
www.elsevier.com/locate/bioelechem

Bioelectrochemistry 63 (2004) 217–224
Application of integrated SECM ultra-micro-electrode and AFM force

probe to biosensor surfaces

Yoshiki Hirata*, Soichi Yabuki, Fumio Mizutani

National Institute of Advanced Industrial Science and Technology (AIST), Central 6, Higashi 1-1-1 Tsukuba, Ibaraki, 305-8566, Japan
Received 23 June 2003; received in revised form 25 January 2004; accepted 27 January 2004
Abstract

The integration of scanning electrochemical ultra-micro-electrode (UME) with atomic force microscope cantilever probe have been

achieved by using a homemade photolithography system. A gold-film-coated AFM cantilever was insulated with photo resist coating and a

pointed end of the AFM probe was opened by illuminating with maskless arbitrary optical micro-pattern generator. To realize precise control

of probe sample distance constantly, the resulting scanning electrochemical microscopy (SECM)–AFM probe was operated using a dynamic

force microscopy (DFM) technique with magnetic field excitation. From a steady-state voltammetric experiment, the effective electrode

diameters of the probes thus prepared were estimated to be from 0.050 to 6.2 Am. The capability of this SECM–AFM probe have been tested

using gold comb in the presence of Fe(CN)6
3 �. The simultaneous imaging of the topography and electrochemical activity of the strip

electrode was successfully obtained. We also used the SECM–AFM to examine in situ topography and enzymatic activity measurement.

Comparison of topography and oxidation current profiles above enzyme-modified electrode showed active parts distribution of biosensor

surface.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Scanning electrochemical microscopy (SECM) is a pow-

erful tool to study both for high-precision control of surface

processes, such as nano-fabrication [1,2], and for high-

resolution imaging of interfacial activity [3]. Recently,

reviews on various aspects of SECM from theory to

application have appeared [4–6]. In conventional SECM

experiments, the ultra-micro-electrode (UME) tip is scanned

in constant height above the sample surface. The faradic

current measured at the UME is mainly influenced by the

reactivity and morphology of the sample, the distance

between tip and sample, and the size and geometry of the

UME when the electrode is closed proximity. However, a

weak point of the previous SECM system is the lack of

spatial resolution compared with conventional scanning

probe microscopes, such as AFM or STM, due to a
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current-dependent positioning of the micro-electrode. The

introduction of the probe controlling system for AFM,

which shows much higher spatial resolution, to the SECM

is a particularly attractive for an electrochemical– topo-

graphical imaging with enhanced spatial resolution. Several

approaches have been reported for combination of the

SECM probe and an alternative tip positioning strategy

during SECM experiments.

Recent developments focused on the combination of

AFM and SECM enable positioning of the UME indepen-

dently of the current response during simultaneous high

resolution. The first approach of dual functioning probe was

fabricated by coating a flattened and etched Pt micro wire

with an insulator. The flattened part of the probe acts as a

flexible cantilever while the coating insulates the probe such

that only the tip end is exposed to the solution [7,8].

Although high spatial resolution was achieved, imaging

with this type of dual functioning probe in contact mode

is limited to its applications. Alternatively, a dual function-

ing probe on can be fabricated by focused ion beam (FIB)

milling of metal-coated cantilever tips creating an electro-

active area at a preselected region above the probe [9,10].
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However, these techniques require a high cost and time is

rather troublesome. An alternative method is combining

SECM probe with near-field scanning optical microscopy

(NSOM) optical fiber probe. In NSOM, mechanically actu-

ated shear force based positioning of optical fibers with the

use of optical detection techniques [11] or non-optical

detection based on tuning fork resonator system [12] have

been used. Surface shear force increases because of hydro-

dynamic effects in close proximately to the sample and leads

to amplitude damping and phase shift of the oscillation [13].

In these case, NSOM system can be converted to SECM by

replacement of optical fiber to various kinds of UME

[14,15]. However, there are still some difficulty in repro-

ducing of nanometer size UME fabricated by conventional

techniques such as fiber puller [16].

In this work, we have proposed the integration of an

UME in an AFM force probe by using a simple photolith-

ographic techniques. A gold-film-coated AFM cantilever

was insulated with photo resist coating. Then a pointed end

of the AFM probe was opened by illuminating with an

optical micro-pattern generator without the use of a mask.

