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a b s t r a c t

A tonometric biosensor for glucose was constructed using a chemo-mechanical reaction unit and a dif-
ferential pressure sensor. The reaction unit was fabricated by using both liquid and gas cells separated by
an enzyme diaphragm membrane, in which glucose oxidase was immobilized onto the single (gas cell)
side of the dialysis membrane. By applying glucose solution (0, 25.0, 50.0, 100, 150 and 200 mmol/l) into
the liquid cell of the chemo-mechanical reaction unit, the pressure in the gas cell decreased continuously
with a steady de-pressure slope because the oxygen consumption in the gas cell was induced by the glu-
cose oxidase (GOD) enzyme reaction at the enzyme side of the porous diaphragm membrane. The steady
de-pressure slope in the gas cell showed the linear relationship with the glucose concentration in the
liquid cell between 25.0 and 200.0 mmol/l (correlation coefficient of 0.998).
Diaphragm
Substrate regeneration cycle
Chemo-mechanical reaction

A substrate regeneration cycle coupling GOD with l-ascorbic acid (AsA: 0, 1.0, 3.0, 10.0 and 50.0 mmol/l;
as reducing reagent system) was applied to the chemo-mechanical reaction unit in order to amplify the
output signal of the tonometric biosensor. 3.0 mmol/l concentration of AsA could optimally amplify the
sensor signal more than 2.5 times in comparison with that of non-AsA reagent.
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. Introduction

Many kinds of biosensor have been developed by using
lectrochemical devices and chemical luminescence optical (lumi-
escence and fluorescence) probes for detecting enzymatic
roducts and other substrate consumptions (Sulak et al., 2006; Lin
nd Chen, 2006; Kurita et al., 2006; Law et al., 2003; Wolfbeis and
i, 1993; Gunasingham and Tan, 1992). Calorimetric devices such
s thermister have been also used for the measurement of the ther-
al change by the reaction heat (exothermal and endothermal) at

hose enzymatic reactions (Rajkumar et al., 2008; Ramanathan and
anielsson, 2001; Urban et al., 1991). In addition, mass changes
aused by intermolecular reactions can be assessed by Quartz Crys-
al Microbalance (QCM) or Surface Acoustic Wave (SAW) devices

Briand et al., 2007; Fatoyinbo et al., 2007; Ogi et al., 2007;
ronewold et al., 2005; Joseph et al., 2005; Martin et al., 2004).
owever, a chemo-mechanical conversion device for biosensor
nd biological measurements has not been reported. The chemo-
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echanical type bio-sensors and -devices could contribute for
development of human mimetic systems and fusion medical

evices between living matter and artifact (such as intelligent arti-
cial organs), not only for sensing and analysis, but also for direct
hemo-mechanical driving and regulation.

In living organism, motor proteins (i.e. actin/myosin (muscle
olecule), kinesin, dynein, flagellum motor, etc.) have a direct func-

ion of chemo-mechanical energy conversion and transfer with
igh efficiency using ATP (adenosine tri-phosphate) chemical sub-
tance. Since some biocatalyst could catalyze chemical reactions
ith volume change at room temperature and pressure (i.e. cata-

ase with hydrogen peroxide), mechanical force such as pressure
ncrease would be provided directly from chemical energy (Sand
t al., 2003; Mitsubayashi et al., 2003). In this paper, a novel tono-
etric biosensor was constructed by using the chemo-mechanical

eaction unit with an asymmetric enzyme immobilized membrane.
lucose was selected as model analyte because of typical biologi-

al energy substance in living being and ecological/environmental
ubstance. A substrate regeneration cycle has been also applied to
he tonometric sensor in order to amplify the chemo-mechanical
onversion signal, (Hasebe, 1998; Hasebe et al., 1995; Uchiyama et
l., 1994).

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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tion with the GOD enzyme reaction could induce the continuous
active depressurization because the gaseous cell is the enclosed
space without any open edges to the outer atmosphere.
K. Mitsubayashi et al. / Biosensors

. Experimental

.1. Chemo-mechanical reaction unit for tonometric biosensing

Fig. 1 illustrates a schematic diagram of a chemo-mechanical
eaction unit and a biochemical depressurization principle with
lucose solution. The reaction unit in tonometric glucose sen-
or consisted of upper gaseous- and lower liquid-cells separated
y an asymmetric GOD (glucose oxidase) immobilized membrane
Mitsubayashi et al., 2003).

