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Abstract

A glucose detection approach based on the concept of electrochemical depletion of electroactive species in diffusion layer was established,
using scanning electrochemical microscopy (SECM). By controlling the glucose oxidase (GOD) modified electrode (substrate electrode) at a
proper potential of electrochemical oxidation of interfering electroactive species, i.e., ascorbic acid (AA), an interference-free microcircum-
stance was formed in the diffusion layer of the substrate electrode. Consequently, we could successfully sense hydrogen peroxide generated
from an enzymatic reaction by locating a Pt ultramicroelectrode (UME) (tip electrode, 5�m in radius) into the diffusion layer of the substrate
electrode. Properties of this interference-removing approach based on electrochemical depletion were systematically investigated. Results
showed that the interference-removing efficiency was significantly determined by the tip-substrate distance and substrate potential. When the
tip-substrate distance was 11�m (2.2 times of the tip electrode radius) and the substrate potential was 0.5 V, nearly 90% of AA (0.5 mM) could
be depleted within 30 s without consumption of H2O2. Under these conditions, 0.1 mM AA showed no influence on the detection of 0.5 mM
glucose. The linear range of glucose detection is 0.01–1 mM with a detection limit (DL) of 0.005 mM (correlation coefficient is 0.9948). This
research will open a new way for developing selective micro-biosensors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Electrochemical method has been widely applied in
biochemical analysis for its advantages of simplicity and
sensitivity (Mello and Kubota, 2002; Gerard et al., 2002).
In electrochemical sensing devices, redox enzyme is usu-
ally immobilized on a working electrode to provide specific
response to its substrate. Glucose oxidase (GOD) based
biosensors attracted considerable interests for the impor-
tance of glucose in clinical and food analysis (Wang, 2001).
Although, the oxidation of glucose by means of the catalytic
activity of GOD is highly specific, the detection principle
of a glucose sensor itself—the usually amperometric detec-
tion of the formed hydrogen peroxide, is largely unspecific.
Therefore, such electrochemical sensors are highly sensitive
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towards side reaction caused by chemical impurities, such as
ascorbic acid (AA). Various studies have been done to im-
prove the applicability of GOD-based sensors by overcoating
a permselective membrane onto the enzyme-immobilizing
layer, by using electron-carrying mediators or by direct
electron transfer between enzyme and electrode. (Wang,
2001; Zhang et al., 1994; Myler et al., 2002; Xiao et al.,
2003). Nevertheless, these methods will either inhibit dif-
fusion of glucose into the modified enzyme layer or reduce
the activity of immobilized GOD. Furthermore, the leakage
of mediator molecules or the non-uniformity of overcoated
membranes made the interference-removing capability
change with performance time or vary in batches.

It is one of our long-term goals to develop simple and
stable interference-removing approaches that could be used
in micro-electrochemical devices. We realize that electro-
chemical depletion of reactive species is a reproducible and
easy-controlled approach to improve the applicability of
biosensors. Electrochemical depletion approach has high
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Fig. 1. Scheme and principle of the glucose detection and interference-
removing approach in the diffusion layer of GOD-modified GCE.

interference-removing ability in the diffusion layer and it is
suitable for the fabrication of micro-electrochemical detec-
tors. In this paper, a selective glucose detection system based
on the concept of electrochemical depletion of electroac-
tive species in diffusion layer was established. As shown in
Fig. 1, a macro glassy carbon electrode (GCE) immobilized
with GOD was polarized to a potential at which interfer-
ence species could be electrochemically depleted. Thus, an
interference-free micro-circumstance was created in the dif-
fusion layer of the GCE. A tip electrode was located into
this diffusion layer to detect glucose by sensing H2O2 that
formed in the enzymatic reaction (Eq. (1)):

β-d-glucose+ O2
GOD−→ gluconic acid+ H2O2 (1)

Glucose detection based on the concept of diffusion layer
provides a new way for developing high selective biosen-
sors with two closely positioned working electrodes. Though
Lunte (Lunte et al., 1987) has used dual-electrode to inves-
tigate voltammetric detection in a flow-through thin-layer
electrochemical cell and found that any reactions at an up-
stream electrode reducing the concentration of the analyte in
the mobile phase would cause a decrease in the current at a
downstream electrode, their detection approach is in essence
a bulk pre-oxidation approach. To our knowledge, quantita-
tive investigations of electrochemical depletion of reactive
species in the diffusion layer have not been reported.