To realize precise control of probe sample distance con-

stantly, resulting SECM–AFM probe was tried to operate

using dynamic force microscopy (DFM) technique with

magnetic field excitation. This paper described preliminary

results for the measurement of redox reaction over gold strip

test electrodes and for the measurements of glucose oxidase

(GOD) biosensor surface.
2. Experiments

2.1. Preparation of SECM–AFM probe

Fig. 1(a) shows the preparation procedure for the

SECM–AFM probes. An oxide sharpened silicon nitride

AFM probe (DNPS, Veeco Instruments). Short narrow

triangular lever (120 Am long) was used. The nominal

spring constant is 0.12 N/m. Before the preparation proce-

dure, cantilevers were carefully cleaned as follow. The

cantilever purchased was cleaned by incubating for 30

min in acetone, washed with milli-Q water and dried in

N2 gas flow. Then the cantilever was cleaned by UV light

irradiation. During this process, remaining organic contam-

inants on the cantilever surface were oxidized by photo-

chemical oxidation reaction [17,18]. The conductive coating

was formed by vacuum deposition of chromium and gold

film (thickness: ca. 0.1–0.2 nm, 30–100 nm, respectively)

under high vacuum (below 5� 10� 5 Pa). The film thickness

and deposition rate were monitored using quartz crystal

microbalance (XTM/2, Leybold Inficon). To prepare smooth

gold surface deposition rate was kept at 0.01–0.03 nm s� 1.

The calibration was performed measuring the thickness of

deposited test strip height using AFM. Successively insu-

lating coating of photo resist layer (SPP, NTT-AT) was

formed on gold layer by touching soft sponge containing
an ethanol-diluted photo resist solution (1:2 by volume).

The thickness of insulating layer was controlled dilution

ratio of photo resist. The coated lever was beaked at 110 jC
on the hotplate. To avoid the pinhole formation around the

tip apex, cantilevers were placed with tip side down. The

probe opening and connecting part were formed by using

light illumination by using homemade simple photo lithog-

raphy system. Schematic of was illustrated in Fig. 1(b). This

system consists of an upright optical microscope (BX50,

Olympus and M plan NUV100 objective lens, Mitutoyo)

with illumination port and DMD (Digital Micro-mirror

Device) type PC video projector (TH-100LG1, Panasonic).

A small circle was drawn using presentation software

(Power Point98k, Microsoft), then the image was projected

on the apex of photo resist coated AFM cantilever through

the illumination port of the optical microscope. The irradi-

ated part was removed by developing, using alkaline solu-

tion (NMD-W, Tokyo Ohka Kogyo), and then washing with

milli-Q water gently.

2.2. Dynamic force microscopy operation of SECM–AFM

in aqueous solutions

All experiments were performed using a Digital Instru-

ments Nanoscopek IIIa with a Bioscopek scanning head.

A SECM–AFM probe was mounted on the glass liquid

cell. For the electronic connection between probe and outer

circuit, a kapton sandwiched flexible copper thin film (a

gift from Ube Industry) was glued using silver past (RS

components). The liquid contact regions were carefully

sealed using epoxy resin. To oscillate the SECM–AFM

probe in the liquid solutions, a small ferromagnetic bead

(10–30 Am in diameter, TB3030, Toda Industry) was

glued behind the cantilever by using two armed micro

manipulator. The bead attached probe was actuated by a

solenoid coil (ca. 25 mm F, 150 turns, 0.2 mm F
enamel-coated copper wire) placed in the neighborhood.

In a DFM operation, the cantilever oscillation was moni-

tored instead of the deflection since change of oscillation

frequency was monitored and maintained constant using

phase-locked loop (PLL) electronics (KH-2001, Kyoto

Instruments). The lever oscillation amplitude, phase shift

and resonant frequency were changed due to the tip–

sample interaction.

2.3. Preparation of enzyme electrode

The enzyme used was GOD (EC 1.1.3.4, from As-

pergillus sp., Grade II, Toyobo). Poly-L-lysine hydro-

bromide (molecular weight, 90,000) was obtained from

sigma chemicals. Poly(sodium 4-styrenesulfonate) (molec-

ular weight, 70,000) was purchased from Aldrich. Poly-

stylene sulfonate solution (20 Al; 25 AM as monomer

unit), GOD solution (20 AM; 2 wt.%) and poly-L-lysine

solution (20 Al; 25 AM as monomer unit) were succes-

sively dropped on the surface of freshly cleaved HOPG



Fig. 1. (a) Schematic illustration of preparation procedure of SECM–AFM probe. (b) Schematic diagram of the maskless arbitrary optical micro-pattern

generator. The virtual mask image illustrated on the CRT is projected by DMD-type video projector through the illumination port of optical

microscope.
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surface, and then dried under decompression condition

for 4 h.

