products through the enzyme membrane. On the
other hand, the self-assembly techniques provide an elegant
strategy in the earlier studies, which allows the preparation of
electroactive monolayer, often avoiding excessively laborious
organic synthesis work, and this made it possible to bind
covalently in situ the redox species. In this way, quinones,13

viologens,14 ferrocenes,15 Ru complexes,16 and other redox species
can be tethered to a self-assembled electrode. However, up to
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now, there have been few reports of combining an enzyme
electrode with a redox mediator in the same self-assembled
monolayer configuration.17,18 In addition, the sensitivities of these
enzyme electrodes in a self-assembled monolayer configuration
are low due to the limited amounts of enzyme attached to the
electrode surfaces.18 To overcome this difficulty, Riklin and
Willner developed a glucose- and acetylcholine-sensing multilayer
enzyme electrode.19

In this work, for the first time, not only was multilayer
horseradish peroxidase linked onto the L-cysteine monolayer, but
also multilayer thionine was tethered to such a multilayer enzyme.
This electrode-enzyme-mediator chain was obtained in situ
through covalently linking the amino tails of the L-cysteine
monolayer electrode and amino residues of the enzyme and the
two amino groups of each thionine molecule successively with
glutaraldehyde as a bifunctional reagent. The tethered thionine
in this way worked well to speed up electron communication
between the multilayer enzyme and the electrode.

EXPERIMENTAL SECTION
Reagents. Horseradish peroxidase (HRP, EC 1.11.7, type VI)

was obtained from Sigma. Thionine (TH, not purified before use)
was purchased from Fluka. The 25% glutaraldehyde was obtained
from Merck. L-Cysteine and hydrogen peroxide (30% w/v solu-
tion) were purchased from Shanghai Chemical Reagent Co.
(Shanghai, P.R. China). The concentration of more diluted
hydrogen peroxide solutions was determined by titration with
cerium(IV) to a ferroin end point.20 All other chemicals were
analytical grade reagents. All the solutions were prepared with
doubly distilled water.

Preparation of the Thionine-Modified Self-Assembled
Monolayer Electrode (TH/SAME). Gold electrodes were
prepared by sealing polycrystalline gold wires (1.08 mm diameter,
area ) 0.0092 cm2) in epoxy. Electrodes were polished with
alumina and chamois leather, sonicated in distilled water, and
etched for 10 min in a 1:3:4 (v/v/v) solution of concentrated
HNO3-concentrated HCl-H2O prior to coating. This polishing-
etching protocol has been shown to yield surfaces which are
excellent substrates on which to form self-assembled monolayers
(SAMs).21 The etched electrodes were thoroughly rinsed with
water prior to modification. The cleaned electrodes were im-
mersed for 12 h at room temperature in a 0.02 M L-cysteine
aqueous solution (deoxygenated by bubbling nitrogen). The
resulting monolayer-modified gold electrodes were rinsed with
water, and thus the self-assembled monolayer electrodes (SAMEs)

were obtained. SAMEs were treated with a 7% (v/v) aqueous
solution of glutaraldehyde for 20 min and then rinsed with water.
Such a treated SAME was incubated in 1.0 × 10-3 mol/L thionine
aqueous solution for 20 min and then was rinsed with water. Such
a two-step procedure using the reaction with glutaraldehyde and
the thionine solution was used to assemble the thionine-modified
self-assembled monolayer electrode (TH/SAME) with the desired
number of TH layers. Similarly, horseradish peroxidase-linked
self-assembled monolayer electrode (HRP/SAME) and the thion-
ine-tethered HRP/SAME (TH/HRP/SAME) electrode could be
assembled. All resulting electrodes were washed with water and
stored in a refrigerator (4 °C) when not in use.

