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We tnvestigate a wireless communication system for an in vive healthcare chip. In this paper, we present measured attenbation
characteristics through the human body at several frequencies. In the measurement, we-use physioclogical saline and fresh meat
instead of a real htman body. From the measured results, we found that 13.56 MHz has an attenuation of 47 dB and is suitable

for the proposed system. [DOFL 10.1143/JJAP.44.5275])

KEYWORDS: antenna, attenuation characteristics, wireless communication, /n vivo chip, healthcare

Recently, several remote sensing systems for the human
body have been proposed to iransmii medical data and
images.'? We are studying a small-size healthcare system
which uses wireless communication through the human body
as shown in Fig. 1.¥ It consists of measuring sensors, an RE
circuit, an antenna, and an energy supply. The proposed
sysfem uses a device that is battery-less and smaller than
conventional devices. To use the proposed system, one must
swallow the device like 4 tablet. The medical information is
measured in the body, and the measured results are frans-
mitted to outside of the human body. Recently, numerous
bio-MEMS sensors have been proposed, which enables us to
gather various medical information, such as stomach pH,
and internal body temperature.®

The purpose of this work is to determine an appropriate
frequency for in vivo wireless communication without a
battery. Attenuvation is one of the most important isstes for
the proposed system, because the transmitting power has to
be small from the viewpoint of medical safety to the body,
Several measurements of the attennation characteristics have
been reported.”) However, the attenuation depends on the
structure and spatial arrangement of antenna coils. The
attenuation characteristics are very important in designing
the ‘wireless communication systern. Attenuation character-
istics have to be measured for each communication system.

‘We use physioclogical saline (0.9% salt solution) and fresh
meat instead of the human bedy in the measurement. This
paper reports atienuation characteristics at several frequen-
cies: 300kHz, 1MHz, 3.5MHz, 13MHz, 35MHz, and
245 GHz.

typical tablet size

Electromagnetic radiation generates near and far fields. In
the far field, the electromagnetic power is transmitted as an
electromagnetic wave. In the near field, the power is
transmitted by electric and magnetic coupling, e.g., electro-
magnetic coupling fransmission. The transmitting distance
of the near field depends on the signal wavelength, When the
transmitting distance is longer than the signal wavelength,
the transmitting signal is carried by an electromagnetic
wave, as shown in Fig. 2(a). An electromagunetic wave is
used for long-distance transmission. However, the perme-
ability is inferior to eleciromagnetic coupling {ransmission.
In addition, the antenna size depends-on the wavelength, so a
higher frequency is required to obtain a small-size device.

When the transmission distance is shorter than the signal
wavelength, the transmitting signal is carried by electric and

electromagnetic
field

(b} electromagnetic coupling
franismission {near field)

(a) electromagnetic wave
transmission (far field)

Fig. 2. Electromagnetic wave and cloctromagnetic coupling transmis-
sions.

£

.{pH sensor

ion concentration sensor |

RF circuit

G

* Energy is stored in capacitors

Fig. 1.
supply.

*E-mail address: yama@Ist.pititech.acp

Schematic of in vivo wireless commumication chip. It consists of measuring sensors, an RF eircuit; an antenna, and an energy
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‘Patch Antenna
{Murata ANCM12G45SAA072TT1) .
~gps SIQNAL Generator

30em cubic tank = (Agilent E44380)
2om
L EM wave
D i § | absorption seat
Human Bod
Equivalent Y Spectrum Analyzer

“{physiclogical saline or meat) {Agilent 8563EC)

Fig: 3. Measurement setop for far-field transmission.

magnetic flux, as shown in Fig. 2(b). Inductive coupling
using the magnetic flux is often used in this type of
transmission.? Inductors are used as antennas, which form a
transformer. Inductive coupling transmission cannot {rans-
mit over a long distance. Its superior point over electro-
miaghetic wave transmission is its permeability. In addition,
the antenna size does not depend on the signal wavelength,
so this transmission type is appropriate for a small-size
device.

First, we preseni measured atienuations of far field
transmission. Figure 3 shows the measurement setup. A
non-modulated sine wave is generated by a signal generator
(Agilent E4438C), which s then radiated from a transmitting
antenna. The signal frequency is 2.45GHz, and the signal
power is 0dBm. The transmitted power 1s measured using a
spectrum  analyzer (Agilent 8563EC) at the receiving
antennd in Fig. 3. Physiological saline and fresh meat are
used instead of 2 real human body.

Figure 4 shows the measured results. The horizontal axis
is the thickness of the human body equivalent, and the
vertical axis is the measured attenvation. The transmitting
antenna is fixed 2 cm above the surface of the human body
equivalent. The thickness of a typieal huinan body is 10-

external coil
450uH ™~

0
f=245GHz
— £ air
% T O OO D O G e
_5 50
©
Z meat
2
< 100 5
physiclogical saline :
|
0 10 20 30

Distance D {cm]

Fig. 4. Attenuation characteristics of far-field transmission through a
human body equivalent.

20¢cm, so the attenuation is 60-90dB under this condition.
From this resuli, it has too large attenvation to realize the
proposed system.

Next, we present measured atfennations of near-field
transmission, Figure 5 shows the measurement setup. In
conventional measurement, a circular coil is used as the
transmitting antenna.” In contrast, we use two coils located
opposite each other as shown in Fig. 5. Most of the magnetic
flux is vertical to these two coils.

A pon-modulated sine wave is generaled by the signal
genierator (Agilent E4438C), and a magnetic field is induced
by the transmitting coil. The human body equivalent is
positioned between the transmitting and receiving coils. A
power meter (Agilent E4419B) is used to measure receiving
power at the receiving coil, and the aftenuation is derived
from transmitting snd receiving power values. The measure-
ment frequencies are 300kHz, 1.0MHz, 3.5MHz, 135
MHz, and 35 MHz. The receiving circuit uses an LC para-
resonant circuit, as listed in Table. 1.

Figure 6 shows the measured attenuation for the electro-

Human body equivalent (fresh meat)

AN

17turns

>Signal Generator

30cm square  30cm

A

internal coil |
10nH

> (Agilent E4438C)

Magnetic

2222222
Flux

20turns

7

» Power Meter

solenoid (with ferrite core) /
R=4mm H=30mm 30cm

A 4

(Agilent E4419B)

Fig. 5. Measurement setup for near-field transmission,
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Fig. 6 Attenuation characteristics of near-field transmission through a human body cquivalent.

