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Abstract

A miniature Clark-type oxygen sensor has been integrated with a microstructure using a novel fabrication technique. The oxygen chip
consists of a glass substrate with a three-electrode configuration, which is separated and connected by a groove, and a poly(dimethylsiloxan
(PDMS) container with an immobilized PDMS oxygen-permeable membrane. The assembly of the different substrates only wses the O
plasma bonding technique, and the fabrication temperatures do not exceed®@%aracteristics of the miniature sensor include the fastest
response time of 6.8 s, good linearity with a correlation coefficient of 0.995, and a long lifetime of at least 60 h. The present miniature Clark
oxygen sensor can be readily integrated with a microfluidic system to frriAsS.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ers have significantly improved the above aspfté1]and
employed the sensors practically in biological measurements
Oxygen consumption is one of the most important indexes [12-14]
of biological activity during cell culture and microbial de- Immobilized organisms and enzymes placed on the Clark
velopment. Among the various tools to determine oxygen, oxygen sensor have been used as various biosensors. Most of
the Clark-type oxygen sensor is the most widely used andthese sensors still require to be dipped in a sample solution
has been applied in clinical analysis, fermentation monitor- in order to detect the oxygen consumption of the immobi-
ing, and biosensor developmédif}. In the past two decades, lized biomaterial$14]. This dipping measurement requires a
owing to the progress in semiconductor and micromachin- certain amount of sample solution (several milliliters) and ex-
ing techniques, various types of miniature Clark-type oxygen pensive biochemical reagents. Recently, the micro total anal-
sensors have been propo§2dl 2]. Itis necessary to consider ysis system{-TAS) has attracted widespread attention due
the following aspects for fabricating a reliable sensor: (1) the to its excellent potential for offering highly efficient and si-
fabrication and configuration of electrochemical electrodes in multaneous analysis of biological molecules or metabolisms
order to reduce the electrochemical crosstalk between differ- by integrating the sensing system with the microfluidic sys-
entelectrodes, (2) miniaturization techniques of the referencetem [15]. However, to date, the miniaturized Clark oxygen
electrode for a longer lifetime and a more stable potential, sensor has not been integrated with microfluidic systems or
(3) fixation and characteristics of internal electrolyte using other microstructures.
different hydrogels or various types of electrolytes, and (4)  In this study, we propose a novel micromachining tech-
bonding strategies and durability of the oxygen-permeable nique to integrate the miniature Clark oxygen sensor with a
membrane and the detector substrate. Suzuki and cowork-microliter container and evaluate the characteristics of this
innovative Clark oxygen sensor. Moreover, the oxygen con-
* Corresponding author. Tel.: +81 22 217 7281 fax: +81 22 217 6167,  Sumption of bacterial suspension samples is practically eval-
E-mail addressmatsue@bioinfo.che.tohoku.ac.jp (T. Matsue). uated by using the miniature Clark oxygen sensor.
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2. Experimental could be readily bonded with the PDMS container by an O

plasma treatment.
2.1. Materials

2.3. Fabrication of oxygen-permeable membrane and

Slide glasses with a thickness of 1.8 mm purchased from PDMS container and its bonding to glass substrate

Matsunami were used as the electrode substrate. A negative
photoresist, SU8-2025 MicroChem, was used for lead insu- The oxygen-permeable membrane was prepared from a
lation and in the micromachining structure. Silpot 184W/C PDMS-curing agent mixture (10:1 w/w) due to its good oxy-
poly(dimethylsiloxane) (PDMS) purchased from Dow Corn- gen permeabilityf16]. Furthermore, toluene was added at
ing was used for the oxygen-permeable membrane. Sulfuricvarious concentrations to the PDMS mixture for adjust-
acid (HbSQ4, Wako) and hydrogen peroxide £B,, Wako) ing the mixture viscosity in order to obtain PDMS mem-
were used for cleaning the slide glasses, and 2-propanolbranes of varying thicknesses. A flat polyacrylate plate
(Kanto Chemical) was used for cleaning the polyacrylate ma- (38 mmx 26 mm, Mitsubishi Rayon) was cleaned using 2-
terials. All chemicals were of reagent grade and were usedpropanol with sonication for 3 min. The PDMS—toluene mix-
without further purification. ture was spread on the clean polyacrylate plate, spun at
5000rpm for 60s, and then cured on a hot plate a&t0
for 10 min to form a membrane. The PDMS container was
replicated from a home-made cone-type mold made from a
polyacrylate material. The top-side diameter of the cone-type
mold was 1.5 mm; itregulated the sensitive area of the oxygen
sensor. The cone-type mold was removed to form a container
after the curing process at 7G for 2h. The PDMS con-
tainer substrate was cut in suitable dimensions to fit the size
f the glass substrate as shownFig. 1(b). Subsequently,
oth the PDMS membrane and the PDMS container were
imultaneously treated with Oplasma (100W, 15s). The
DMS container was then placed on thg @asma-treated