2.4. Electrochemical measurements

Both sample and probe potentials were controlled by

using a multi channel potentiostat (HA1010mM2S-S,
Hokuto Denko). A saturated calomel electrode (SCE) and

a Pt wire were used for the reference and counter electrode,

respectively. All solutions were prepared by using Milli-Q

water (Millipore) regent water. For a standard sample of

SECM, a gold interdigitated array electrode (IDA) (10 Am
width, 4 Am gap, 200 nm finger height; NTT-AT) on glass

substrate was used.



Fig. 2. The resonance spectra of the SECM–AFM cantilever probe (a, c) in

ambient and (b, d) in liquid environment. Resonance peaks of cantilevers

are indicated by arrow. The probe was actuated by (a, b) mechanically and

by (c, d) magnetic field. The natural resonance spectrum of unmodified

AFM cantilever was shown in (a) by broken line.
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3. Results and discussion

3.1. Electrochemistry of cantilever micro-electrode

The exposed area of SECM–AFM probe was determined

by steady-state voltammetry experiments. The SECM cur-

rent and potential characteristics on a given probe were

found to be reproducible and stable for a few weeks in 10

mM K3[Fe(CN)6] and 0.1 M KCl at a scan rate of 50 mV/s.

A reduction oxidation cleaning process was effective to

clean the small aperture, but applying too much potential

had caused serious damage of the probe. The safety poten-

tial region was � 0.6 to + 1.3 V vs. SCE. By measuring a

diffusion-controlled current, we can estimate the probe

opening by assuming that the exposed tip is hemispherical

[7].

iðlÞ ¼ 2pnaFDC ð1Þ

where D and C are the diffusion coefficient and concentra-

tion of the electroactive species, n is the number of trans-

ferred electron for the redox reaction, F is Faraday constant

and a is the radius of the electrode. By changing illumina-

tion area, we could control aperture diameter from 0.050 to

6.2 Am. The influence of probe oscillation on the shape of

voltammogram was examined in the same condition of

steady experiment except the oscillation of probe. The

voltammogram obtained under the oscillation was almost

same shape and the capacitance but current was slightly

large. Compared with the thickness of diffusion layer, the

probe oscillation amplitude of f 2 nm can be negligible.

3.2. Dynamic force microscopy operation of SECM–AFM

in aqueous solutions

DFM which utilizes the resonance enhancement of the

force sensitivity by oscillating the cantilever at resonance

frequency provides us a powerful operating mode for atomic

force microscopy [19]. In the DFM mode, the high mechan-

ical Q-factor of the cantilever is utilized to increase force

sensitivity. In a liquid environment, the mechanical Q-factor

of the cantilever is drastically reduced due to the viscosity of

the liquid. Recently, some groups have examined to achieve

high force sensitivity as follows. Jarvis et al. [20] mounted a

tiny magnetized particles on the cantilever to utilize a

frequency modulation (FM) detection method by exciting

the cantilever with magnetic force. Fuchs et al. [21] also

presented high force sensitivity utilizing the phase detection

method enhanced by using the Q-control electronics. Tam-

ayo et al. [22] extended the amplitude detection method

with the Q-control electronics. In this paper, we show the

FM detection can be used in a liquid environment by

exciting the SECM–AFM probe by the magnetic field.

Before DFM mode experiments in liquid environment,

we measured resonance characteristics of the cantilever. The

spectra were measured by using a waveform synthesizer
HP33120A (Hewlett Packard) in frequency sweep mode.

Fig. 2(a) shows free oscillation spectra of the SECM–AFM

probe while the cantilever is mechanically actuated in the

ambient. The broken line in Fig. 2(a) shows oscillation

spectrum of cantilever without any modification (not exactly

same lever but in same lots). A comparison of spectrum with

and without modification, the cantilever modification pro-

cess during SECM–AFM fabrication, the resonance fre-

quency change of cantilever was not more than 1.5 kHz in

the ambient. Also, the Q-factor was slightly affected by this
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modification. Fig. 2(c) is free oscillation spectrum of the

cantilever while the cantilever is mechanically actuated,

obtained in a liquid (milli-Q water). In this case, many

higher-order resonance peaks were observed caused by the

complex mechanical interaction between the piezo actuator

and the cantilever through the liquid. The measured free

resonance frequency in the ambient was 28.2 kHz and the

Q-factor was about 60. On the other hand, the resonance

frequency went down around 12 kHz in liquid environment,

which was about one-third of the free resonance in the

ambient, and the Q-factor in water was as low as 2. In this

situation, it is not easy to find out real resonance peak

among artifact resonance peaks.