Apparatus. Cyclic voltammetry and amperometric measure-
ment were done with a three-electrode system comprising TH/
SAME, HRP/SAME, or TH/HRP/SAME as a working electrode,
a saturated calomel reference electrode, and a platinum wire
auxiliary electrode. The electrodes were connected to a cyclic
voltammetry apparatus (Scientific Equipment Co., Fudan Univer-
sity, P.R. China) in line with a type 3086 x-y recorder (Yokowa
Hokushin Electric, Tokyo, Japan). All electrochemical experi-
ments were carried out in 5 mL of 0.1 mol/L phosphate buffer
(pH 6.8, apart from the pH parameter experiments) containing
0.1 mol/L KCl in a thermostated and stirred electrochemical cell
at 25.0 ( 0.2 °C. All experimental solutions were thoroughly
deoxygenated by bubbling nitrogen through the solution for at
least 5 min.

RESULTS AND DISCUSSION
Preparation of the Modified Self-Assembled Electrodes.

The reaction of glutaraldehyde with a primary amino group by
the formation of the Schiff-base bond has been studied and applied
in covalently binding compounds and enzyme-containing amino
groups.11a,22 In our experimental procedure, the gold electrode
surface was functionalized with primary amino groups by chemi-
sorption of L-cysteine as reported.23 Next, the amino tails of SAMs
formed in this way reacted with the bifunctional reagent glutaral-
dehyde and then reacted the thionine containing two primary
amino groups. The electrode modification process of TH/SAME,
HRP/SAME, and TH/HRP/SAME is illustrated in Scheme 1.

Electrochemical Characteristics of TH/SAME. The cyclic
voltammograms of TH/SAME in 0.1 mol/L phosphate buffer are
shown in Figure 1. The linked TH exhibited an electrochemically
quasi-reversible redox process. Estimated from the integration
of the cathodic or anodic peak, the surface density of TH/SAME
with one, two, three layers of TH corresponded to 7.4 × 10-12,
15.6 × 10-12, and 21.2 × 10-12 mol/cm2, respectively.

TH/SAME with one layer of TH displayed the cathodic peak
potential Epc ) -0.16 V and the anodic peak potential Epa ) -0.11
V at a scanning rate of 40 mV/s (see Figure la). The formal
potential (E°′) of the thionine layers was -0.135 V (vs SCE); this
value was slightly negative compared to that of free thionine (E°′
) -0.12 V). The ∆Ep value (the anodic to cathodic peak
separations) produced by TH/SAME was 50 mV, indicating that
there were fast charge transfers through SAM as well as charge
transfers from SAM to the electrode. The more TH layer the TH/
SAME was linked to, the larger the ∆Ep value TH/SAME showed,
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indicating slower charge transfer displayed by TH/SAME (see
Figure l).

The cathodic (or anodic) peak currents of TH/SAME with
three layers of TH were linearly related to the scan rates, as
expected for a redox species linked to SAM. The plot of ∆Ep as
a function of scan rates is shown in Figure 2. A small ∆Ep (e50
mV) was obtained at a slow potential scan rate (v e 20 mV s-1).
∆Ep was nearly independent of the potential scan rate from 40 to
100 mV/s (∆Ep ≈ 50 mV). When the potential scan rate was
higher than 100 mV/s, ∆Ep increased dramatically and was
proportional to log v (see Figure 2). The formal potential, E°′,
calculated as the average of Epa and Epc, E°′ ) 0.5 (Epa + Epc),
was almost unchanged when the peaks were symmetrically shifted

in the positive and negative directions with increasing potential
scan rate: δEpa/δ(log v) ≈ δEpc/δ(log v) ≈ 100 mV. Thus, it
could be assumed that the anodic and cathodic transfer coef-
ficients Ra and Rc are both about 0.5. The electron-transfer rate
constant from the electrode to TH was determined by Laviron’s
method.24 The derived value of the apparent electron-transfer rate
constant for the heterogeneous electron transfer process cor-
responded to 1.7 s-1.