2.2. Fabrication and configuration of the electrodes

The structure of the oxygen sensor, consisting of a glass
substrate and a PDMS container, was 18 m6 mm as
shown inFig. 1 The glasses were first cleaned by immers-
ing them in Piranha solution (3:7 of 96%,80, and 30%
H»0,) for 30 min. The lift-off technique was used to pattern
the electrode geometry on the glass substrate, and 60 nm T
and 260 nm Pt were sequentially sputter-deposited to be the
working, reference, and counter electrodes. Subsequently,

35umthickinsulator layer, fabricated using a SU8-2025 neg- . .
K y 9 9 membrane formed on the polyacrylate plate. The irreversible

ative photoresist with 2000 rpm for 30 s, was used to define linking betw the | treated surf ited
the sensitive area of the electrodes and simultaneously formCrOSS-inKINg between efplasma treated surfaces resulte

a groove for the electrolyte solutiofi. 1(a)). The area of QSR/?SSUO”? "?‘dhes'%” to f :he two malte(rjliillﬁ]]; Fmatlrlly, tFt]SM S
the working electrode was 20m x 20pum and that of the —container substrate was peeled off from the -

counter and reference electrodes was 200x 2 mm. The coated plate. The irreversible adhesion between the PDMS
application of a groove with a minimum width of 10®n materials formed the container with a thin PDMS membrane

reduced the crosstalking effect between the three electroded!t the bottom for an oxygen-permeable membrane.

; - - - After drilling the inlets of the internal electrolyte, the
during electrochemical detection by separating and connect- . :
ing the different electrodgg]. The peripheral region of the PDMS substrateHig. 1(b)) was aligned and bonded with

; ; .o the glass substrate again by thg@asma treatment (100 W,
lass substrate outside the insulator was 2.5 mm in width; it _ .
¢ 20s). While the SU8 insulator area of the glass substrate

exhibited a hydrophobic adhesion force with the PDMS sub-

Bonding area between glass and PDMS strate, the peripheral region of the glass substrate exhibited
SU8 insulator / Container (id. 1.5 mm) an irreversible bonding with the PDMS substrate to form a
' - J tough sealing.
b 2.4. Evaluation of sensor characteristics

We used a 0.1 M KCI/25mM bicarbonate buffer solu-
tion (pH 9.5) as the internal electrolyte. Before bonding the

J glass substrate, the Pt quasi-electrode was electrochemically
Ao | cleaned by alternatively applying a potential of +1.0 and

Electrolyte inlets —1.0V versus Ag/AgCI (saturated KCI) for 30s. It was not
Small groove for difficult to introduce the electrolyte solution into the long
electrolyte filling narrow groove. First, a layer of water covered the surface of

