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Abstract

We investigated biochips that provide a home medical diagnosis as an application of miniaturized analysis systems. As the objective, an
electronic blood collection system employing a painless needle was developed. Both the healthcare chip and hepatic function examining
chip were studied based on the introduction of plasmas separated from a trace amount of blood. The former electrochemically measures
pH, Na*, K%, glucose and BUN, and the latter measures the y-GTP, GOT and GPT using a colorimetric analysis. The fluids of the blood
in the micro-channel wete controlled by centrifugal force. These chips are useful for checking life-style-related diseases.

© 2004 Published by Elsevier B.V.

Keywords: Healthcare chip; Hepatic function examining chip; Electrochemical; Colorimetric analysis; Mixer; p-TAS

1. Introduction

It has become a serious issue in Japan that the recent
increase in the aging society with fewer children especially
increases the medical cost for person of advanced years.
Prevention ts important for them in order to live a healthy
life, To realize such a society, we have to urgently
establish biosensing technologies which allow simultane-
ous diagnosing of multiple items while at home. As the
objective of the research field is called micro-Total
Analytical System (-TAS) or Lab-on-a-chip [1-3], a large
expectation is being placed for the development of various
clinical chips for the quick diagnosis by a doctor at the
patient’s bedside, and in addition, a person’s self
examination at home.

Especially, we have to prevent kidney trouble and liver
disease which are known as representative life-style-related
diseases, which cause often serious illnesses. For this goal, in

* Corresponding author,

0928-4931/§ - see front matter © 2004 Published by Elsevier B.V.
doi: 10. 1016/].msec.2004.08.032

this report, our recent development situations are described
for a healthcare chip [4-6] and a hepatic function examining
chip [7,8].

2. Healthcare chip
2.1. Painless needle

The healthcare chip enables us to check our health/
disease condition by analyzing multi components in a
trace amount of blood. First, the needle collecting the
blood should be painless. A stainless (SUS) tube 150
pm in diameter and with a 80 pm bore was used
because the thin tube reduces cutting the nerves in the
skin. The tube surface was hardened by plasma
nitrification. The edge of the tube was polished at 10°
and the chip with three planes was fabricated as shown
in Fig. 1. Finally, the tip was electrochemically polished
in a phosphoric acid solution. In addition, the inner wall
of the tube was also polished. A SEM photograph after
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Fig. 1. Photograph of the tip of the painless needle.

polishing shown in Fig. 2(b) shows the smooth surface
like a mirror as compared with a jagged feature shown
in Fig. 2(a).

The needle did not cause any pain but skill was needed
to pierce the needle into the blood vessel through the
muscle, because we frequently lost sight of the vein and
did not have information on its location from the skin
surface. Therefore, the position of the blood vessel was
visualized using an array of near infrared (NIR) light
emitting diode with a wavelength of 850 nm as shown in
Fig. 3. Furthermore, measurement of the potential between
the skin and the blood vessel surfaces allowed detecting
the depth of the blood vessel, where one terminal was an
electrode which was pasted on the skin surface and
elapsed time for the piercing of the needle into the arm
(Fig. 4). When the needle did not hit the blood vessel, the
potential did not change, while it drasticalty dropped once
it touched the blood vessel surface. Fig. 5 shows
photographs demonstrating the collection of the blood
with the needle and the needle assembly after collecting
the blood. This man, who was collecting his blood, did
not look at his own arm, but observed a display in which
the position of the blood vessel was imaged by the NIR
irradiation and the potential change was monitored during

r‘. H i -
[ e

Before polishing 100 pm

Fig. 2. SEM photograph before and after polishing the SUS needle.

Fig. 3. IR image of veins irradiated by TR light emitting dicde array.

piercing of the needle. The blood flows out due¢ to his
own blood pressure without a pump after the needle
pierces the blood vessel, because the inner surface of the
needle is extremely smooth. Indeed, this may be called
electronic blood collection [8].

2.2. Healthcare chip operation

Fig. 6(a) and (b) shows photographs of the recently
developed healthcare chip, where (a) shows the chip
before inserting the necedle assembly, and (b) shows
introduction of the blood to the biosensor region. The
chip is fabricated by bonding two plates. One is the
channel pattern which is printed on a 27X24x1.5 mm
polycarbonate plate using an injection mold method. The
other is the electrode pattern screen-printed one on a
27%27x1.5 mm polyester plate. In this state, when
the chip is rotated around the lst rotation axis of XI,
the centrifugal force introduces a calibration solution into
the channels equipped with biosensors. After calibration,
the rotation around the 2nd rotation axis of x2 conveys

&, Extincting of blood
Bl

) i’\_"*_r-‘ ft(

05 o
04 Pierced to a muscle
< at absence of vein
& 03
=
=]
€ 02
5 0
o
. Plerced toward vein

0O 5 10 15 20 25 30 35 40
Elapsed time (sec) (= Penetration depth of needle)

Fig. 4. Potential between the skin surface and the needle vs. elapsed time of

piercing the needle.
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Fig. 5. Photograph of the blood collection with the needle and the needle
assembly after collecting the blood.

the solution to a waste channel. Subsequently, the needle
assembly filled by the blood is inserted into the top of the
chip. The rotation around the Ist rotation axis of x|
introduces the blood to the biosensor channels and
simultaneously separates the blood into plasmas in the
upper regions of the channels and blood cells to the
bottoms of the channels as shown in Fig. 6(b). The
biosensor surfaces are covered by plasmas, thus measuring
the following components.

