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Abstract

We designed a complementary metal oxide semiconductor (CMOS) chip with accompanied accessories as a system for the detections
and quantifications of biochemical luminescence. This is the first of such instruments that has been reported. The semiconductor chip was
manufactured through a 0.25n CMOS standard process. A current mirror was designed in integrated circuit (IC) to amplify the signal
current that was induced by chemiluminescence. Horseradish peroxidase (HRP)—lunatybtem was used as an example to constitute
a useful platform for coupling to chemiluminescence reactions which prody©ge Blucose—glucose oxidase (GOD) reaction was coupled
with HRP-luminol-HO, reaction to demonstrate the ability of the novel CMOS base instrument for quantifying the biological luminescence
of a variety of valuable clinical assays. Our results illustrated that the combination of the specifically designed CMOS IC and commercially
available electronic devices established a simple and useful bioanalytical tool.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 1.1. Luminescence assay

Following the progress of modern technology, especially  Bio- and chemi-luminescence are powerful tools for as-
in biotechnology and microelectronics, a worldwide medi- saying a variety of important biological molecules. Mod-
cal revolution is expected. There is a general trend toward ern electronic instruments have made it possible to mea-
more decentralized and immediate diagnostidsfinann sure light emission precisely. Thus, ordinary chemicals or
et al.,, 2002; Kwakye and Baeumner, 2003; Askari et al., enzyme-catalyzed reactions coupled with light emitting sys-
2001). Thus, the development of an accurate, portable, tems can be used to determine a variety of important biolog-
relatively inexpensive and easy-to-use biosensor has be-ical moleculesDeluca, 1978; Kurittu et al., 2000; Karatani
come the most important issue in the healthcare industry and Konaka, 2000 The horseradish peroxidase (HRP) with
(Baeumner et al., 2003; Choi and Gu, 2002; DeBusschereits substrate luminol and #, reaction system is one of
and Kovacs, 2001 The area of micro total analysis systems, the most popular chemiluminescence enzyme assay systems
also called “lab on a chip” or miniaturized analysis systems (Kricka and Thorpe, 1990 This reaction could be a plat-
is growing rapidly Reyes et al., 2002; Jain, 2003; Weigl form reaction to quantify many reactions that produ¢®kl
et al., 2003. The current development of semiconductor (Kricka etal., 2000; Nozaki et al., 1996; Nozaki et al., 1R99
chips for biosensor may overcome traditional problems In this report, we designed the CMOS photodiodes array IC
and satisfy today and future’s requiremen¥arfg et al., and constructed a novel instrument for the quantification of
2002. luminescence produced by biological reactions.

1.2. COMS photodiodes as chemiluminescence sensor

* Corresponding author. Tek:886-3-5731983: fax:-886-3-5729288. In the past, a photomultiplier tube (PMT) has been
E-mail addressysyang@faculty.nctu.edu.tw (Y.-S. Yang). widely used as the sensor of a luminescence reaction. The
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characters of cost, bulk appearance, and high power con-
sumption limited its application to personalized or field
used instruments. CMOS photodiode is a semiconductor @ ﬁ
light sensor that can be produced by standard industrial

semiconductor procedures. Recently, the applications of

Chemiluminescence signal Personal computer

. . . Photodiode Agilent 34401A
charge-coupled device imager, CMOS camera and photodi- £
ode as array biosensors have been compagaddén and Signal current
Ligler, 2002 for biological imaging. We have demonstrated, ﬁ GPIB connection

utilizing the sophisticated HP4145 instrument, that CMOS . .
! . . . Current mirror |:"> Resistor

photodiodes could apply to biochemical analysis €t al.,

2003. In this report, the novel design takes advantages of Amplified signal current

a Standard CMOS processed I(_: anfj a C_Ommon_commerCIalFig. 1. The flow chart of a CMOS base luminescence detecting system.

multimeter to detect and quantify biological luminescence. While exposing to the chemiluminescence, the CMOS photodiodes gen-

The development of this technique is a stepping stone towarderated the signal current. The signal current was amplified by the current

a hand held, cheap, and convenient home care instrumentsmirrors and translated into voltage signal consequently by a resistor. Agi-

This presents a good indication to the potential of the com- lent 34401A collect_ed the data and transferred it to the personal computer

bination of biotechnology and IC design in microelectronics for further processing.