_ . _ the container. The water layer could prevent masses of gas
Fig. 1. The structure of a miniature Clark oxygen sensor. It consists of (a) a

glass substrate with a groove made by SU8 photoresist and (b) a containelfr(_)m _penetratmg into the eIeCtrolyte groovg durlng the_ ap-
substrate with an oxygen-permeable membrane. W, C and R are Working,pl_|ca-tlon of suction. Subsequently, oné of inlets was filled
counter and reference electrode, respectively. with the electrolyte, and the other inlet was subjected to
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suction with a hand-held syringe. Since the groove surface studies[7-12]. For example, instead of polyimide with a
had been treated withpolasma during bonding, it became 300°C curing temperaturi8—12], SU8 photoresist was used
slightly hydrophilic to facilitate the electrolyte introduction. as an insulator to form a groove. Additionally, the adhesion
A three-electrode system connected with a potentiostat (HA- force of the oxygen-permeable membrane to the electrode
1010mM8, Hokuto-Denko) was used to evaluate the char- surface also affects the durability of miniature Clark sensors.
acteristics of the oxygen sensor. In order to test the linear- Generally, the membrane is immobilized with a physical ad-
ity and durability, the sensitive area of the oxygen sensor hesion force using dippinf—6,8], spinning[3,9], casting
was immersed in a 40ml of 10 mM phosphate buffer so- [10], or glue-assisted techniqui. In the present fabrica-
lution (PBS) (pH 7.0) at room temperature. The dissolved tion, the oxygen-permeable membrane below the PDMS con-
oxygen concentration was varied by adding8@3, and the tainer readily and strongly adhered to the glass substrate due
concentration was simultaneously measured with an oxygento the PDMS container-glass bonding. This greatly reduced
meter (Do-5509, Fuso-Rikaseihin). Additionally, a 100 mM the failure ratio which is usually high in dip- or spin-coating
NaSO; solution at the zero-oxygen state was repetitively fabrication[3—6,8,9] Fig. 2shows the miniature Clark oxy-

added to the container to test the reproducibility in air. gen sensor with a container structure fabricated in this man-
ner. Since the oxygen-permeable membrane resulted in com-
2.5. Preparation of bacterial suspension plete separation of the internal solution in the groove from the

outer solution in the container, the two different colored stains
The strain ofEscherichia colilFO3301 were purchased were not mixed. Further, due to sufficient adhesion force be-

from the National Collection of Industrial and Marine Bacte- tween the PDMS membrane and the SU-8 surface, there was
ria, Ltd. (NCIMB), Japan. Firstly, bacterial cells was cultured no leakage of the internal solution from the groove edge.
on the nutrient medium (pH 7.0) for 12 h at 36. Colonies This method is feasible for directly integrating a microstruc-
from this agar plate were transferred to a new agar plate with ture with a miniaturized Clark oxygen sensor. It implies that
the sample components, and then cultured for 12h &€36  the miniature Clark electrode can also be integrated with
The nutrient agar medium comprises 5.0 g/l of beef extract, a microfluidic system to form @-TAS chip. The distance
10.0 g/l of peptone, 5.0 g/l of NaCl, and 15.0 g/l of agar in between the oxygen-permeable membrane and the working
distilled water. After bacterial cells cultured for 12 h at°86 electrode can be reduced using a thin insulator (SU-8). In
on the nutrient agar medium, the resulting colonies were the present chip, the membrane—electrode distance (approx-
suspended and diluted with different concentration in the imately 35um) is much smaller than that (2Q0n) of the
PBS() buffer solution (7.2 mM NgHP(Qy-12H,0, 2.8 mM other micromachining Clark sensdig9-12] This config-
KH2POy, 150 mM NacCl, pH 7.0) with 100 mM-(+)-glucose uration is highly important for the measurement of oxygen
for the estimation of oxygen consumption. consumption of biological samples since the electrochemical

response for oxygen increases when the electrode is located

close to the oxygen-consuming biological samples.