Table 1. LC parameters at each resonant frequency.
Frequency 300kHz 1.0MHz 35MHz 135MHz 35MHz
Inductance 10nH 10nH 10nH 10nH 10nH
Capacitance 28uF 25uF 200pF 14pE 2pF

magnetic coupling transmission. The horizontal axis is the
thickness of the human body equivalent, and the vertical axis
is the measured aftenuation. We measure every lom
thickness of the human body equivalent. The transmifting
power is 15 dBm, and the receiving coil is fixed in the center
of the tank. The measured attenuations of indnctive coupling
transmission are lower than those of the 2.45GHz far-field
transmission. The attenuations in Fig. 6 do not have very
large differences, and the attenuations are sufficiently small
to be used in our proposed system.” The frequency of 13.56
MHz is an ISM band. Therefore, we found that the inductive
coupling transmission at. 13.56 MHz has good feasibility for
the proposed wireless communication system.57
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We propose 4 batteryless wireless communication systern for in vivo healthcare chips. The system uses inductive coupling at
13.56 MHz with internal and external ¢oils, and employs-pulse interval modulation (PIM) to-endure the large attenuation in the
human body. A wireless communication circuit is presented in this paper, and 16 mV of output voltage can be obtained at the
external receiver. The antenna coil structure is investigated, and it is found that a tablet Structure is suitable for the proposed

system. [DOL 10.1143/JJAP44.2879]

KEYWORDS: wireless communication, batteryless system, communication circuit, in vive chip, healthcare

1. Introduction

Biosensors have been developed using bio-MEMS (mi-
croelectromechanical system) technology as a key device of
#-TASs (micro-Total Analytical Systems).” In this paper,
we propose an in vive wireless communication system to
extend the applications of u-TAS. The proposed system
enables small-equipment and batteryless wireless communi-
cation through the human body, as shown in Fig. L. It was
implemented on a 1.8-mm-square chip, and it can realize
intéractive sensing of any portion of the human body either
by swallowing -or imiplanting the device into the human
body.

The wireless capsule endoscope has been developed as a
substitute for the gastric camera.”) However, it is too large to
swallow and requires a battery. Batteries are usually harmful
to the human body. Therefore, small and batteryless system
are required. To eliminate the battery, the power consump-
tion of the circuit and the transmilting power must be-small.
The size of the capsiile canalso be reduced in the batteryless
systemn. However, the crucial problem of in vive wireless
communication is the very large attenuation in the human
body, and this attenuation is often varied by movements of
the human body. We investigate the circuit architecture,
communication algorithm, and modolation for the small,
low-power and batteryless wireless conmmunication system.

Section 2 describes the carrier frequency and modulation.
The designed communication circuit is explained in §3, and
the antenna coil structures are investigated in §4.

115 mm

Biosensor
RF Circuit  {II” "}/

Fig, 1. ‘Schematic of in vivo wireless communication ¢hip, which consists
of measuring sensors, RF circuit, antenna, and cnergy supply.

*E-mail address: okada@pi.titech.acjp
YB-mail address: masu@pititech.acjp

Fig. 2.
field communication and (b} inductive coupling transmission (near-field
Sommunication).

Transmission types: (a} electromagnetic wave trahsmission (far-

2. Carrier Freguency and Medulation

2.1 Carrier frequency

Figure 2 shows the transmission types of the electro-
magnetic wave and electromagnetic coupling. When the
transmission distance is longer than the signal wavelength
(far-field communication), the transmitted signal is carried
by an electromagnetic wave. On the other hand, when the
transmission distance is shorter than the signal wavelength
(near-field communication), the transmitted signal is carried
by the eclectric and magnetic fluxes. With regard to
permeation characteristics, electromagnetic coupling trans-
mission has the advantage over electromagnetic wave
transmission.

Attenuation characteristics through the equivalent of a 15~
cm-thick section of the human body are measured at
2.45GHz,> and then transmitted as an electromagnetic
wave. We also measure the attenuation characteristics at
300kHz, 1 MHz, 3.5MHz, 13.56 MHz, and 35MHz.% At
these frequencies, a signal is transmitted by near-field
communication, We therefore use 13.56MHz for the
proposed system because it is an Industrial Science Medical
band (ISM band) and we can employ electromagnetic
coupling transmission. Although 300kHz also exhibits small
attenpation, it 1s not an ISM band. Therefore, 13.56 MHz is
suitable for the proposed system.

2.2 Modulation

We propose the use of pulse interval modulation (PIM) in
the in vive wireless communication system.® Table I shows
a comparison between amplitude shift keying (ASK),
frequency shift keying (FSK), phase shift keying (PSK),

2879
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Table I Comparison of modulations. 1 ) 6
Modulation ASK(AM)  ESEPSK(EM)  PIM — IA - S— 8 P —
o
Attentation robustness fair good good H % H % S%
Power consumption good fair good } } ’ l g
b

Bit rate good good fair Vig < charge

Vou = 6y

and PIM. It is difficult to use conventiondl modulations,
because the attenunation is often varied by movements of the
human body, and power consumption must be reduced {o as
low as possible. ASK is considerably affected by the
fluctuation of attenuvation. FSK and PSK require cireuils
such as an oscillator, an amplifier, and a mixer, which
consume much power. For data ransmission, PIM uses two
pulse signals, and data are represented by the time interval
between two pulse signals, Therefore, data iransmigsion is
not affected by the attenuation in the human body. An
oscillating circuit is also unnecessary for PIM, so power
consumption can be reduced. Therefore, PIM at 13.56 MHz
is suitable for the proposed system.

3. Communication Circuit

The S/N ratio is an important issue for batteryless
wireless communication, so the transmitting sequence i
separated into two phases. In the first phase, an internal
device is charged up by inductive coupling from an exiernal
coil to an internial coil, and the measuring sensor measures
medical information of the internal body. In the second
phase, the internal device transmits the medical information
to the external coil. At this time, charging from the external
coil s halted to avoid insensitive. Figore 3 shows the block
diagram of the designed system. The symbol & represents the
coupling factor.®

3.1  Vpltage booster circuit

Figure 4 shows a voltage booster circuit. The induced
electromotive force depends on the coupling factor between
the external and infernal coils and is usually not very high.
This circuit provides six times as high a voltage as the nput
voltage. At the output of this circuit, the maximum voltage is
limited by a limiter circuit below 4.0 volis. It consists of
several diodes.