The spectra shown in Fig. 2(b) and (d) are measured in

ambient and in liquid, respectively, while the magnetic field

was applied. The resonance frequency was decreased about

2 kHz by attachment of magnetic bead. The artifact peaks

were almost suppressed in magnetic excitation experiment.

This simple nature of resonance peak in magnetic excitation

gives us several advantages over mechanical one.

Fig. 3(a) shows the frequency shift curve plotted as a

function of the probe-sample separation. The frequency shift

in the vertical axis indicates the reduction of the resonance

frequency from the value measured when the probe is far

from the sample surface. The zero position of the gap

distance is defined at the point where the oscillation ampli-
Fig. 3. Simultaneously recorded (a) frequency shift curve plotted as a

function of the probe-sample separation and (b) Faraday current response

curve for reduction of the 5 mM Fe(CN)6
3� (at 0.6 V vs. SCE).
tude was reached almost zero. The slope in the vicinity of

the surface is steep enough to control the distance constantly

by feed back electronics. By using this setup, the relation-

ship between the current response on the tip for the

reduction of the 5 mM Fe(CN)6
3� (at 0.6 V vs. SCE) and

the distance between the tip and an insulating substrate as

shown in Fig. 3(b). Due to the special sheltering of the

diffusion volume, the magnitude of the reduction current

decreased in associate with the decreased of the distance.

Even at the glass surface, the reduction current do not go

zero. This may reflect that the shape of the top end of

SECM–AFM probe is a corn instead of a flat disk.

3.3. Performance of SECM–AFM

In these conducting sample experiments, ‘‘non-contact’’

feature of the DFM mode becomes important. Accidental

short circuit causes not only experimental error but also

serious damage of sample and probe. To avoid direct

contact, we set the oscillation amplitude not more than 2

nm peak to peak and scanning rate of 0.8 Hz.

To clarify the characteristics of the SECM–AFM probe,

we employed two kinds of experimental set up: One is the

sample generation/probe correction mode and the other is

the probe generation/sample correction mode. In the former

case, the potential of the one side of IDA comb electrode

was set at � 0.1 V vs. SCE in order to proceed the reduction

reaction of Fe(CN)6
3� to Fe(CN)6

4� and the other side of

IDA comb electrode was set at + 0.6 V to reoxidize

Fe(CN)6
4�: The reoxidation could avoid the accumulation

of Fe(CN)6
4� near the electrode surface. The probe potential

was set at 0.6 V and probe current was measured. The test

solution contains 5 mM of Fe(CN)6
4�, 5 mM of Fe(CN)6

3�

and 50 mM KCl. Fig. 4 shows (a) topographic image and (b)

probe current image over gold IDA electrode surface. The

anodic probe current was observed on the IDA comb whose

potential was set at 0 V, but such a current was not obtained

on the glass surface. Since the reaction is diffusion con-

trolled at this potential, the probe current was in propor-

tional to the Fe(CN)6
4� concentration. Above the IDA comb

with a potential of + 0.6 V, the probe current was lower than

glass surface. In the current image, there are no spike noises

attributed from direct contact between probe and sample,

and the distance control of DFM in liquid environment is

satisfactory.

The next set up is the probe generation sample correction

mode. In this case, the IDA electrode was the same

controlled potential (two IDA electrodes were connected

and controlled 0.6 V) and probe current was measured. The

test solution contains 5 mM of Fe(CN)6
3� and 50 mM KCl.

The concurrently recorded (c) topography and (d) current

image over IDA electrode surface are shown. The probe

releases the reduced species (the potential of probe, � 0.2 V

vs. SCE), which diffuses to the electroactive site of the IDA

comb electrode then oxidized. In the current image, the

anodic probe current was set to positive for reason of



Fig. 4. Simultaneously recorded topographic images and SECM current images of gold IDA electrodes obtained from the sample generation/probe correction

mode (a, c) and the probe generation/sample correction mode (b, d) together with cross sections. In the sample generation/probe correction mode, the probe was

polarized at + 0.6 V vs. SCE, and the anodic probe current was measured (b). One of the IDA electrodes was polarized at � 0.1 Vand the other was set to + 0.6

V. In the probe generation/sample correction mode, the probe potential was set at � 0.2 V, and the anodic probe current was recorded. The IDA combined

electrodes were connected and set at + 0.6 V.
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polarity of A/D converter. The oxidation results increasing

in the sample current and oxidized species diffuse back to

the probe where it increased the concentration of electro-

active species. Using this technique, spatial resolution of

SECM current image is much improved in this set up,

however, the noise level in the current signal increased.