3. Results and discussion Table 1 lists the characteristics of oxygen-permeable
membranes fabricated under different conditions. The rela-
3.1. Fabrication of miniature Clark oxygen sensor tion between the thickness of the oxygen-permeable mem-

brane and the response time has been discussed in next sec-
A micromachining technique was used to fabricate a stereotion. Due to the high viscosity of the original PDMS mixture,

structure with deposited electrodes on a flat plane. Itis advan-the thickness could only be reduced toulh even at a spin-
tageous to arrange the electrodes in a specific configurationning rate of 5000 rpm for 60 s. Therefore, toluene was used as
and use channels to separate and connect different electro-
chemical electrodes in order to reduce the crosstalk betweer (a) (b)
the electrodes in a low-volume electrolyte. The bonding
strategies in the micromachining processes affect the packing
or strength and the ability to integrate with different elements. |
Field-assisted bonding technique has been used to combinJ
the glass and silicon substrates in the fabrication of micro-
machined Clark oxygen sensfif]. However, field-assisted
bonding requires a high electric voltage (kV) and high tem-
perature (250C). It is detrimental to apply this technique to
other semiconductor elements and polymer-material struc-
tures. Therefore, @plasma bonding was adopted to bond the
oxygen-permeable membrane, the PDMS—container struc-_ _ - _ _
ture. and the glass substrate in this study. Moreover, the fab_Flg. 2. (_a) The top view ofamlr?lature Clark o>§yge_n sensor |ntegrat_ed with
o . a container. (b) The cross-section along the line’ xaxa). The container
rication processes were conducted at relatively lower tem- ang the groove were filled with solutions containing blue and red stains,
perature conditions (<98C) compared with those of other respectively.

Oxygen-permeable
membrane and the container

r
Insulatqr

Working clectrode 1
Glass substrate
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Table 1
Processing conditions of PDMS oxygen-permeable membranes
PDMS:toluene (w/w) Spinning parameters Thickngss) 90% response time (s)

rpmé Time (s) Range Meatt S.DP
1:0 2000 60 31 25-30 27826
1:0 5000 60 15 6-14 8% 25
2:1 5000 60 7 3-10 6.8 2.8

@ rpm: revolutions per minute.
b S.D.: standard deviatiom€ 15).

a diluting solvent for PDMS in order to adjust the viscosity of gen was seen in the air-filled container. The slight increase
the mixed solution. Toluene could be easily evaporated in the in reduction current at around0.7 V could be attributed to
thermal curing step of the PDMS membrane, and the surfacethe H" absorption on the Pt surface.

of the resultant membrane was smooth without obvious frac- The Pt quasi-reference electrode functions as an anode
tures or holes. In this study, a thin membrane with a thickness during oxygen reduction at the cathode. Although the actual
of only 3,m was fabricated using a PDMS—toluene solution mechanism on the Pt reference electrode is not clear, we as-
in the ratio of 1:1 (w/w). Although we could successfully sume thatitis related to the adsorption and oxidation reaction
peel off the membrane from the polyacrylate plate by the of OH™ on the Pt surface. Several studies have demonstrated
Oz plasma bonding method, a thinner membrane would have
been easily deformed due to the lack of mechanical strength
against the adhesion force between the membrane and the
supporting substrate. Therefore, ther®@ membrane was not 0
used as the oxygen-permeable membrane. Additionally, it

was worthwhile to note that the material of the substrates, on 2 |
which the oxygen-permeable membrane was coated, ensures
that the membrane remains intact when it is peeled off. In
the case of a glass or silicon substrate, the strong adhesion
force between the silicon substrate and the PDMS membrane A T
causes the membrane to tear even if it has a thickness of
30pm. In contrast, the polyacrylate substrate greatly reduces
the adhesion force of the PDMS membrane. Therefore, the i , , , , , ,
mechanical strength of the membrane resists the adhesion 09 08 07 08 05 04 03 02 01 o0
force and maintains its appearance after it is peeled.

Current (nA)
A

(a) Potential (V vs. Pt quasi-reference)