3.2 PIM circuit

Figure 5 shows a PIM circuit and two capacitors for the
power supply. PIM needs two pulses, so twe capacitors are
required as a pulse source. During the first phase of the

outside human body inside human body
i 1 i 1

Tpulse
cascaded voltage T Ff __________
booster cirguit i |
control ViR : |
k| T
and £ P % 2 [ PiMcicuir P ontrol i
measure] ¥ % i t] ]
= =4 ’ i <
cireuit | = Capacitor] 1Capaciter},|Capacitor :
P A B H ¢ i
k ! ! P
___________ 5
278 nH 348 nH

Fig. 3. Block diagram of wireless communication circuit.

Fig. 4. Voltage booster cirenit consisting of 12 diedes and 12 small
capacitors. All diodes are’ PN junction diodes.

Contrel-Circuit

- Vong Vona
pulse
o
o
Leharge M3
= I = M}
ALL MOS | Mg T M2 5~ 1

W/L = 50/0.4

sspF T Ca

PIM circuit and capacitors.

Cp T 85pF

Fig. 5.

communication, capacitors A and B are charged up through
transistors #, and Mz by cument i ftom the vollage
booster circuit. At this phase, transistors M; and My are
turned off. When both capacitors are charged, transistors M,
and M3 are turned off by the control signal vg. During the
second phase, the control circuit turns on the control signals
vona and vowgs. For the first-pulse, transistor M is turned on
by vona, and a pulse current is generated from capacitor A
until voltage v4 becomes low. However, capacitor B does
not discharge at this fime, because fransistors M and M;
remain off. For the second pulse, transistor My is tumed on
by vons. and pulse current is generated from capacitor B
until voltage vg becomes low. When vg becomes low,
transistors M, and M5 are turned on, and capacitors A and B
discharge completely.

3.3  Simudation results

Figures 6, 7 and 8 show the time-domain simulation
results of the proposed system at & = 0.5. Figwre 6 shows
the capacitor voltage during charging time. During the first
phase, the capacitor is charged by the external coil. Figore 8
shows the voltage at the external coil. During the second
phase, the time interval between the first and the second
pulses is determined according to the measured medical
information. The coupling factor, which is used in these
simulations, is niot very large for the proposed system. When
the coupling factor is small, the induced voltage at the
internal coil also decreases. In this case, if we provide alarge
voltage to the external coil, the capacitors in the internal
circuit can be fully charged. On the other hand, the small
coupling factor also causes the reduction of the output pulse
amplitude at the external coil. Table I shows the simulated
peak-to-peak voltage of the first pulse as a function of the
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Fig. 6. Shmulated voltage at the capacitor Cg at & = 0.5,
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Fig. 7. Simulated voltage at the internal coil at £ =0.5.
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Fig. 8. Simulated voltage at. the external coil at & = 0.5,
Table 1L Simmulated peak-to-peak voltage of the first pulse.
Coupling factor k 0.1 0.2 0.5 1.0
Vextenal pp 16mV 340mvV 760V 2.3V

coupling factor k. Figure 9 shows the simulated result for the
PIM circuit shown in Fig. 5. The pulses are generated by the
capacitors when the control signal furns on.

Figure 10 shows the designed layout using a 0.35pm Si
CMOS process, with the core size of 1.8 mm square. At this
time, we implemented the proposed system without the
control circuit.

Simulated voltage [V]

190005 2.0

4.5 mm

Valtage booster

i\1>:dé Coil

. Testine Coil . 4 8%

Fig. 10. Layout of TEG.

*Line width is 500 um

() tablet (b) capsule

Fig. 11, Antenna structures.

4. Antenna Coil Structure

From the result of Table II, to improve the S/N ratio, the
coupling factor k should be large. We hence investigate the
coupling factor between the external and internal coils
Figure 11{(a) shows a tablet structure; the size is 4.5 mm in
dismeter and 4mm in height. Figure 11(b) shows a capsule
structure; the size is 2.5mm in diameter and 15mm in
length. Both sizes are common in usual medicines. The
magnetic flux density at the center of the external coil is
given by the Biot-Savart law:

B=(ulfnry- Ny -2, I

where u is the permeability, / is the current of the external
coil, r is the radius, and Ny is the number of turns in the
external coil. The mutual inductance is calculated by
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Table 1L Calculated parameters for each antenna structure in Fig, 11,

Core ‘Without ferrite core With ferrite core
Stiucture tablet capsule tahlet capsule
Self inductance 304nH 343nH 142 pH 243 uH
Coupling factor & 0.0032 0.0019 0.095 0.066
Vexiernal pp 120mV T3mV 230mVv 125mV
Ny
M= B-S, @

@z=()

where S, is the internal coil area at the g-th turn, and N; is
the number of turns in the internal coil. The coupling factor
is calculated by

k=M//Li- Ly, 3

where 1; is the self-inductance of the external coil, and L, is
the self-inductance of the internal coil.

Table 1 shows the calculated result of the coupling
factor and the simulated result of peak-to-peak Vexiema. The
coupling factor is calculated in both structures with or
without a ferrite core under the same outer shapes. If the
ferrite core is not used, the empty space in the tablet and
capsule can be used for coil lines in place of the ferrite cote.
In this result, the fablet structure is suitable for the proposed
systein, and the coupling factor with ferrite is better than that
without ferrite.