The reaction unit was fabricated as follows. The GOD enzyme
“Amano”AM, EC 1.1.3.4, 250 u/mg; AMANO enzyme Inc., Nagoya,
apan) was mixed with photocrosslinkable polyvinyl alcohol con-
aining stilbazolium groups (PVA-SbQ, type: SPP-H-13 (Bio), Toyo
osei Co. Ltd., Tokyo, Japan) in a weight ratio of 1:100 (Ichimura,
984; Mitsubayashi and Hashimoto, 2000; Iguchi et al., 2007; Kudo
t al., 2008). The GOD mixture was coated onto a single side of a
ydrophilic dialysis membrane (part no. 157-0144-02, thickness:
5 �m, Technicon Chemicals Co., S.A., Oecq, Belgium) and was des-
ccated in the dark place below 2 ◦C for 1 h. And then, the membrane
as irradiated with a fluorescent light for 30 min (Mitsubayashi et

l., 1994). The asymmetric GOD immobilized membrane was func-
ioned as the diaphragm of the gaseous- and the liquid cells in the
eaction unit (dialysis flow-cell, FA-1, volume 1.0 ml, Sanplatec Co.,
okyo, Japan). The enzyme side of the asymmetric GOD membrane
as faced to the gaseous cell of the chemo-mechanical reaction
nit.

The phosphate buffer solution (50 mmol/l, pH 7.0) with varying
oncentration of glucose could flow through inlet tube connector
o the liquid cell in the reaction unit. The gaseous cell was filled
ith air with 20.9% oxygen. In this system, glucose molecule was
ossible to permeate through the micro-pores of the hydrophilic
iaphragm membrane and reach to the GOD enzyme side. The
OD enzyme reaction with glucose molecule would be induced
y the oxygen consumption at the gaseous side, thus resulting in a
epressurization in the gaseous cell (as illustrated in Fig. 1).

.2. Experimental set-up of tonometric biosensor system

The experimental set-up of the tonometric biosensor system
onsisted of the chemo-mechanical reaction cell and a differential
ressure sensor. The tonometric system of glucose measurement
as constructed by connecting the outlet tube of the gaseous

ell in the chemo-mechanical reaction unit with the tube port

f the differential pressure sensor (CS7040A, range: 0–2500 Pa,
oyoda Machine Works Co., Kariya, Japan). The characteristics of
he tonometric sensor system for glucose solution were evaluated
sing a batch-flow measurement system. After the application of

ig. 1. Schematic diagram of chemo-mechanical reaction unit with GOD-diaphragm
embrane for tonometric glucose sensor.
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hosphate buffer (50.0 mmol/l, pH 7.0) for 3 min, various concen-
rations of glucose solution in a carrier reservoir were flowed into
he liquid cell with a constant flow rate of 3.0 ml/min by means
f a peristaltic pump (Model: MP-3N, Tokyo Rikakikai Co., Ltd.,
okyo, Japan) for 6 min. From the viewpoint of hydrodynamic
water pressure, atmosphere pressure, pulsating pressure by the
eristaltic pump, etc.), all of the equipments and their open-tube
dges were adjusted to their positions and heights.

The output signal of the differential pressure sensor was then
onitored graphically on the computer-display via an analog-to-

igital converter (ADC-16, PICO Technology Co., Ltd., UK), and saved
n a hard-disk for later analyses of the sensor behavior (signal
esponse, detection limit, calibration range, signal amplification,
tc.). When not in use, the chemo-mechanical reaction unit with
hosphate buffer solution filling the liquid cell was stored below
0 ◦C.

In order to amplify the output signal of the tonometric biosensor,
substrate regeneration cycle was applied for the glucose mea-

urement by coupling the GOD with the reducing reagent system
f l-ascorbic acid (AsA) (Hasebe et al., 1993, 1995; Hasebe, 1998;
chiyama et al., 1994; Mitsubayashi and Hashimoto, 2002). Varying
oncentrations of AsA (0, 1.0, 3.0, 10.0 and 50.0 mmol/l) in the sam-
le solution were prepared to investigate the effect of the reducing
eagent on the signal amplification of the tonometric sensor system.

. Results and discussion

.1. Evaluation of the tonometric biosensor for glucose

The characteristics of the tonometric biosensor with the chemo-
echanical reaction unit were evaluated with the batch-flow
easurement system to varying concentrations of glucose with

nd without AsA solution. Fig. 2 shows typical response curves of
he tonometric biosensor to glucose solution (0, 25.0, 50.0, 100,
50 and 200 mmol/l) without AsA. After showing steady-state pres-
ure for 3 min with phosphate buffer, the pressure in the gaseous
ell of the reaction unit decreased gradually following the reach of
tandard glucose solution into the liquid cell to give a steady-state
epressurization slope. Glucose molecule would be expected to be
iffused into the hydrophilic porous membrane, and reached to the
OD immobilized layer of the diaphragm. The oxygen consump-
The slope of pressure change to the application of glucose solu-
ion (0, 25.0, 50.0, 100.0, 150.0 and 200 mmol/l) was calculated

ig. 2. Typical responses of the tonometric biosensor to varying concentration of
lucose (0, 25.0, 50.0, 100.0, 150.0 and 200 mmol/l).
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y a moving average method with 30 points because of normal-
zing the pressure change. The pressure slope decreased rapidly for
min to equalize the glucose concentration in the liquid cell and

eached the steady slope value. The steady slope was related to
he concentration of glucose (25.0–200 mmol/l). Therefore, phos-
hate buffer solution without glucose did not induce any pressure
hange in the gaseous cell of the chemo-mechanical reaction unit.
owever, the application of glucose solution induced the pressure
ecrease in the gaseous cell because glucose molecule would pen-
trate the diaphragm membrane and reach to the GOD enzyme
ide area (Mitsubayashi et al., 2003). The GOD enzyme reaction
as occurred at the enzyme membrane, especially gaseous side.