The redox peak potentials of the linked TH in this way were
pH dependent, and the slope of the plot of the cathodic peak
potential as a function of pH (5.5-7.5) corresponded to 30 mV/
pH unit, suggesting that the reduction process of TH involved
two electrons and one proton at a neutral pH.25

Response of the TH/HRP/SAME to Hydrogen Peroxide.
From Figure 3a, TH/HRP/SAME exhibited quasi-reversible redox
waves in the absence of hydrogen peroxide, which was similar to
that of TH/SAME (see Figure 1). When hydrogen peroxide was
added to the electrochemical cell, the cyclic voltammograms
changed dramatically, with an increase of reduction current and
an almost complete disappearance of oxidation current (see Figure
3b), showing that a bioelectrocatatylic reaction of hydrogen
peroxide occurred at TH/HRP/SAME. Indeed, the TH tethered
to HRP/SAME facilitated electron communication between the
protein redox site and the electrode, as presented in Scheme 2.
The response mechanism of TH/HRP/SAME to hydrogen per-
oxide is summarized as follows:

Then, the oxidized HRP oxidized LTH to TH+:
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163.

Figure 1. Cyclic voltammograms of TH/SAME with (a) one layer of
TH, (b) two layers of TH, and (c) three layers of TH at a scan rate of
40 mV/s.

Scheme 1. Organization of Multilayer TH/SAME,
HRP/SAME, and TH/HRP/SAME

Figure 2. ∆Ep of TH/SAME with three layers of TH as a function of
scan rates. H2O2 in 0.1 mol/L phosphate buffer (pH 6.8) containing 4
× 10-5 mol/L TH.

H2O2 + HRP(red) f H2O + HRP(ox)

HRP(ox) + LTH f HRP(red) + TH+
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(this overall rereduction of HRP(ox) included two separate steps.26

where one electron was donated at a time, HRP(I) was HRP(ox),
and TH• represented the free radical formed during the reaction.)
Then, TH+ was reduced to LTH2 at TH/HRP/SAME, resulting in
the cathodic catalytic current:

The effect of the number of HRP layers on TH/HRP/SAME
was investigated by control experiments. When one layer of TH
was tethered to HRP/SAME, the response of TH/HRP/SAME

with one, three, and five layers of enzyme to hydrogen peroxide
was investigated respectively. To 1 × 10-4 mol/L hydrogen
peroxide, such a TH/HRP/SAME with three layers of HRP yielded
a lower amperometric response than that with five layers of HRP,
whereas such a TH/HRP/SAME with one layer of enzyme did
not yield a detectable cathodic current. This result indicated that
the sensitivity of TH/HRP/SAME was tuned by the number of
enzyme layers. We see that, by increasing the number of HRP
layers, the electrocatalyzed current was enhanced. The response
of TH/HRP/SAME with eight layers of HRP to hydrogen peroxide
was examined, and it was found that the electrocatalyzed current
was higher than that of the five layers one.

For TH/HRP/SAME with five layers of HRP, the response of
this electrode with one and two layers of TH to 1 × 10-4 mol/L
hydrogen peroxide was 38 and 109 µA cm-2 respectively (see
Figure 3A,B). This showed that the electrocatalytic current was
enhanced with increasing number of layers of tethered TH, but
the enhancement of current by increasing layers of TH is different
from that obtained by increasing the number of layers of HRP.
When the number of inner enzyme layers is constant, only three
layers of TH can make the electrocatalytic current reach a plateau
value.

Although the electrocatalytic current enhanced with increasing
the number of enzyme and mediator layers, this does not mean
that the number of HRP layers has no limits. When HRP/SAME
is immersed in the glutaraldehyde solution for too long a time or
too many times, HRP might be denatured, which would lead to
low sensitivity and short lifetime of TH/HRP/SAME. With eight
layers of HRP and three layers of TH, the electrocatalytic current
developed in the electrochemical cell to hydrogen peroxide was
examined. The sensitivity of TH/HRP/SAME was more than 250
µA cm-2 for 1 × 10-4 mol/L hydrogen peroxide.