5. Conclusions

We proposed a batteryless wireless communication
systemi capable of transmitting data through the human
body. The proposed gystem uses PIM at the 13.56 MHz band
because (1) the attenuation through the human body is not
appreciably Targe at 13.56 MHz, (2} 13.56MHz is an ISM
band, (3) PIM is not affected by dynamic changes of the
attenuation, and (4) the power consumption of PIM is low.
We described the communication circuit and antenna coil
structure. The data in the proposed circuit can be transmitted
as two pulses, and the results show that a tablet structure is
suitable for the proposed system.
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Research based on health marker sensors, such as Na™, glucose, K™ have been carried out using integrated ISE (jon selectivity
electrode). In this study, focus has been placed on potentiometric measurement of ammonia and blood urea nifrogen (BUN)
sensors using new 19-membered crown ionophore, TD19C6 (2,6,13,16,23 26-hexaoxaheptacyclo-[25.4.4.4 7,124 1722.0
L17.0 7,12.0 17.22]), poly(vinyl chloride) (PVC) membranes along with anionic additives, potassium tetrakis(4-
chlorophenyljborate (k-TCPB), sodium tetrakis(4-fluorophenylyborate dehydrate (TFPB), and plasticizers, bis(1-butylphen-
yhadipate (BBPA) and tris(2-ethylhexyDurimellitate (TOTM). Screen-printed electrodes Ag/AgCl (250 mm in diameter) and
a disposable polycarbonate chip (PC) designed using a trace amount of whole blood are- also used,

[DOL 10.1143/JIAP 45.4241]

KEYWORDS: healthcare chip, BUN, clinical diagnostics, u-TAS, screen printed electrode, TD19C86

1. Introduction

I biosensor development, the concept of a micro-total
analytical systetn (1-TAS) and a lab-on-a-chip system’™>
has emerged a5 a means of providing vital technology to
enable medical self-check-up at home. Nowadays, it is
generally believed that in most developed countries, such as
Japan, UK, USA, and EU, owing to the increasing number of
elderly in our seciety; medical cosls have become a burden
1o their governments. To reduce the medical cost it would be
helpful to develop a miniaturized diagnostic device, which is
highly sensitive, quick response time, inexpensive, dispos-
able and convenient for everyone o use.

As known in the field of clinical chemistry, various health
markers such as Na¥, KT, glucose, blood wrea nitrogen
(BUN), creatine and creatinine have been used to indicate an
individual’s health condition and can be used to screen some
life-threatening diseases, for example kidney-related dis-
eases or hepatic function failure. In our research group, the
possibility of developing solid-state seénsors with an inte-
grated miniaturized device has been investigated*”) along
with several key techniques required to enhance diagnostic
processes.” These range from painless needles, made of
stainless (SUS) tubes 150pum in diameter with an 80um
bore, the surface of which is hardened wusing plasma
nitrification and the inner wall of which is-electrochemically
polished in a phosphoric acid solution; these needles are
used to complete the first step-of extracting blood. Secondly,
in electronical blood collection, the blood vessel is visual-
ized nsing an array of near-infrarted (NIR) light emitting
diodes with a wavelength of 850nm, the potential change
against elapsed time in seconds shown is used to detect the
depth of vessel and all these operations can be performed by
only focusing on a computer display without actually
observing the blood vessel in the arms. Thirdly, new
screen-printed carbon and KCl-saturated Ag/AgCl reference
electrodes coated on carbon-silver wires have also been

*E-mail address: CHANG.chiahsien @nims.go.jp

developed (Fig. 1). Finally, the screen-printed electrode ‘is
then attached to an injection molded polycarbonate plate
with a channel pattern (Fig. 1) assembled with a painless
needle to complete the healthcare chip. In accordance with
the channel design, the operation of the healthcare chip is
solely carried out using centrifugal force. As a result, 6ul of
blood is collected using the painless needle and the blood is
centrifuged in one direction to obtain plasma and carry ot
potentiometric measurement later. After measuring, the chip
is rotated 90 deg and centrifuged to discard the waste. The
cost of the chip design is kept low as it is, only used once
and is dispoesable.

In the previous study,¥ it was shown that BUN measure-
ment is based on the detection of proton loss [H*] during
the reaction, NH,CONH, (urea) +2H, +HT - NH; +
HCO;™, in the presence of urease. However, in haman
blood or serum, oceasionally a slight change pH in body
chemigiry might give rise to interference during measure-
ment and cauge unstable and indccurate measurement. To

(b)

Fig. 1. (a) Screen-printed Ag/AgCl elecwode, (b) painless needle,
(¢) injection molded micro-fluidic channel plate (27 x 24 % 1.5 mm®).
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avoid this problem, we have adopted another method, which
is based on the detection of ammonia ions using an
ionophore-based poly(vinyl chloridey (PVC) membrane
covered wilh a catalytic urease enzyme layer which in turn
is covered by solvent-casting hydrophilic cellulose acetate
polymer. As we know, urease is an enzyme that carries out
hydrolysis of urea and turns urea into ammonia and carbon
dioxide. The reaction is NH;CONH; (urea) +2H, 0 —
2NHs* 4+ €037% in the presence of urease and water. The
released ammonia ions from hydrolysis are then detected by
the ion-selective ienophore membrane measuring the poten-
tial difference between different concentrations of ammeonia
solutions. Consequently, the detected potential from various
concentrations may have to fit the calculated results through
the Nernst equation.

The design of the healthcare chip is used in vitro
quantification of various specific analytes, such as BUN/
urea in arterial, venous or capillary whole blood. As known
in the clinical chemistry, the average concentration of urea
nittogen/BUN and urea in normal humans may vary from
person to person and depends largely on ‘his/her body
chemistry. According to the reported values, the reference
range of urea nitrogen/BUN is from 8 to 26mg/dl {to
convert a BUN result in mg/dL to a urea result in mmol/L,
multiply the BUN result by 0.357). As a result, to be able to
detect the urea or BUN, a detection limit of 1mM is
essential. In this study, we demonstrate successful measure-
ment of BUN at a level of 1 mM.

One of the imost important issues in developing a
healthcare chip is the design of the reference electrode. It
has to meetl in several criteria, for example quick response
time, long life time and not be contaminated and affected
during measurement. Generally, there are two types of
reference elecirodes existing, one is 2 liguid-based reference
electrode filled with saturated potassium chloride or sodium
chloride and the other is a nonliquid-junction type reference
electrode. Conventional liquid-based reference elecirodes
are made of Ag/AgCl wires sealed with a glass tbe and
porous -ceramics at the bottom to create an ironically
conducting electrical pathway between the inside of the
reference electrode and the bulk of the measuring cell
Normally the tube is filled with saturated potassium chloride;
sodium chloride and in some special cases LiCl is used. As
saturated solutions of KCl or NaCl are used for filling
solutions it has the advantage that the concentration is
reproducible-gven if the temperature changes (if solid salt is
present) and is net influenced by the effects of water
evaporation. However, the solid salt. hardens into an
imipenetrable block, which may lead to a high impedance
electrode. In some cases, a solution of less saturated
solutions such as 3.5M KCI or 3M NaCl are used but the
concentration can be: changed due to evaporation, in which
might cause instability during the measurement. In this
study, the high concenirations of KCl and NaCl might give
rise to interference during the measturement, particularly
when the target solution’s'concentration is low. To be able to
reduce interference, a deuble-junction reference electrode
filled with 0.3 M NHy;NO; inv a tube. covering the standard
reference electrode is used throughout the whole study. In
this publication, we also demonstrate a nonliquid-junction
type reference electrode. The electrode is constructed on a

sputter-deposited Ag suwrface chlorinated with chemical
solutions (such as FeCls, or a mixture of KyCryOy with
HCI) as a base Ag/AgCl layer on silicon and coated with a
PVC menibrane to improve the sensitivity and durability of
the solid-state reference electrode. Test results show a quick
response time, a long life time and unlikelihood of being
contaminated by target solutions.