he oxygen consumption was occurred by the GOD enzyme reac-
ion, thus inducing the continuous depressurization in the gaseous
ell.

The relationship between the glucose concentration and the
teady slope of pressure change 5 min after applying glucose solu-
ion to the liquid cell was evaluated. The steady slope of pressure
as related to the concentration of glucose in the liquid cell over

he range 25.0–200.0 mmol/l (correlation coefficient of 0.998) with
good reproducibility (C.V.: 3.6%, n = 5, 50.0 mmol/l glucose) over
ultiple measurements and the coefficient of variation of 14.7%

n = 5, 50.0 mmol/l glucose) across multiple sensors, deduced from
egression analysis by a method of least squares according to the
ollowing equation:

ressure slope (Pa/s) = −0.839 − 0.031 [glucose (mmol/l)]

The maximum concentration for the tonometric sensor was
00 mmol/l because the dynamic range of the differential pressure
ensor is from 0 to 2500 Pa. The tonometric biosensor would be
sed for measuring the high concentration of glucose by using the
ressure sensor with the wide dynamic range. In this study, the
inimum concentration for glucose tonometric measurement was

.0 mmol/l with unstable pressure change. The sensor sensitivity
ould be dependent on many factors such as substrate molecular

ize, diffusivity, external pressure, diaphragm property (permeabil-
ty, thickness, porous size and polarity). The lower sensitivity will
e improved by optimizing those parameters.

The substrate regeneration cycle was also applied as one of
he unique techniques for the improvement of the sensor sensi-
ivity in this study. In order to amplify the depressurization signal
nd to improve the sensitivity of the tonometric biosensor, the
ubstrate regeneration cycle was applied for the glucose mea-
urement by coupling the GOD with the reducing reagent system
f AsA. The effect of the AsA concentration (0, 1.0, 3.0, 10.0 and
0.0 mmol/l) in buffer solution on the steady-state slope for the
easurement of glucose is shown in Fig. 3. The signal effect of

he AsA concentration on the tonometric signal was evaluated on
he batch-flow measurement of 5.0 mmol/l glucose solution. As
ig. 3 illustrates, the sensor outputs were increased by the addi-
ion of AsA into the buffer solution. The maximum output was
btained at 3.0 mmol/l of AsA concentration with the signal ampli-
cation of more than 2.5 times in comparison with that of non-AsA
olution (Mitsubayashi and Hashimoto, 2003; Mitsubayashi et al.,
006; Saito et al., 2007; Minamide et al., 2005a,b). However, the
onometric output decreased over 3.0 mmol/l of AsA concentration
nd was independent on the AsA concentration of 10 mmol/l or
ore.

A flocculant production was also observed in the liquid cell at the

igh concentration of AsA (Hasebe et al., 1993, 1995; Hasebe, 1998;
chiyama et al., 1994; Mitsubayashi and Hashimoto, 2002). The

eason of the signal decrease at high concentration of AsA is con-
idered to be a decrease of the substrate diffusibility at the porous
embrane with the flocculant production.

G
H
H
H
I
I

ig. 3. Effect of the concentration of ascorbic acid on the slope of the pressure change
n the tonometric glucose sensor (AsA: 0, 1.0, 3.0, 10.0 and 50.0 mmol/l).

. Conclusions

The tonometric glucose biosensor was fabricated using the
hemo-mechanical reaction unit with the GOD diaphragm mem-
rane and the differential pressure sensor. By applying glucose
olution into the liquid cell of the chemo-mechanical reaction unit,
he pressure in the gaseous cell successfully decreased with the
teady de-pressure slope because of the oxygen consumption by
OD enzyme reaction. The calibration range of the tonometric
iosensor for glucose was from 25.0 to 200.0 mmol/l (correlation
oefficient of 0.998). The substrate regeneration cycle caused by
oupling GOD with AsA as reducing reagent system successfully
mplified the tonometric biosensor output. 3.0 mmol/l concentra-
ion of AsA was the optimum concentration for the amplification
f the sensor output.

The potential applications of the tonometric biosensor and
evice include not only chemo-mechanical biosensors, but
lso movable and visible biosensors and intelligent biomimetic
achines. We will report the smart organic machines in the near

uture.
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