Scanning electrochemical microscopy (SECM) is a scan-
ning probe microscopic technique that explores chemical in-
formation of a specimen (substrate) surface by positioning
an ultramicroelectrode (UME, the tip electrode) a few mi-
crometers above the substrate in nanometer precision (Kwak
and Bard, 1989; Bard et al., 1989). When the tip electrode
is positioned far from the substrate (in the bulk solution),
its diffusion-controlled current can be defined by a UME
equation (Eq. (2)),

iT,∞ = 4nFDca (2)

wherec, D andn are, respectively, the bulk concentration,
the diffusion coefficient, and the number of electrons in the
electrochemical reaction;a is the electrode radius andF
the Faraday constant. When the tip is near the substrate,
electric communication between them occurs, resulting in
an increase (for conductive or reactive surface) or a de-
crease (for insulating or non-reactive surface) in tip current
(Kwak and Bard, 1989). The distance between the tip and
the specimen can be calculated conveniently according to
the change of tip current (Amphlett and Denuault, 1998).
Previous studies have proved that SECM is a powerful tool
for obtaining spatial resolved chemical information of the
biological materials (Kasai et al., 2000; Liebetrau et al.,
2003). For the investigation of enzyme-contained system,
SECM has been used to characterize the enzyme-modified
surfaces or enzyme patterns (Zhou et al., 2002; Kasai
et al., 2002; Gaspar et al., 2001; Turyan et al., 2000; Pierce
et al., 1992). Therefore, SECM could give a convenient
spatial control in the diffusion layer for this research. The
influence of substrate potential, the tip-substrate distance
on glucose detection and interference-removing efficiency
were systematically investigated.

2. Experimental section

2.1. Chemicals and materials

GOD (Catalog No. G7773, EC 1.1.3.4, type II fromAs-
pergillus niger, 15, 500 units/g, Sigma) was used as received.
Potassium ferrocyanide, glucose andp-phenylenediamine
(PPD) were of analytical grade (Nanjing, China). GOD was
dissolved in 50 mM phosphate buffer solution (PBS, pH 7.4)
containing 100 mM KCl. All solutions were prepared with
18.2 M� deionized water (Purelab Classic Corp., USA).

2.2. SECM system

A model CHI 900 SECM (CH Instruments, Austin, TX)
was used for the measurement of SECM images and ap-
proach curves. The SECM tip was a Pt (tip radiusrT = 5�m;
insulating glass outer wall radiusrglass: rT = 10) UME (CH
Instruments). All electrochemical measurements were per-
formed in a Teflon cell (ca. 1.5 ml). Four-electrode system
was used for all measurements with a Pt wire as counter elec-
trode, an Ag/AgCl (in 3 M KCl) as reference electrode, and
the Pt tip as the first working electrode. A GOD layer modi-
fied glassy carbon disk electrode (GCE, 3.5 mm in diameter)
was used as both the second working electrode and the sub-
strate of SECM. Before each measurement, the Pt UME was
polished with 0.05�m alumina slurry on microcloth pads.
The SECM tip electrode was then precisely positioned at a
predetermined distance from the sample surface by monitor-
ing the anodic current at 0.5 V for the electrochemical oxida-
tion of 1 mM Fe(CN)64− and then comparing the measured
anodic current with the normalized current-distance curve
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for SECM negative feedback behavior. After the solution
was carefully removed, the cell was rinsed with PBS for four
times to remove K4Fe(CN)6 remaining in the tip-substrate
gap. Finally, sample solution was added into the electrolytic
cell, a steady potential was applied on the tip electrode, and
the current–time curves were recorded. A break of 5 min was
used between each measurement of current–time curves.

2.3. Immobilization of GOD on substrate electrode

GOD was co-immobilized with a layer of poly-PPD on
the GCE based on a procedure described previously (Xu and
Chen, 2000). Briefly, 25 mg GOD was dissolved in 1 ml PBS
(pH 7.4) containing 10 mM PPD. This mixed solution of
GOD and PPD was electrochemically polymerized at 0.4 V
for 600 s. GOD has an isoelectric point of 4.2, it should be
negatively charged in a solution of pH 7.4. It is reported that
poly-PPD is positively charged in the same solution. There-
fore, GOD can be incorporated into the polymer matrix as
a counterion based on electroneutralization principle. The
poly-PPD–GOD-modified GCE (P–G–G) was then rinsed
with deionized water carefully and potentially scanned be-
tween 0.0 and 0.8 V in PBS for 20 cycles to remove the
unreacted PPD monomer. Then the modified substrate elec-
trode was immersed in PBS at 4◦C for 12 h before use.