3.2. Characteristics of miniature oxygen sensor

3.2.1. Cyclic voltammogram

Firstly, the electrochemical behavior of oxygen reduc-
tion in the miniature Clark oxygen sensor was investigated.
Fig. 3(@) shows a typical cyclic voltammogram of oxygen
reduction occurring in a miniature Clark oxygen sensor with -1
an electrolyte solution of bicarbonate buffer (pH 9.5). The
limiting current for oxygen reduction is observed to lie in the
potential region 0f-0.5 to—0.7V, indicating that the reduc-
tion current measured in the region can be used to estimate the
oxygen concentration. As the potential becomes increasingly 3
negative, hydrogen adsorption takes place@f8 V. Hydro-
gen evolution occurs at higher negative potentials. Therefore, . J . L . L
we employed-0.6 or—0.7 V potential to evaluate the electro- T 07 06 05 04 -03 02 -0 0
chemical characteristics of the miniature Clark oxygen sen- (b) Potential (V vs. Pt quasi-reference)
sor. Fig. 3(b) shows the cyclic voltammograms for oxygen
in the sensor with or without the 200 mM M&O3 solution Fig. 3. Cyclic voltammogram of the miniature Clark oxygen sensor with
in the membrane-separated container. Since thSRgaso- a 15um thick ox.ygen-p_err_neable me_mbrane. (@) Oxygeh reduction_current
lution filled in the container effectively removed oxygen in was measured in an air-filled c_:ontalner from 0-6.9 V with a scanning

. rate of 50 mV/s. (b) The bold line shows the measurement in an air-filled

the measurement space, no reduction current for oxygen wasontainer; while the thin line indicates the zero-oxygen state inz5g
observed. On the other hand, a well-defined current for oxy- filled container from 0 to-0.7 V with a scanning rate of 10 mV/s.

Current (nA)
o




346 C.-C. Wu et al. / Sensors and Actuators B 110 (2005) 342—-349

that the OH is especially adsorbed and oxidized on a clean odic injection and suction of the N&0; solution from the

Pt surface in an alkaline soluti¢h8—21] The chemisorption =~ membrane-separated container of the miniature Clark oxy-
ability of OH~ depends on the surface activity and pH value gen sensor. Although the current baseline shifted slightly, the
of the electrolytg19-21] This implies that the potential of  current response showed excellent reproducibility and it was
the Pt quasi-reference electrode can be maintained within amaintained at the same level for 1.5h. The baseline fluctu-
stable range if the pH value of electrolyte is not altered or the ation within the first 60 min of potential application might
Pt surface is not completely occupied with adsorbed"OH  be attributed to the change in surface status of the working
Unlike potentiometric electrodes, potential stability of the electrode, such as hydrogen adsorption, and the change in po-
reference electrode might not be strictly required as long astential shift of the reference electrode. If a gold working elec-
the oxygen electrode is operated at the diffusion-controlled trode and a micromachined Ag/AgCl reference electrode are
limiting current. used in this sensor, the stability will improj@-12). Fig. 4(b)
shows the change in the relative current response to the first
response in five miniature Clark oxygen sensors. Most of the
sensors possessed an excellent reproducibility with only a
employed to repetitively test the stability and reproducibil- 1% difference between the relative responses within the first

ity. These two characteristics of the sensor are closely related‘r’0 min of applying the potential. This phenomenon suggests

to the potential stability of the reference electrode and the _that the electrode configuration by separating and connect-

crosstalk effect between the three electrodes of the electro-"9 with a groove can effectively suppress the crosstalks be-

- - ; . tween the working electrode and the counter electi@jle
chemical detector-ig. 4(a) shows the response with peri- . . :
9. 4a) P P After 50 min, the difference of the relative responses from

the first response gradually increased and reached 10%. This
result might be caused by the overaccumulation of hydrogen
peroxide on the working electrode as well as by the crosstalk
! rﬂ ﬁl (ﬂ rﬂ (l between the byproducts from the counter electrode during

3.2.2. Stability and reproducibility
A NapS0;s solution with zero-oxygen concentration was

— P
DN
—
e

continuous operatiofd—7]. The fluctuation of the response
can be retarded using a gel electrolyte Despite the fluctua-
2t tion, a multi-comparative experiment can be conducted using
this design with multi-working electrodes and containers on
a chip within a stable period.
The 90% response time of the miniature Clark-type sensor
—AAA \11 with a 15um thick membrane was 8.7 s. The 90% response
. . . 1% time increases with the thickness of the oxygen-permeable
20 30 40 50 60 70 80 90 100 membranesinthe sensdaple J). The response of the sensor
(a) Time (min) with a 7pum thick membrane was rapid (about 6.8s). The
rapid response is useful to monitor the kinetics of oxygen
120 consumption of biological samples. It should be noted that
the response time (<105s) in this study was faster than that
oo ] (about 1 min) of the other studi¢s—12]. This fast response
so L can be attributed to the reduced thickness, the membrane
- material, and a narrow gap between the oxygen-permeable
60 membrane and the electrode surface.