2. Experimental Procedure

2.1 Reagents and materials

PVC of high molecular weight was purchased from Wako,
Japan Chemicals, the plasticizers BBPA bis(1-butylphen-
yhadipate and TOTM tris(2-ethythexyDtrimellitate from
Fluka, the antonic additives K-TCPB potassium tetrakis-
(4-chlorophenyDborate, TFPB, sodium tetrakis(4-fluoro-
phenyDborate dihydrate from Fluka, ammonia tonophore
2,6,3,6,23,26-hexaoxaheptacyclo-[25.4.4.4 7,124 17,220
1,17.0 7,12.0 17.22] TD19C6, DOIINDO; tetrahydrofuran
(THF) from Wako, urease lyophilized pewder from jack
bean, Sigma, and cellulose acetate from Wako Chemicals;
fresh NH;Cl (1 M) stock solutions were prepared. Dilution
1o appropriate concentration was preformed just before
direct and calibration measurements. All aqueous solutions
were prepared in double deionized water (182 MS2.cm™,
25°C).

2.2 Jon selective membrane

The solvent polymeric membranes were prepared with a
mixture of ionophore 3wi% TD19CS6, 67 wt % plasticizers
BBPA or 67wi% TOTM, 30wt% PVC and anionic
additives K-TCPB or 10mol% TFPB. Firstly, PVC was
gradually dissolved in 2 ml THF with a sonic shaker for two
hours, followed by the addition of anionic additives,
tonophore (dissolved in 1 ml of THF) and finally plasticizer.
The cocktail of the PVC-based sensor membranes was
fabricated using an auto dispenser or manual dispenser.

2.3 Enzvme immobilization

Lyophilized wrease powder from jack bean, 2660units/
ml, were dissolved in a solution of 0.1M Tris/HCL,
5wt % glycerol and 0.01 M ethylenediamineteltadcetic acid
(EDTA) and kept at 4°C before use. The urease was
immobilized by the deposition of a cellulose acetate layer
with 50mg/ml acetone. The urease enzyme activity was
tested using the following methods and chemicals provided
by Wako Pure Chemical Industries, Ltd.

24  Measurement of ammonia and BUN sensors
Electrode response potential (EMF) measurements were
performed at room temperatare (20°C), data were recorded
using Labview software under stopped-flow conditions.
Sensors were measured in various NH4Cl concentrations
(ranging from TmM, 0.01 M, 0.1 M to 1 M). Screening of the
electrodes was carried out by determining the slope of the
calibration curve (potential versus time/s). There was no
preconditioning before carrying-ouf ammeonia measurement,
however, preconditioning of 0.1 M urea for 2h before BUN
measurement was considered necessary in this study. The
reference electrode used during the measurement was a
double-junction electrode containing an inner KCI saturated
calomel electrode with an outer solution of 0.3 M NH,NO;.
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Table I. Different recipes used for the sensing membrane:
Plasticizers (67 wt'%) Anionic additives (10mol %) Bwt %) (30wt %)
BBPA TOTM K-TCPB TFPB TD19C6 PVC
Formula 1 * ® * *
Formula 2 * * * *
Formula 3 * * * *
Formula 4 * * * *

*Components contained in the ion-selective membrane.

2.5  Fabrication of non-liguid junction reference electrode

Processes of fabricating non-liquid junction reference
electrode are as follows. (1) A 2um polyimide film was
spin-coated at 4 speed of 4000 rpm on an 800 nm Ag/50 nm
Crfilm which was sputiér-deposited using a Ni film stencil
mask on a 1pum 8Si0;/S5i substrate. (2) A hole 100pm in
diameter was opened in the polyimide film with NMD-3
solution (2.38%, TOK, Japan) and clean-washed using IPA
solvent. (3) The Ag film was chlorinated to become AgCl
base layer by treatment of 0.5 M FeCl; solution, forming the
Ag/AgCl electrode. (4) A ring-like well 50um in height
with a 700 m bore was fabricated using an SU-8 photoresist
{MicroChem Corp.) (5) 20 nL. of 2.5 wt % poly vinyl alcohol
{PVA; number average degree of polymerization: n = 500,
WAKO) + 0.5M potassium chloride (KCl) solution were
dispensed on the Ag/AgCl electrode and then dried on a hot
plate at 100°C. (6) 1:1 weight ratio of PVC (n= 1100,
WAKO) and dioctyl sebacate (DOS; WAKOQO) were dis-
solved in tetrahydrofuran (THE) (solid content: 15 wt %) and
deposited to cover the surface area.