technology.
2.2. The design of current mirror in CMOS chip
_ Fig. 2 shows the electric circuit design of the CMOS
2. Materials and method chip. The mathematics model of the current mirror while the
_ FET is working under saturation region is simply described
2.1. Electronic apparatus as following Sedra and Smith, 1998
The commercial instruments used in this report were ip = Ekd%(VGS_ Vi)? (1)

E3646A power supply (Agilent), 34401A multimeter (Agi-
lent), General Purpose Interface Bus (GPIB) card (National whereip is the current flowing through CMOS FET from
Instruments) and connection wire (National Instruments), source to drainkn’ a constantW the width of the channel

and a common personal computer (PC). The whole struc-of CMOS FET,L the length of the channel of CMOS FET,
ture of the novel luminescence detection system reported inVgs = Vi — Vs, andV; the threshold voltage of the CMOS

this report is shown irfrig. 1 FET.
Vdd =3.3V
Rigag = 10KQ
Wi /Ly =054/ 10p 41 ' w./L.=250/050 b
— — Ips
——0
chemiluminescence Vou

Wi/Li= 05],1 / ]0}!

I_
—+ —] —
A lDl IDZL_| I_

W4 / L4 = 25[.[ / 0.5,.1

GND

Fig. 2. Current amplifier design diagram and parameters of CMOS chemiluminescence sensor chip. The chip was manufacturedvivy GMICES

standard process and worked under constant voltage of 3.3V. The current amplifier was designed with two stages of current mirror, each of them have
the factor of 16 for amplifying the current. After two-stage amplificatioims/,bl would be 16. Roaq (10kR2) was an external circuit resistant, which
converted thepg to voltage signal.
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One current mirror was composed of two FETs. In our (0.2M at pH 7.0). The enzyme solution was stored at
study, kn', Vgs, andV; were all under the same condition, —80°C before use. The HRP and GOD solutions were
therefore, the factor of amplification only depends on the melted in ice bath just before use and were diluted with the
ratio of W/L. After considering the range of original induced specified buffer. One unit of HRP is defined as 1.0mg of
signal currentip; (pico-ampere) and the range of resistor purpurogallin formed from pyrogallol in 20 s at pH 6.0 and
(k2), we designed the parameter of each FET as: 20°C by Sigma. One unit of GOD, defined by Fluka, will

. . oxidize 1pmol glucose/min at pH 7.0 and 2&.
ip2 _ Wa/L> _ b3 _ W3/L3 _ 25pm/0.5pum 10 H 9 P
ipt  Wi/L1  ip2  Wz/L  0.5pm/10pm 2.5. Enzyme assay

2

After two stages of amplificatioripz/ip1 = 10°, whereip;
is the current signal caused by chemiluminescenceignd

The optimal pH value and temperature for the HRP-
luminol-H,O, system have been reported befofddgrpe
. and Kricka, 198% In our experiment, the reaction mixture
the output current signal. included luminol (1 mM), HO; (1 mM), Tris—HCI (100 mM
at pH 8.6) and HRP (0.1-2 U) at 2&. An aliquot amount
of HRP was first added into the cuvette, and followed by the
injection of all other necessary reagents and samples. These
processes were to make sure that the whole compounds were
well mixed in the cuvette in a short time without extra shak-
ing. The data was collected within 1s after the final injec-
tion. All enzyme assay data were the average of three mea-

2.3. Chemicals and biochemicals

D-(+)-Glucose, HRP, luminol and bis—tris-propane were
purchased from Sigma (St. Louis, MO, US),®b (30%
(w/w)) and HKPO,4 were purchased from Riedel-deHaén
(Buchs, Switzerland). Glucose oxidase (frohspergillus
niger) was purchased from Fluka (Seelze, Germany).

Tris—HCI buffer was purchased from Amersham Bio- surements.

sciences (Buckinghamshire, UK).,KPQO, was obtained

from J.T. Baker (Phillipsburg, NJ, US). 3 Results

2.4. Enzyme preparation 3.1. The design and construction of CMOS base light

detecting instrument
HRP powder (1mg or 80U) was dissolved in 1ml

Tris—HCI buffer (0.1 M at pH 8.6). The powder of GOD Figs. 1-3depicted the design of the CMOS system. The
(20 mg or 3000 U) was dissolved in 1 ml phosphate buffer components of the system were diagrameéim 1 Fig. 2

CMOS current mirror N+/P well photodiode

R P (d)

()

(b)