3. Results and discussion

3.1. Characterization of the P–G–G electrode

Scanning electron microscopy (SEM) was used to
investigate the surface morphology of the prepared
poly-PPD–GOD membrane (Fig. 2). The membrane was
of porous structure with average pore size of ca. 200 nm

Fig. 2. SEM image of the poly-PPD–GOD membrane.
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Fig. 3. Normalized current–distance curves recorded with a Pt UME (rT

= 5�m) in a solution of 1 mM K4Fe(CN)6 (solid curve) or in a solution of
1 mM K4Fe(CN)6 + 50 mM glucose (dotted curve). Open circles denote
the theoretically calculated current-distance behavior for an insulating
substrate.

(dark dots). In addition, the thickness of the membrane was
estimated to be 10�m, using an optical microscopy.

The conductivity and the catalytic reactivity of the ob-
tained P–G–G electrode were characterized using SECM
by measuring approaching curves in a Fe(CN)6

4− solution
with or without glucose. The tip current and the distance
were normalized byiT,∞ (in Eq. (2)) and rT, respectively.
The normalized current–distance curves are shown inFig. 3.
The tip current presented a “negative feedback” (decrease
in tip current) behavior at all tip-substrate distances (solid
curve) when glucose was absent in solution. This curve fit-
ted well to the theoretically calculated one based on nega-
tive feedback for pure insulator (open cycles) (Amphlett and
Denuault, 1998). Obviously, the poly-PPD–GOD membrane
is a non-conductive system and Fe(CN)6

3− generated on the
tip electrode can not penetrate this membrane. The observed
pure negative feedback provided us with a direct estimation
of the tip-substrate distance (the distance is relative to the
top surface of GOD layer). On the contrast, with addition of
50 mM glucose into the solution, the approaching curve (dot-
ted curve) showed an increase in the normalized tip current
within short tip-substrate distance. This increase was due to
the reduction of the tip-generated ferricyanide via the enzy-
matic reaction, representing an additional source of ferro-
cyanide in close proximity to the substrate electrode (Kranz
et al., 1997). Obviously, the heterogeneous electron-transfer
kinetics between ferricyanide and GOD reaction is relatively
slow (Pierce et al., 1992).

3.2. Detection of glucose in the diffusion layer of P–G–G
electrode

As H2O2 generated on the poly-PPD–GOD would dif-
fuse through the tip-substrate gap before it was detected by
the tip electrode, the concentration gradient of H2O2 in the
solution should be taken into account. In this case, the tip
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Fig. 4. Dependence of the Pt tip currents (rT = 5�m, ET = 700 mV) on
the tip-substrate distance in PBS containing 0.1 mM glucose.

current depended on the tip-substrate distance. Meanwhile,
diffusion of glucose and generated H2O2 from the outside
(bulk) to the tip-substrate gap will be restricted when the
gap distance is small. This means that the distance between
the UME and the P–G–G surface is very critical for the pro-
posed measurement. Therefore, glucose was first detected
using the tip electrode in solution without AA at different
tip-substrate distances. As show inFig. 4, the difference
between the tip current in 0.1 mM glucose (iT,glu) and the
tip currents in a buffer solution (iT,PBS) drops exponentially
with the increase of the normalized tip-substrate distance
(d/rT) in a range of 5 (25�m) to 120 (600�m). When the
normalized tip-substrate distance was lager than 120, no
H2O2 could be detected. When the tip-substrate distance
was in the range of 2.2rT (11�m) and 5rT (25�m), the tip
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Fig. 5. Response currents of the tip electrode taken at the polarization time of 5 s as a function of glucose concentration. Inset denotes the current responses
of the tip electrode (rT = 5�m) at 0.7 V for different glucose concentrations as a function of time. The tip-substrate separation distance was 11�m.

current became less sensitive to the change of tip-substrate
distance. This demonstrates that measurement of glucose
in this relatively large range can give reproducible signal
even with slight change of tip-substrate distance. When the
tip-substrate distance is much shorter (1rT, 5�m), an inhi-
bition of the diffusion of glucose induced by the tip electrode
emerges, resulting in a little decrease of the tip current.