Current (nA)

40 3.2.3. Linearity

20k The sensitive area of the miniature oxygen sensor was
immersed in 10 mM PBS (pH 7.0) for measuring the linear-
O a0 s e 7;) Qo " ity. Fig'. 55h_ows .the calibratipn curve f_or an oxygen sensor.
- T Good linearity, with a correlation coefficient of 0.995, was ob-
® Time (min) served due to the low electrochemical crosstalk between the
Fig. 4. Reproducibility and stability of the miniature oxygen sensor. The three eIeCtr_OdeS' The average residual Currentfor?ero oxygen
response was consecutively measured with periodic injection and suction of CONceNtration was 18% of the current measured in the solu-
the N&S0; solution from the membrane-separated containerGé V vs. tion with 7.9 ppm oxygen concentration. This value is larger
a Pt quasi-reference electrode with aI oxygen-permeable membrane.  than thatmeasured in the three-electrode type micromachined
Solid and bIa_nk arrows show the container with and without the addltlorj .of Clark oxygen sensdf7]. The large residual current is pos-
NapSO; solution, respectively. (a) The actual current response of a repetitive . . .
test and (b) meait standard deviation of the relative responses to the first S'b'Y Cause_d by the partial oxygen influx from the groove
response with increasing time in five sensors. The first 20 min after the Cavity, the influx of byproducts from the counter electrode,
potential application are omitted. oxygen permeation from the PDMS top wall of the groove,

Relative response (%)
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7 Since the potential 6£0.7 Vis in the limiting-current region,

| y=0.6725x+0.8947 the slight potential shift of the Pt quasi-reference electrode
R = 0995 only has a small effect on the oxygen reduction current. Fur-
ther, the adhesion layer, titanium, is stable at this potential. A
microscopy observation revealed that prolonged operation of
the working electrode at 0.4V caused it to become trans-
parent. A sudden decrease in the output current at 33 h caused
fatal damage to the working electrode operated@# V.

Current (nA)

| 3.3. Oxygen consumption of different concentration E.
coli

Concentration (ppm)

Fig. 5. Calibration curve for the miniature Clark oxygen sensor. The exper- 20““' E. coli Suspensions of different concentration

1 s
iment was conducted in a 10 mM PBS solution (pH 7.0) by adding3@. (101 —1CPcells/ml) and PBS{) were separate_ly injected
Applied voltage:—0.7 V. into the membrane-separated container to estimate the oxy-

gen consumptiorfig. 7 shows the time-courses of the nor-
and also by the specific adsorption of En the Pt working malized oxygen-reduction current before and after adding
surface. Ifthe liquid electrolyte in this study is replaced by the the tested solutions into the micro-container. The results
solid-state proton conductive matf2] or the gel-like elec- showed that the higher concentrati&n coli consumed a
trolyte [7,23], the residual current can be greatly decreased greater deal of oxygen. Presently, the Clark sensor in this
due to the low diffusion constant of oxygen in the solid-state study can repeatedly distinguish tRe coli concentration
electrolyte[22]. Another method to reduce the oxygen influx  as low as 18cells/ml (~2000 cells). If the residual current
from the PDMS wall is to use a glass substrate instead of problem can be effectively eliminated to possess a better

PDMS materials to form the microstructure layer. sensitivity, a lower concentration than %dells/ml is pos-
sibly detected. Moreover, the miniature Clark sensor di-
3.2.4. Lifetime rectly integrated with micro-container is easier to manipu-