Fig. 3. Layout diagrams of CMOS chemiluminescence sensor chip. (a) CMOS chemiluminescence sensor chip. (b) The layout of the whole die. (c) The
layout of photodiodes: the left side array (¥8L50) contains two sets of the current mirror. The array on right sidex(183) was a reference array

without current mirror. (d) The magnified diagram of current mirror and photodiodes array: each pixel of photodiode was in the siza gf1Dum,

and two stages of current mirror amplify the currenf tines.
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was the diagram of current mirrors included in this CMOS The E3646A power supply supported a constant voltage
sensor chip. The CMOS chip shownkig. 3(a)was man- Vag = 3.3V to the CMOS chemiluminescence sensor
ufactured with a 0.2h.m CMOS standard process fabri- chip. The 34401A multimeter collects thdyaq data and
cated by Taiwan Semiconductor Manufacturing Company transferred it to a personal computer (PC) through GPIB
(TSMC), Hsinchu, Taiwan. The layout below the photodiode connection as shown iRig. 1 for the signal flow chart.
array inFig. 3(b)was not used in this report. The chemilu-
minescence sensor chip was anx1850 photodiode array  3.2. Circuit simulation
with pixel size 1Qum x 10wm for each photodiode. The
current amplifiers were shown on the leftfeify. 3(c) The The simulation results of the current mirrorfig. 2) am-
photodiode array on the right side was the reference arrayplification effects were shown ifig. 4(a) and (h)The simu-
that did not contain the current mirror. This reference ar- lated relation betweely versud pz was shown irFig. 4(a)
ray was used to make sure that the current amplifiers makeand that oflp; versusVoyt was shown irfig. 4(b) Chemi-
sense. luminescence generated currépf was quite linear in the

In Fig. 2, resistorRpag = 10 k2 was an external circuit  range of 30-240 pA. Ifrig. 4(b) thelp1—Vout curve shows
resistantRipag converts the current signal to a voltage signal. that theVyy: stayed at 0.2V instead of linearly decreasing
In addition, Rpag Was manually changeable. This allowed whenlp; was larger than 240 pA. Whilggy: < 0.2V, Vps
us to tune the output range of the voltage signal. As shown of the FET in the second stage current mirror was too small
in Fig. 2 the voltage signal was: to maintain the amplification properties.

Vioad = Vdd — Vout 3 3.3. Data processing of enzymatic reactions

The original data 0fVpeti0ag VErsus time was shown in

350 1 Fig. 5 VhetloagWas defined below as:
300 1 Vhetload= Vioad — Vblank (4)
250

whereV|pag was defined irEq. (3) Vpiank Was the voltage
200 load caused by the dark current, and it was a constant 0.32 V.
The integratedVpetioag data that was processed manu-

Current Iz (Micro Ampere)

150 1 ally with Excel (Microsoft) were shown ifig. 6 as typical
100 4 progress curves for enzymatic reaction. The tangent slopes
at the beginning#(= 0) of the curves imply the initial rate
50 + of enzymatic reactions. According to the tangent slopes at
0 the beginning { = 0) of the curves, the enzyme kinetics
0 50 100 150 200 250 300 350 analysis could be figured out, and the relation between HRP
(@) Current, (Pico Ampere) units and initial reaction rate was sh_own fig. 7. To ob-
tain the tangent slope at= 0, a functiony(t) was used to
3.0 b 30 -
4 \ - i
. 25 25 4 \\\ g;ﬂ::t
[©] \ \\ 777777 0.4unit
& 20 LA ——e— 0.6unit
= — ] \ — ——  0.8unit
S 2 207 N\ —I T Tt
‘,’5 154 ] AN ————1.2unit
=} \ — 1 i
>O Z 154\ \\\ ;anL:tmt
10 - E
05 - >
00 ; , , , , ,
0 50 100 150 200 250 300
(b) Current |5 (Pico Ampere) .

Fig. 4. Simulation data of the CMOS chemiluminescence sensor chip.
The electric circuit simulation tool, Simulation Program with Integrated
Circuit Emphasis (SPICE), kindly offered by department of Electronics Fig. 5. Change of voltage induced by the HRP-lumingiehl reaction
Engineering, National Chiao Tung University, Hsinchu, Taiwan, was used system. The HRP-luminol-#D, reaction condition was described in
to simulate the circuit of a chemiluminescence sensor chip diagramed in Section 2.5 The Vpetioad data was collected continuously with the CMOS
Fig. 2 (a) Ip1 vs. Ip3 simulation data. (b)p1 vs. Vout Simulation data. base luminescence detecting system.