The effect of pH on the hydrogen peroxide sensor response
has two main aspects: one was that pH affected the activity of
HRP, and the other was that pH affected the peak potentials of
TH (as discussed above) Therefore, both the oxidation and
reduction reactions of HRP-catalyzed cycle were influenced by the
pH of the working buffer. The effect of pH was studied at different
pH values in 0.1 mol/L phosphate buffer (see Figure 4a). It can
be seen that the optimal response was obtained at pH 6.5-6.8,
which was critical for the proper peak potentials of the tethered
TH to catalyze the reduction of oxidized HRP. This pH value also
guaranteed the high activity of HRP for both the oxidation and
reduction reactions of the catalyzed cycle. In this work, the buffer
solution of 0.1 mol/L phosphate buffer (pH 6.8) was used
throughout this paper.

The potential dependence of the steady-state current is shown
in Figure 4b. Electroreduction of hydrogen peroxide was ob-
served already at approximately -0.09 V, and the steady-state
current increased with the applied potential, decreasing from
-0.09 to -0.16 V. It is preferable to control the lower working
potential to avoid or decrease the interference caused by some
electroactive species at TH/HRP/SAME. Figure 5 shows the
cathodic currents of TH/HRP/SAME at different hydrogen
peroxide concentrations at an applied potential of -0.18 V. A
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Figure 3. Cyclic voltammograms of TH/HRP/SAME with five layers
of HRP and one layer of TH (A) or two layers of TH (B) in the absence
(a) and presence (b) of 1 × 10-4 mol/L H2O2 at a scan rate of 40
mV/s.

Scheme 2. Electrical Communication of the
HRP-Assembled Multilayer and the Electrode
Surface Using TH Tethered to Protein

HRP(I) + LTH f HRP(II) + TH• (1)

HRP(II) + TH• f HRP(red) + TH+ (2)

TH+ + H+ + 2e- f LTH2
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linear current increase was observed up to a hydrogen peroxide
concentration of 4.0 × 10-5 mol/L. The sensor achieved 95% of
the steady-state current within 4 s.

The stability of TH/HRP/SAME is controlled not only by the
stabitily of the Schiff base bond (-CdN-) but also by the stability
of the self-assembled monolayer itself.

The background currents at the L-cysteine monolayer electrode
were determined every day in order to examine the stability of
the SAMs. The results showed that the background currents
increased rapidly over time. After 7 days, the current was the
same as that of the bare electrode, which showed that the
L-cysteine molecules modified onto gold electrode surface leached
out completely. It has been reported that the reaction of
glutaraldehyde with amino groups is a complicated one,27 and the
mode of coupling depends on the purity grade of glutaraldehyde
solution. Use of glutaraldehyde from Sigma improved the stability
of the Schiff base bond.

CONCLUSION
TH/HRP/SAME, a reagentless hydrogen peroxide biosensor,

based on the multilayer enzyme and the multilayer mediator, was

constructed. The sensitivity of TH/HRP/SAME was controlled
by the number of the linked HRP layers and the number of the
tethered TH layers. Such a resulting enzyme biosensor with the
multilayer enzyme and the multilayer mediator responded rapidly
to low hydrogen peroxide concentration. This novel and efficient
strategy, that is, successful tethering of multilayer horseradish
peroxidase as a base enzyme with multilayer thionine as a
mediator in the same self-assembled monolayer configuration,
opens up a new approach to construct reagentless enzyme
biosensors, owing to the multiformity of available mediator
derivatives and redox enzymes. Further studies in this direction
are underway in our laboratory.
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Figure 4. Effect of pH (a) and applied potential (b) on TH/HRP/
SAME with eight layers of HRP and three layers of TH when [H2O2]
was 1 × 10-4 mol/L.

Figure 5. Calibration plot for TH/HRP/SAME with eight layers of
HRP and three layers of TH at an applied potential of -0.18 V.
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