The miniature Clark oxygen sensor was immersed in late the microliter-scale suspensions than those without the
10 mM PBS (pH 7.0) to investigate the sealing and lifetime. microstructurg2—-12,22,23] If a microfluidic channel is in-
Fundamentally, if the bonding between the PDMS substrate tegrated with the Clark sensor by using the same fabrica-
and the glass substrate cannot produce a good sealing, the extion processes, it has potential to develop a miniature flow-
ternal PBS will flow into the groove and affect the pH value

of the electrolyte. Since the pH value of internal electrolyte 15
can stabilize the potential of the Pt quasi-reference electrode,
the oxygen reduction current does not show a larger change. @
Fig. 6shows the results of the lifetime tests at different poten- = : P /Lqm
tials. The sensor was continuously operated for at least 60 h < N— \
at —0.7 V. The current obtained at0.7 V showed a better S 081 (©)
stability and a longer lifetime than that obtained-&1.4 V. g
E 0.6 |-
0 3 7 (d)
2 \‘,‘r\r ~j/ St é 04 F
.
fa:; Y 02} (e)
= \ |
E -6
O -0.7V 0 . w L w L L
0 60 120 180 240 300 360
B Time (s)
10 L . ! L . Fig. 7. The time-courses of the normalized oxygen-reduction current were

0 10 20 30 40 50 60 monitored before and after adding (a) PB$((b) E. coli suspension of
Time (h) 2.3x 10° cells/ml, (c) 2.3x 10 cells/ml E. coli, (d) 2.3x 10° cells/ml E.
coli, (e) 2.3x 10! cells/mlE. coliinto the membrane-separated container.
Fig. 6. Lifetime of the miniature oxygen sensor. The sensitive area of the Ig cqjj andly; are the oxygen-reduction currents measured with and without
sensor was immersed in 10 mM PBS (pH 7.0) to continuously monitor the different concentratiok. colisuspensions in the container, respectively. The
output current. Bold and thin lines indicate an applied potential@f7 and volume of all tested suspensions isid@nd is injected at around 60 s after
—0.4V, respectively. beginning the record.
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injection-analysis system to quickly detect the biological
oxygen concentration.

4. Conclusions

In this study, we presented a novel fabrication tech-
nique to combine the miniature Clark oxygen sensor with

a membrane-separated container. The simple and low-
temperature fabrication processes can be easily reproduced
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[7] H. Suzuki, A. Sugama, N. Kojima, Micromachined Clark oxygen
electrode, Sens. Actuators B 10 (1993) 91-98.

[8] Z. Yang, S. Sasaki, |. Karube, H. Suzuki, Fabrication of oxygen
electrode arrays and their incorporation into electrodes for measur-
ing biochemical oxygen demand, Anal. Chim. Acta 357 (1997) 41—
49.

[9] H. Suzuki, H. Ozawa, S. Sasaki, |. Karube, A novel thin-film

Ag/AgCl anode structure for microfabricated Clark-type oxygen

electrodes, Sens. Actuators B 54 (1998) 140-146.

H. Suzuki, T. Hirakawa, S. Sasaki, |. Karube, An integrated module

for sensing p@, PCQ, and pH, Anal. Chim. Acta 405 (2000) 57—

65.

[10]

and |ntegrated Wlth Other Sem|c0nductor elements and poly_[ll] H. Suzuki, H. Arakawa, |. Karube, Fabrication of a Sensing module

mer structures in an ordinary laboratory. Using the thick-film

technique with the SU8 photoresist, the detection electrode[lz] H. Suzuki

in the sensor is located close (@B) to the measurement

container. In addition, the separation membrane for oxygen

permeation is extremely thin (¢m). Due to the thin mem-

brane and the proximity of the measuring container to the
detection electrode, the response of the sensor to a changﬁ4]
in oxygen concentration is rapid (90% response time, 6.8 s).
The faster response of the sensor is useful to monitor the ki-

netics of oxygen variation in biological samples. Although

the present Clark oxygen sensor faces limitations in long-
term measurement, it can be improved using a gel electrolyte
and a more stable reference electrode. As previously men-

tioned, the most important potential application of the minia-
ture Clark oxygen sensor is the integration of its functions
with a microfluidic system to form a-TAS for measuring
single cells such as an embryo or a low-volume biological
sample.
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