2.3. Biosensors and measurements

We plan to measure the pH and concentrations of Na*,
K*, glucose, BUN (blood urea nitrogen), creatinine and
lactate. These items are measured by an electrochemical
method. Fig. 7 shows a photograph of part of the electrodes
printed on the polyester plate. Carbon electrodes and KCI
saturated Ag/AgCl reference electrodes were formed on
carbon-silver wires. The Ag/AgCl layer was also a screen-
printed. A Teflon membrane was coated on the AgCl
surface to protect the AgCl from dissolving in the electro-
lyte. These membranes were coated using an automatic
dispenser. The ion or enzyme sensitive membranes were
coated on the carbon electrodes. The membrane structures
for measurement of the pH, Na*, K*, glucose and BUN are
listed in Table 1. Bis[(12-crown-4)methyl]-2dodecyl-2-

Carbon electrode

KClI saturated Ag/AgCl
reference electrode

Fig. 7. Photograph of electrodes printed on a polysster plate.

methylmalonate and bis[(benzo-15-crown-5)-4-methyl]pi-
melate were used for Na® and K* ionophores. The
selectivites of Na'/K*=10% and K*/Na*=10° are obtained
due to the adequate anion exclusion agents shown in
Table 1.

Fig. 8 shows the measurement results of the Na* and K*
ions regarding their concentrations. The concentrations of
the Na* and K* ions in human plasma are slightly lower
than those in PBS (phosphate buffer solution), which are
144 and 4.2 mmol dm™3, respectively, while the
reliability of the sensors is considered to be satisfactory for
actual use. The BUN and glucose concentrations were
measured using calibration curves whose data were
obtained by the on-chip measurement as shown in
Figs. 9 and 10 [9].

Since the present BUN measurement follows the reaction
of NH,CONH; (urea)+2H,+H*—NH,+HCO7 in the pres-
ence of urease, urea is measured by the decrease in the
proton (H'). However, many protons exist in blood.
Therefore, we are now developing a detection method of
ammonia ions in urea. Creatinine is not measured vet,
because ammonia ions generated from creatinine and
intrinsic urea present in the blood have to be separated

Fig. 6. {a) Photographs of the healthcare chip before inserting the needle
assembly. (b) Photographs of the healthcare chip after centrifugal
introduction of the blood from the needle assembly to the biosensor region.

Table 1

Composition of the ion selective and enzyme membranes

pH Non-conductive poly-pyrrole (PPy)

Na* Na* ionophore
{bis[(12-crown-4)methyl]-2 dodecyl-2-methyl
malonate),

plasticizer (2-nitrophenyldodecyl ether
{NPOE)}, anion-exclusion agent (K-TCPB) and
poly vinyl chloride (PVC)

K* K" ionophore (bis[(Benzo-15-crown-5)-4-methyl]
pimelate), plasticizer (NPOE), anion-exclusion
agent (K-TCPB) and PVC

BUN Immobilized urease by pely-ion-complex method/

non-conductive PPy

" Immobilized glucose-oxidase by poly-ien-complex

method/ferrocene

Glucose
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[10]. The ammonia ion detection will be used for the
measurement of creatinine.
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Fig. 13. Chip measuring three components for hepatic functions.

cells destroyed by a liver infection. The measurement
method used a colorimetric analysis. This method requires
good mixing of the plasma or serum with a substrate buffer
solution. In general, however, the mixing is not easy in the
microfluidics which are dominated by a laminar flow. So far,
a lot of studies have been reported in the field of the
microTAS [11]. We have also developed a novel mixer for
the hepatic function examining chip. '

Fig. 11(a) and (b) shows an experimental chip with
multi-stage mixing chambers and a mixing chamber
connecting to observation chamber, respectively. The inlet

consists of three channels with the middle one for a
florescence reagent (FITC) and both sides for PBS. The
channel width ratio of the middle to both sides was 1 to 10.
As shown in Fig. 11(b), the mixture collides with a wall and
then its flow direction is suddenly changed at a comer. The
diffusion of molecules is also promoted in the namow
channels. The process is sequentially repeated for six stages,
Fig. 12 shows the relative florescence intensity at three
points in the observation chamber (see Fig. 11(b)) vs. the
number of mixing stages at the flow rate of 10 pL/min.
Complete mixing occurred in the 6th chamber aver a wide
range of drawing velocities.