3. Results and Discussion

3.7 Ammonia membrane formation and composition

To recognize ammonia ions selectively, ammonia iono-
phore, a 19-membered crown ether derivative (TD19C6) is
used. Previously, it was reported that to measure ammonia
ions from testing solution, the introduction of an ether cyclic
structure in a compound is useful and owing to the similar
ionic size of ammonia fon and potassium ion, a molecular
design of introducing a rigid frame and “block-walls” is
necessary to prevent the formation of both a wrapping
complex of the crown ether with a smaller ion and a
sandwich complex with a Targer ion,>'® On the other hand,
considering the hydrogen bonding distance of Kt-+O and
NH-+Q, the latter bonding is slightly larger. As a result,
NH,* has a larger ionic size than that of K¥. In the
destgnation of TDI9C6, the size of crown ether using 19-
crown-6 is larger than that using 18-crown-6, which is
conventionally used for measuring K ions. In addition, in
accordance with the previous report, TD19C6 has a high
NH;* selectivity over Kt (log Ki’;}’;,k « = —1.5) and Na*
(log K?I;*,Na* = —2.5). In our study, the membrane consists
of two types of plasticizers, BBPA and TOTM, in combi-
nation with two anionic additives, K-TCPB and TFPB, along
with ammonia ionophore, TD19C6, miatrix material, PVC
and all compenents are dissolved in THF solvent. During the
study, the proportions of plasticizers, aniomic additives,
ammonia recognizable ionophore, and PVC contents in the
membrane are important and have been investigated; the
most suitable proportions are listed in Table L In our study,
PVC and two plasticizers have been selected due to their

cost, easy handling and accessibility, In the membrane, PVC
acts as a matrix and plasticizers as cross linkers to physically
immobilize TD19C6 and anionic additives. Two different
plasticizers, BBPA and TOTM are used to investigate
whether the linear chemical strocture of BBPA has higher
cross-linking properties: in comparison with the 3-dimen-
sional structure of TOTM plasticizer with naturally blocking
properties. As for the two types of anionic additive used,
differences between two compounds are TFPB with four
fluorine atoms attached to fourbenzene rings forming borate
complexes with sodium ions and K-TCPB with chlorine
atoms bonded to four benzene rings in borate complexes
with potassinm ions. As a result, two anionic additive
compounds significantly affect detection. The most impor-
tant part of this study is the use of TD19C6 to create rigidity
of the cyclic compound and introduce blocking efficiency
forming a complex with ammonia ions.

The electrode used is a screen-printed electrode, which is
constructed with a screen-printed. Ag layer followed by a
screen-printed AgCl layer, Fig. 1(a). The layers of 0.1 M
ammonium chloride in the presence of 0.5% PVP (poly-
vinylpyrrolidone) and the ammonia-sensing membrane are
deposited using an autodispenser owning to the uniform
surface chardcteristics achieved, which is helpful during the
measurerment (Fig. 3). As shown in Fig. 1{a), the screen-
printed AgCl layer is designed to have an open diameter of

onorphots PYC membrans

D8 ammoniur chioride + 0.58% PYP
soresn-printed Sl elechode
soreen-prnted Ag slectode

Fig, 2. Sandwich formation of ammoénia-sensing membrane and elec-
trode. Note that the AgCl layer is 250nm in diameter.

Fig. 3. Image of surface formation of membrane on electrode obtained by
SEM (120 3 83:3 um WD 20.6 mm).
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Fig. 4. Measurement setp cross seetion of a chip fabricated for evaluation of selectivity.

250 nm, which is ideal for use in future miniaturized device
purpose. Figure 1{c) shows an injection melded micro-
fluidic system of collecting whole bloed using a painless
needle [Fig: 1(b)] and ¢f obtaining plasma by applying 2
centrifugal force. Measurement followed by waste removal
can be carried outl in one simple chip and most importantly
the cost is not high.

3.2 Electrode membrane potential (EMF) measurement

ISE sensors undergo a series of potentiometric tests to
meet the requirements for in vitro clinical use. As reported in
the i-STAT system,''® 100ul, of blood is required for
checking various markers. In our study, a new type of chip
has been developed in which only 4 ul of blood is necessary
to run the analysis. In the case of ammonia sensors,
measurements are carried out firstly in an open-field
environment followed by closed-field measurement on the
chip. Freshly made stock 1M NH,CI solution diluted to
1mM, 0.01 M and 0.1M has been used. In this study, a
saturated calomel reference electrode and double-junction
reference electrode containing 0.3 M NHyNO; are used to
reduce interferences that might be caused by the leakage of
saturated KCl solution from the calomel reference electrode
{(see setup, Fig: 4. The double-junction configuration design
is used to allow saturated KCl solution balancing with
NH;NO» in the beginning without significantly distirbing
the targeting solution,

Recently, BUN sensors based on ion-sensitive field effect
transistors (ISFETs) used for detecting pH change have been
developed.™ However, due to some difficulties, the devel-
opment of BUN has been moved to the ion-selective
membrane field. In the history of development, precondi-
tioning of the membrane is still necessary. Using the data
obtained during EMF measurement, Fig. 5 shows formulas
1(a) and 2(b) with proper inner layer containing 0.1M
ammonium chloride in the presence of 0.5% PVP can be
used to give quick response time and good reliability to
detect NH4Cl ranging from 1 mM, 0.01 M, 0.1 M and I M in
the range of 50—-60mV in potential decade. In our study,
preconditioning is not necessary to detect concentration of
1mM of ammonia solution, This may be explained by the
fact that in some cases, PBS solution or a low concentration
target solution are used for preconditioning the ion-selective
membrane to increase the detection limit. In the case of
hydrophobic membranes being used for membrane matrix,
such as PVC, a long preconditioning duration time might be

-1 1 M ammonia solution

—g 0.1 M ammonia solution

—ii— 0.01 M ammonia solutien
005 ~fi— 1 mM ammonia solution

o
B
I

Potential {V}

B g i

-0 Mw—.‘—"

4 34 160 159 200 250 300

Time (s)

(a)

-3 1 M-ammonia solution
-~ G.1 M ammonia solution
—ik— .01 M ammonia solution
0 ~f~ 1 mM ammonia solution
T * =

05 -

Potential (V)
T

&
I
\

& 30 0 150 2060 palg 36
Time (s)

(b)

Fig. 5. EMF measurement of formula 1(a) and formula 2(b}, showing
stable measurément contributed by proper inner layer-of 0.1 M NH4Clin
presence of 0.5% PVP.

necessary becauseé the resistance of the membrane might
have been reduced by rinsing the membrane in the solution
before EMF measurement. In the case of hydrophilic
membranes being used, 4 short preconditioning duration
time might also be helpful. On the other hand, changing the
design of the deposition inner layer might be another way
of achieving a low detection limit as well as avoiding
preconditioning.
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Fig. 6. EMF mieasurement. of formulas 3(a) and 4(b), shewing stable
meastretnent contributed by proper inner layer of 0.1M NHyCl in
presence of 0.5% PVP,

In the case of formula 3(a) and formula 4(b), shown in
Fig. 6, although most of the membrane components and
inner layers are siniilar to those of formula 1 and formula 2,
the concentration of target solutions increase with decreas-
ing EMFE. This indicates that the plasticizer BBPA works
better: than TOTM as a cross-linker with PVC in terms of
when the components in the membrane leak out, the EMF
values will decrease gradually. The cross-linking between
BBPA and PVC seems stable compared with the TOTM
membrane. As a result, different anionic additives may
provide certain advantages and enhancements to a certain
extent. In our study, we observed the difference between two
anionic additives which showed that BBPA is better than
TOTM. Thus, we use BBPA as a plasticizer throughout the
whole study.