Further improvement of the resolution could be achieved by

optimizing the experimental parameter such as spring con-

stant of the cantilever, resonance frequency, oscillation

amplitude and so on.

3.4. Imaging of enzyme-modified electrode surface

Enzyme-based amperometric biosensor have attracted

interest because high sensitivity and selectivity. Recently,

we have found that enzymes could be immobilized into a
poly-ion complex membrane prepared from poly-L-lysine

and poly(4-styrenesulfonate) and that the membrane

showed permoselectivity based on the solute size with

the molecular cut-off of 110. Enzyme molecules could be

entrapped into the ionically cross-linked complex, and the

cross-linked topology is useful for the selective perme-

ation of small molecule solute [23–25]. Fig. 5(a) shows

topographic image of a poly ion complex layer containing

glucose-oxidase-modified graphite (HOPG) electrode sur-

face. Many small grains were observed in relatively thin

and smooth layer. Only from this topographic image

could we not identify these aggregates. Fig. 5(b) and

(c) shows SECM current images of before and after

addition of glucose solution, respectively. These images

were taken in air-saturated 10 mM phosphate buffer

(pH 7.4). The probe potential was set to + 0.9 V, which



Fig. 5. Simultaneously recorded topography and SECM current images of a polyion complex layer containing glucose-oxidase-modified graphite (HOPG)

electrode using DFM mode SECM–AFM. The probe was oscillated at 10.7 kHz and imaging frequency shift was set at � 20 Hz. The probe current was

monitored. (a) Topographic image; (b) SECM current image (probe potential: + 0.9 V) taken without glucose; (c) SECM current image taken at 10 mM

glucose; (d) same condition as (c) but base electrode potential was set to + 0.9 V.
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was high enough for the oxidation reaction of H2O2

proceeds. In these experiments, the base HOPG electrode

was electrically floated, which only acts as a supported

substrate. In the absence of glucose, the current recorded

at the SECM–AFM probe is almost negligible as shown

in Fig. 5(b). In the presence of glucose (ca. 10 mM), an

increase of oxidation current of H2O2 was monitored (Fig.

5(c)). The addition of glucose solution resulted on a

remarkable increase of oxidation current mainly at the

aggregation part. The resolution of current image is so

high that we can recognized a grain, an aggregation and a

membrane defect in comparison to topography. However,

quantitative analysis of this membrane was difficult from

this preliminary result.

On this type of enzyme-modified electrode, oxidase was

used for immobilization and hydrogen peroxide was detected

on the base electrode:

Substrateþ O2 ! Productþ H2O2 ð2Þ
For high sensitive detection, dissolved oxygen and sub-

strate have to reach at the active enzyme site, and also the

hydrogen peroxide which generated enzyme site as a result

of reaction (2) has to arrive at base electrode surface. The

increase of oxidation current signal may reflect the distri-

bution of active enzyme spots or existence of effective
passages of reactants and products. Fig. 5(d) shows SECM

current image when the potential of base HOPG electrode

was set to + 0.9 V. In this condition, the H2O2 generated

through the enzymatic reaction was consumed on the base

electrode surface, so as to reduce current on the probe. From

these data, comparison of topography and oxidation current

profiles above GOD-modified electrode showed active parts

distribution of biosensor surface. Wittstock et al. [2,26–28]

have examined the use of conventional SECM in the

modification and characterization of enzyme-modified pat-

terned monolayers, enzyme-modified polymer microstruc-

tures and enzyme-modified metal microstructures. Such

structural configurations are important for the development

of miniaturized bioanalytical systems, such as miniaturized

enzyme electrode arrays. SECM has emerged as an ideal

tool for evaluating such systems. More detailed understand-

ing and devising of enzyme-modified electrodes, their

methodology was highly suggestive. Further improvements

of local current distribution could be achieved by optimizing

the experimental setups.

In conclusion, we have successfully demonstrated the

integration of scanning electrochemical UME with atomic

force microscope cantilever probe by using a homemade

photolithography system. The introduction of DFM posi-

tioning technique to SECM imaging was quite effective for
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stable operation and high-precision imaging both current

and topography. We found that these techniques could be

applied not only to insulating surface but also to conducting

electrode surface by working without direct contact. Exam-

ples include simultaneous recorded topographic and elec-

trochemical images of IDA electrode and glucose-oxidase-

modified electrode. The resolutions of both current and

topography were high enough to visualize an activity of

biomolecules. There is considerable prospect for applying

this technique to probe a wide variety of biological process-

es and to examine the performance of micro devices, and

so on.
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