3.2. Chip fabrication and measurement

Fig. 13 shows a chip examining three components for
hepatic functions. Since an incident light should propagate
with minimal loss of the light for colorimetry, an Al film
was coated on the inner walls of the channels as follows:
(1) Channel patterns with a half depth were fabricated
using a SU-8 resist and then molded on two PET plates.
(2) The Al film was sputter-deposited on the surfaces with
the channel pattern of both PET (polyethylene terephtha-
late} plates. (3) The Al film deposited on the upper PET
surface was removed by chemical mechanical polishing
(CMP) and both plates are thermally pasted together.
Optical fibers were inserted into the inlet and outlet of the
channel.
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Fig. 4. (a, b and c) Calibration curves obtained for y-GTP, GOT and GPT activities.
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The temperature of the chip was maintained at 37 °C
using a Peltier element. Lights of 340 and 405 nm,
which were generated by the band-pass filtering of a D,
lamp, were detected with a photediode through the
measurement channels. The plasmas to be mixed were
obtained by the centrifugal separation of the blood. Fig.
14(a), (b) and (c) shows the obfained calibration curves
for the v-GTP, GOT and GPT activities. The photocurrent
changes during 3.5, 2 and 2 min were measured for +y-
GTP, GOT and GPT, respectively. The measurement
methods and reagents are listed in each figure. Abnormal
values as well as the normal ones were successfully
measured [7].

3.3, Chip integrating plasma separation, metering, mixing
and measurement

The colorimetric analysis method needs a wide range
mixing ratios of 1:10-40. In the experiment for the chip
shown in Fig. 13, the amounts of the serum and the
substrate buffer were cormrectly measured in advance.
Therefore, a series of processes for the plasma separation,
the metering, the mixing and the measurement has to be
integrated into one chip for practical use. Fig. 15 shows a
photograph of an integrated chip developed for the one
item measurement of ~«-GTP. This processing is as
follows: {1) The blood is introduced into one end of a
U-shape channel. The rotation of the chip around the 1st
rotation axis of x1 separates the blood into the plasma in
the U-shape channel and the blood cells into a storage
portion at the bottom of this channel. (2) The chip is
rotated counterclockwise at 90° and the rotation around
the 2nd rotation axis of %2 introduces the plasma into the
metering chamber. The residual plasma is simultaneously
removed to the waste portion. (3) The chip is returned
clockwise at 90° to the original position. The strong
rotation of the chip around the Ist rotation axis of x1
conveys the metered plasma to the substrate buffer

x1

U-shape channel

™

Metering portion

-4 Plasma wasfte

Blood intet & A
A o % Capillary valve

Substrate buffer
storing chamber

x 2 .
Measurement
£-7 channel
Storage [: 53 Accumulation
portion g=: ;] chamber

g Mixer

Fig. 15. Photograph of an integrated chip.
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Fig. 16. Calibration curve of v-GTP by the integrated chip.

solution storing chamber through the capillary valve.
(4) The plasma and the substrate buffer stored in
the accumulation chamber are drawn into the mixing
channel by aspiration from an outlet of a measure-
ment channel and subsequently into the measurement chip.
{5) 405 nm light is transmifted fo the measurement
channel.

Fig. 16 shows a calibration curve of y-GTP. The
measurement was carried out using the rate assay
method, where variations in a detector current and
absorbance during | min are plotted. Although scattering
of the values are seen, the calibration curve is obtained
for a wide range of vy-GTP activities. We are now
developing a chip system to simultaneously measure three
items.

4, Conclusion and future prospect

To establish the home medical diagnosis, the electronic
blood collection systemn necessary for this goal as well as
the healthcare chip checking Na*, Ka*, BUN, etc., and the
hepatic function examining chip for y-GTP, GOT and
GPT have been studied. However, we have some issues
of utilizing both chips for personal diagnosis at home.
One is the higher hardness of the needle to collect the
blood at a 100% reliability. Furthermore, BUN and
creatinine sensors by measuring ammonia ions and the
simultaneous measurement of three items including -
GTP, GOT and GPT have to be developed. These
measurements will lead to recognizing kidney trouble,
diabetes and liver disease when the home medical
diagnosis is realized by various biochips and the
diagnostic data are communicated to clinical systems
through a medical network, and not only medical treatment
but also the society system are expected to be significantly
changed.
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1. Photo-polymerized epoxy film
coating on PET substrate, which
has some electrodes formed by
screen printing

2. Opening the electrode window
by photolithography

3. Fabricating each sensor
using a migrodispenser
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Figure 1. Fabrication process of healthcare chip.

Table 1. Chemical components of each sensor for healihcare
chip

sensor Chemical component

pH Non-conductive Polypyrrole (PPy)

Na* Na* ionophore, plasticizer, anion—exclusion agent
and Poly(viny! chloride): PVC

K* K+ (i:onophore, plasticizer, anion—exclusion agent and
PY

BUN Urease immobilized by polyion complex method/
non-conductive PPy

glucose Glucose oxidase immobilized by polyion complex
method/ferrocene
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