At optimized tip-substrate distance (2.2rT), the amper-
ometric dynamic responses of the tip electrode to glucose
were measured in different glucose concentrations (Fig. 5,
inset). After a potential was applied to the tip electrode,
the tip current dropped significantly in the first 2 s due to
the rapid decrease of charging current and the depletion of
the previously accumulated H2O2 in the tip-substrate gap
formed via enzymatic reaction (Eq. (1)). Then the tip current
reached a relative steady state value when the diffusion of
H2O2 from the outside of the tip-substrate gap was equal to
the consumption of H2O2 on the tip electrode. Steady-state
tip currents taken at the polarization time of 5 s increase lin-
early (Fig. 5) with the concentration of glucose in the range
of 0.01–1 mM (correlation coefficient: 0.9994) with a detec-
tion limit (DL) of 0.005 mM. In more concentrated glucose
solutions, the tip currents deviated from the linearity owing
to the change of the enzymatic reaction kinetics from first
order at low glucose concentration (<1 mM) to zero order
at high glucose concentration (>4 mM).

3.3. Interference-removing by applying oxidizing potential
on the substrate electrode

As shown inFig. 6, electrochemical oxidation of AA on
both platinum tip (Fig. 6a) and GCE (Fig. 6b) started at more
negative potentials (anodic current can be seen at 0.0 V, solid
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Fig. 6. Voltammograms of a GCE and a Pt UME (rT = 5�m) in PBS
(doted curves) and PBS containing 0.1 mM AA (solid curves) or 0.1 mM
H2O2 (dashed curves) at a scan rate of 50 mV/s.

curves) than that of H2O2 (dashed curves). The difference of
the onset potential between AA and H2O2 on tip electrode
results in an inevitable interfering current during the detec-
tion of H2O2. In the case of GCE, the oxidation rate of AA
reaches diffusion-limited level at potentials more positive
than 0.17 V. For the oxidation of H2O2 on GCE, no obvious
anodic current appeared at potential lower than 0.5 V. Thus,
by controlling the substrate electrode potential between the
anodic peak potential of AA (0.2 V) and the potential for
the electro-oxidation of H2O2 (0.5 V), AA in the diffusion
layer of the GCE could be successfully depleted irreversibly
without consumption of H2O2.

The influence of substrate potential on the removal of in-
terference and detection of glucose was investigated at a
fixed tip-substrate distance of 11�m with the tip potential
set at 0.5 or 0.7 V. Tip currents with (iT,S) and without (iT,0)
applying a substrate potential were measured, respectively.
In the solution of AA, the ratio ofiT,S/iT,0 represents the per-
centage of AA in the tip-substrate gap which had not been
consumed by the substrate electrode. Therefore, this current
ratio could be used to evaluate the interference-removing ef-
ficiency of the present design. Here, we define 1−iT,S/iT,0 as
the interference-removing efficiency. A lower ratio means a
higher interference-removing efficiency accordingly. When
measurements were performed in glucose solution, this ra-
tio represents the percentage of H2O2 in the tip-substrate
gap that was not consumed by the substrate electrode. Under
this circumstance,iT,S/iT,0 was used to evaluate the influ-
ence of substrate potential on glucose detection. As shown
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Fig. 7. Dependence of the normalized currents of a Pt tip electrode (rT

= 5�m) at 0.5 V (curves ‘a’ and ‘d’) and 0.7 V (curves ‘b’ and ‘c’) on
the substrate potential. The tip-substrate distance is kept at 2.2rT (11�m)
and the tip currents were taken at the polarization time of 30 s. The tip
current of iT,0 was measured with the substrate electrode at open-circuit
potential. ‘a’: 0.5 mM AA,ET = 0.5 V; ‘b’: 0.5 mM AA, ET = 0.7 V; ‘c’:
0.5 mM glucose,ET = 0.7 V; ‘d’: 0.5 mM glucose,ET = 0.5 V.

in Fig. 7, curves ‘a’ and ‘d’ were measured at tip poten-
tial of 0.5 V and curves ‘b’ and ‘c’ at tip potential of 0.7 V,
respectively. In a solution containing 0.5 mM AA (Fig. 7,
curves ‘a’ and ‘b’), the tip current ratio decreased with
the increase of substrate potential, indicating that a bet-
ter interference-removing efficiency of the glucose-detecting
configuration could be achieved with more positive substrate
potentials. However, concerning the detection of glucose
(Fig. 7, curves ‘c’ and ‘d’), the tip current ratio decreased
gradually with the substrate potential higher than 0.5 V due
to partial oxidation of generated H2O2 at the substrate elec-
trode. Furthermore, for AA solutions, the observation that
tip currents ratio at tip potential of 0.7 V (Fig. 7, curve ‘b’)
is higher than that of 0.5 V (Fig. 7, curve ‘a’) indicates that
lower tip potential should be taken for the precise determi-
nation of glucose in a solution containing AA. When both
the tip and substrate potentials were set at 0.5 V, most AA
(nearly 90% percent) in the tip-substrate gap was eliminated.