3.3 BUN sensor

When measuring urea ions, the ions can diffuse into the
membrane and reach an equilibrium on both sides of the
membrane. Urea enzymes can then digest urea into ammonia
ions and the ammonia-sensing membrane can defect various
ammonia concentrations from target solutions. In our study,
a sensing electrode composed of membrane layers is used to

o&?«:&?m:&g '

caliuloze sostate

wresnse laver

iorophiore PV membrane

A0 ammonium chioride + 05% PR
soreen-prnted Aol elechode
sorsen-prirted Ao slechiode

Fig. 7.
trode.

Sandwich formation ‘of ammonia-sensing membrane and elec-
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Fig. 8. BMF measvrement of formulas 1(a) and 2(b), showing stable
measurerient based on measuring ammeonia ‘lon$ using TDI9CE ion-
ophore.

detect various ammonia concentrations. As showed in
Fig. 7, a layer of urea enzyme, 20660units/ml, in the
presence of 0.1M Tris/HCI, 5wt% glycerol and 0.01M
EDTA is deposited using an autodispenser followed by a
solvent casting layer of hydrophilic cellulose acetate Jayer.
The results show stable measurements with various urea
concentrations ranging from 1mM, 0.01M and 0.1M to
1 M. In Fig. 8, the potential change per decade is approx-
imately 35mV of formula I{a), while in formula 2(b) it
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shows reasonable potential change of lower than 35 mV per
decade. This indicates that formulas 1 and 2 with proper
inner layer anionic additives might provide better detection
conditions. In the BUN sensor study, formula 3 and formula
4 are not suitable for detection owing to their low stability to
immobilize necessary components ingide the membrane and
this can be observed as mentioned above.

3.4 Nonliguid-junction type reference electrode

A reference electrode, which generates a standard poten-
tial, is important for pontentiometiic electrochemical bio-
sensors, regardless of the various Ion Species and ion
strengths in the solution to be measured. On the other hand, a
rapid response of less than 100s, a long lifetime of more
than 1000s and no contamination of the solution are also
required for biochips to measure low level signals from trace
amounts of solutions such as blood. Up-to-date research
shows that liquid junction types™™” and nenliquid-junction
types'®2Y have both merits and demerits in terms of quick
response and lifetime. I the case of the liguid-junction-type,
the cross section of the liguid junction région is responsible
for the lifetime 4and response time. This can be achieved by
careful control of the cross section with microfgbrication
technology. The nonliquid-junction type was fabricated only
by placing a gas-permeable membrane on the electrode.
However, both membrane quality and thickness are impor-
tant to provide a long lifetime and a quick response. In this
work, we have studied the fabrication of the non liquid-
junction type reference electrode with PVC (polyvinyl
chloride) as the membrane for our ion sensor.

Figure 9, it shows the structure: of the new pretotype
nonliguid-junction type reference electrode. In the fabrica-
tion process, Si0,/Si is used as a substrate, an 800nm Ag
layer is introduced and sputter-deposited on adhesive 50 nm
Cr layer and chlorinated with 0.5M FeCls to form a Ag/
AgCl electrode, which suggests a high sensitivity in
comparison with the mixture solution of KoCr0O; and
HCI. Figure 10 shows the time dependence of the output
voltages of the ‘micro-reference electrode in 0.1 M PBES

KCI gel

Insulating film

(b)

Fig. 8. Configuration of nonliquid-junction type reference electrade.

O
| I I 1
19 um thickness PV
20 1m \
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Fig. 10. Nonliguid-junction type reference electrode, showing results of
quick stabilization time in the béginning with various PVC thicknessesin
proportional o varions lifetimes.

{phosphate buffer solution) for various PVC filim thickness-
es. The responses of all elecirodes revealed the presence of
the stabilization time until water arrived at the PVYA-+KCI
layer and the saturated KCI layer was formed. During the
measurement, the output voltage of —45mV vs SCE
(standard calomel electrode) in a saturated KCI layer was
obtained. The stabilization time decrease with decreasing
in the thickness as shown in Fig. 10. The interval during
the output of —45mV vs: SCE shows the lifetime of the
reference electrode. Over the interval, KCI diffuses gradual-
ly 1o the bulk solution through the film and the KCI
concentration decreases, thereby increasing the potential. An
adequate. PVC membrane thickness has to be determined to
obtain a membrane with longer lifetime for a shorter
stabilization time; the thicker the membrane, the longer the
lifetime. As a result thicknesses of 10 to 20 um for the PYC
film are adopted for our on-chip measurement.

4. Conclusions

In:this study, health care chip BUN measurement based on
detection ammonia ions using a TD19C6 ionophore PVC
membrane has been achieved at a detection level as low as
1mM in urga solution. Additionally, unlike conventional
metal eléctrodes, the screen-printed Ag/AgCl electrodes
have also been used throughout the experiments. From the
results, it also suggests thal screen-printed Ag/AgCl
electrodes are suitable for potentiometic measurement. On
the other hand, different from conventional liquid-based
reference electrodes, key technologies to fabricate a non-
liquid-junction type reference electrode have been demon-
strated to achieve a rapid response of less than 1005, a long
lifetime of more than 1000's and no contamination occurred
in the meéasuring environment, which are required for
biochips to measure low-level signals from {race amounts
of solutions such as blood.
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SIMPLE AND QUICK DETECTION OF TARGET DNA

BY HYBRIDIZATION IN NANO GAP CHANNEL ARRAY
Shingi Hashioka, Ryo Ogawa, Akio Oki, Yuji Miyahara and Yasuhiro Horiike
National Institute for Materials Science, 1-1Namiki, Tsukuba, Tbaragi, 305-0044 JAPAN

Abstract

The paper reports a simple and quick detection of target DNA by hybridization with a
mumber of DNA trapped in nano gap channel array. A length of these T4 DNA fixed with
stretching exceeds 20 pm in the channel. Subsequently, probe DNA was introduced into
nano gap channel array to hybridize the trapped T4 DNA. When probe DNA is introduced
after T4 DNA is trapped, intensive luminescence was observed in the channels. These
results provide a simple and fast detection method of the target DNA originating from the
infection disease.
Keywords; DNA trap, hybridization, nano gap channel, probe DNA

1. Introduction

We are studying a chip which enables us diagnose quickly the infection diseases by
analysis of DNA obtained from lysis of cells. DNA extraction is one of the most important
eglements in this stidy. Especially, trapping technique of DNA with stretching in the micro
channel is strongly required for the DNA detection. Washizu et al. succeeded in DNA
stretching by using electroosmotic flow [1]. This paper reports a new DNA stretching
method by using simple micro channel structure equipped with namo-gaps and then
detection of target DNA by hybridization of probe DNA.
2. Experiments

Pt electrode

Figure 1. (a) An illustration of the nano gap channel array. SEM images of (b) whole
channel (¢) array and (d) nano-gap.

Figure 1 (2) shows an illustration of a DNA trapping chip, which is an analysis stage for
our final goal. The 816 triangle shaped channels in an area of 85 x 240 pm %, in which depth,
maximum and minimum widths were 140 nm, Spm and 50 nm, respectively, were
fabricated on a quartz plate by an EB lithography and reactive ion etching processes. T4
DNA (166 kbps, length; about 50 um) stained by YOYO-1, which was diluted by a TBE
buffer solution, was introduced into the channel by electrophoresis using applied voltages
of 50-100 V. All processes and measurements were carried out at a room temperature.
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2. Results and discussions

(5]
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Figure 3. Mechanisms of DNA trap (a) stretched straight (b) caught at two nans-gaps

Figure 2 shows a fluorescence image of a munber of DNA trapped at nano-gaps. When
DNA rounded in a reservoir entered into the nano-gaps channel array, two type mechanisms
were observed for the trappings. One was that DNA was stretched straight after caught at
one nano-gap as shown in Fig. 3 (a). The other was that DNA strode over a triangle channel
and then was stretched according to the manner in which both edges of DNA were caught at
two nano-gaps as shown in Fig. 3 (b). A length of these DNA fixed with stretching exceeds
20 ym in the channel,
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Figure 4. Sequences of probe DNA and negative control probe DNA

Subsequently, probe DNA was introduced from the reservoir into the nano-gaps channel
array ‘to hybridize the trapped DNA. The sequences of the probe DNA and the negative
contrel DNA are shown in Table 1. A sequence of probe DNA 1is-designed from parts of 2
sequence of Bacteriophage T4 gene. Negative control probe DNA is designed by the
partially changed sequence to demonstrate an evidence of the hybridization of probe DNA.
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8] {b}
Figure 5. (a) Introduction of probe DNA, (b) Introduction of negative contrel DNA

Figure 5 (a) shows a fluorescent image, when probe DNA is introduced after trapping of
T4 DNA. Intensive luminescence was seen in the channels. When negative control probe
DNA was introduced, the luminescence was not observed as shown in Fig. 5 (b). These
results provide a simple and quick detection method of the target DNA originating from the
infection disease.
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Figure 6. Schematic view of the dual micro-well array.

In order to achieve a diagnosis from cells, a dual micro-well array was developed for the
cell lyses. The large wells withl5 um in diameter and 12 pum in depth were fabricated to
trap cells such as lymphocytes. A cell Iytic solution flows through the small well with 6 pm
in diameter and 140 pm in depth. A filter to eliminate impurities before introduction of the
solution into the nano-gaps channel array is now being developed. After that process, DNA
is detected as mentioned above.

3. Conclusions

Simple and quick detection of target DNA by hybridization in nano gap channel array
was demonstrated. It was observed that DNA trapped with stretching in nano gap channel
array was hybridized with probe DNA. Additionally, dual micro-well array structure to trap
cells and make lysis from them in the wells was fabricated. The chip system will allow us to
analyze DNA from the cells lysis quickly, easily and safety in the near future.
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WATER VISCOSITY AND HYDRODYNAMIC FLOW

IN NANOPILLAR CHIPS
N. Kaji', A. Oki%, R. Ogawa’, Y. Horiike” and Y. Baba'’®
! Department of Applied Chemistry, Graduate School of Engineering, Nagoya University,
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ABSTRACT

Here we report an anomalous behavior of water, especially viseosity and hydrodynamic
flow, in nanopillar chips, These physicochemical properties of water were investigated by
single-particle tracking (SPT) technique. The results of diffusion constants of nanospheres
indicated that a higher viscosity and a less hydrodynamic flow tn nanopillar chips compared
with a bulk solution.

Keywords: Nanopillar, Single-Particle Tracking, Water Viscesity, Hydrodynamic Flow

1. INTRODUCTION

We have demonstrated that nanopillar structures fabricated inside microchannels can
work as a novel DNA sieving matrix [1]. In the process of developing DNA separation
method using nanopillar chips, we found that several investigations for physicochemical
properties in nanospace are necessary towards bigher resolution and throughput. Since the
surface areas of nanopillar chips are larger than simple channel strictures; it 18 feadily
understood that such large charged surface areas raise complex electroosmotic flow and
adsorption probability, and may affect the analysis [2]. Moreover, a water viscosity and &
hydrodynamic flow in nanopillar chips might be potential factors affecting the performance.
To develop these nanopillar chips as a novel nano-biodevice, it is indispensable to
understand these fundamental phenomena in nanospace.

2. THEORY

Considering our experimental setup, Brownian motions of nanospheres were regard as
guasi-two dimensional motion. Square displacements and mean square displacements
should be calculated as a function of time:

[ OF =4 OF [tk @
(7)) 2o @

where N is the total number of frames that have been traced. When the nanospheres undergo
normal diffusion, the slope in < 2) AR plot is linear and <R2> can be expressed as

following equation:

() aPRDg=47% 3
where D is the two-dimensional diffusion coefficient. While the diffusion coefficient could
be obtained experimentally, the Stokes-Einstein equation alse provides the diffusion
coefficient based on the thermodynamic and hydrodynamic views on diffusion by the
following equation.
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