The influence of the tip-substrate distance on the
interference-removing capability was studied in a solution
of 0.5 mM AA with (iT,S) or without (iT,0) applying 0.5 V
on the substrate electrode. Ratios ofiT,S to iT,0 (iT,S/iT,0)
as the function of the normalized tip-substrate distance are
shown in Fig. 8. The almost linear decrease of the ratio
with the normalized tip-substrate distance indicates that the
interference-removing efficiency increases with the decrease
of tip-substrate distance. Within the tip-substrate distance of
6 rT (30�m), the interference-removing efficiency is higher
than 80%. With the tip-substrate distance shorter than 2.2
rT (11�m), iT,S/iT,0 reaches a relatively steady value of
about 10% (the interference-removing efficiency is nearly
90%). This demonstrates that measurements in a relatively
large tip-substrate distance range (within 6rT) could give a
stable and high interference-removing efficiency.
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Fig. 8. Dependence of the normalized response current in 0.5 mM AA on
the normalized tip-substrate distance. Tip currents were measured with
(iT,S) or without (iT,0) applying 0.5 V on the substrate electrode (ET

= 0.5 V).

Fig. 9 shows the amperometric dynamic responses of the
tip electrode in solutions of 0.5 mM glucose with (Fig. 9,
curve ‘b’) or without 0.1 mM AA (Fig. 9, curve ‘c’) mea-
sured under optimized conditions. In a primary research we
found that, in a buffer solution with or without glucose, the
oxidation potential applied on the substrate electrode (0.5 V)
has no influence on the tip current (data not shown due to
the complete overlap of tip currents). For comparison, the
tip currents in the solution of 0.5 mM glucose with 0.1 mM
AA (Fig. 9, curve ‘a’) were also measured without apply-
ing a substrate potential. The tip current shown in curve ‘a’
is about 2.5 times higher than that in curve ‘c’, indicating
that AA seriously interferes glucose detection without elec-
trochemical depletion. When an oxidation potential of 0.5 V
was applied on the substrate electrode (curve ‘b’), the tip
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Fig. 9. Amperometric dynamic response of a Pt tip electrode (rT = 5�m,
ET = 0.5 V) with and without applying an oxidation potential to the
substrate electrode. Tip-substrate distance was kept at 11�m. ‘a’: 0.1 mM
AA + 0.5 mM glucose, substrate electrode at open circuit potential; ‘b’:
0.1 mM AA + 0.5 mM glucose,Esub = 0.5 V; ‘c’: 0.5 mM glucose,Esub

= 0.5 V; ‘d’: PBS supporting electrolyte (pH 7.4),Esub = 0.5 V.

current decreased dramatically. In the first 20 s of the polar-
ization time, the tip current in curve ‘c’ is obviously larger
than that in curve ‘c’. The increased tip current is due to
the interference from the electrooxidation of AA, since AA
is not yet completely depleted by both electrodes. However,
overlap of these two curves at polarization time longer than
25 s indicates that the concentration of AA remaining in the
tip-substrate gap in this time period is negligible. Under op-
timal conditions for interference removing, the linear range
of glucose detection is 0.01–1.0 mM with a correlation co-
efficient of 0.9948 (DL= 0.005 mM).

4. Conclusions

This research showed that the diffusion layer of a sub-
strate electrode could be used as an interference-free
micro-circumstance for glucose detection using an UME.
This glucose detection configuration provides us with a
new direction for fabricating interference-free biosensors
based on the conception of electrochemical depletion of
electroactive species in diffusion layer. SECM was a pow-
erful tool for convenient spatial control in this research. For
further research, UMEs could be screen-printed at an opti-
mal position in the diffusion layer of a substrate electrode,
and a chip-based glucose biosensor could be fabricated,
which makes this configuration promising for practical
applications.
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