Time (sec)
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Integrated V¢ j0aq data (voltage)

10 20
Time (sec)

Fig. 6. Integration 0fVpetioag data generated by HRP—luminol>©;
reaction. The integrateWnetioad data obtained fronfrig. 5 was processed
manually with Excel (Microsoft).

describe each curve shownfig. 6, and calculated thg(0)
for each curve which can be differentiatedyéd, r = O.

The Regression Wizard of software Sigma Plot 2001 was
used to fit the curve shown fRig. 6. The function:

_l4at
T b4ct

y(®) 5)
was selected to fit the first 5s of the curves shown in
Fig. 6(b) wherea, b, andc are constant coefficients. Then,
from Eq. (5) this equation was derived:

ab—c
b2
After the fitting, Sigma Plot 2001 returned the valueapb,
andc. The value ofy’(0) was calculated with the returned
coefficient. The data iRigs. 7—9were applied with the same

process. Th&2 values for the fitting in this report were all
higher than 0.998.

Y(t=0) = (6)

3.4. Kinetic data obtained by CMOS detection system

The H,0O, standard curve obtained by the CMOS chemi-
luminescence sensor chip was showrFig. 8 A typical

50
54 P T
3 P
£307 ;4
£ 20 - Y
g A
E 101 I R = 0.998

£
-
0+ - ‘ ‘ - ‘
0.0 0.5 1.0 1.5 2.0 2.5
HRP (unit)

Fig. 7. HRP enzyme activities profile obtained by CMOS base lumines-
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Km=1.5+0.22 mM

6 10 12

H,0, (mM)
Fig. 8. Michaelis—Menten plot of $0, with the data obtained by CMOS
base luminescence detecting system. The reaction mixture included lu-
minol (1 mM), Tris—HCI (100 mM at pH 8.6), HRP (0.32U), anc:®h
(0.1mM to 15mM) at room temperature. The experimental procedures
were described isection 2.5The data process was describedrigs. 5-7
and in the text. The curve fitting and,, value were obtained with the
Michaelis—-Menten equation using Sigma Plot 2001.

25 7
20 A
215 A
g
°
>
= 10 4
2
5]
:é 51 Km=3.8+0.7 mM
0 . . . . . .
0 10 20 30 40 50 60

Glucose (mM)

Fig. 9. Michaelis—Menten plot of glucose with the data obtained by
CMOS base luminescence detecting system. The reaction mixture for
this coupled enzymes system includes 150U GOD, 0.32 U HRP, luminol
(I mM), and Tris—HCI buffer (100 mM, pH 8.6) in final volume of 1 ml

at room temperature. The mixture of luminol, Tris—=HCI buffer, glucose
and GOD had been incubated for 10 min at room temperature prior to the
addition of HRP to start the reaction. Each data point was the average of
three measurements and was processed as descrilfed. i@

Michaelis—Menten progress curve was obtained andthe

of HoO2 was 1.5mM as determined by a non-linear re-
gression program. The couple enzyme system using glu-
cose as the variant substrate was showhign 9. A typical
Michaelis—Menten progress curve was also obtained and the
Km of glucose was 3.8 mM.

4. Discussion

The current mirrors played a key role in the CMOS chemi-

cence detecting system. The enzymatic activities were the initial slopes luminescence sensor chip. Because of the noise produced in

of the reaction curves ifrig. 6.

regular electronic devices, it would be impossible for us to
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detect and quantify the current signal at pico-ampere level possible reasons may limit the linearly range-ig. 7. One
unless the signal can be amplified without noise interfer- was that the MOS FET working characters, as described in
ence. The pico-ampere level electric signal can only be de-the previous section. Biochemical design may be the other
tected with some extremely sensitive instruments (e.g. HP reason that gave the linear range limitation. Under high HRP
4145/4156 Semiconductor Parameter Analyzer). In this re- units, the initial rate of HRP—luminol—0, system would
port, the current mirrors have been shown to faithfully am- be too fast for us to collect. At this point, the linear range of
plify the signal obtained by the CMOS sensor, and allowed the enzyme profile was good enough for our current research.
us to collect the data with a common commercial multimeter. The results defined the effective assay range of this CMOS
system, and helped us to set the HRP conditions in our
4.1. Analysis of chemiluminescence produced from following experiments.
enzymatic reactions The HRP—luminol system could couple with many other
enzyme reactions that produce®} (Kricka et al., 2000;

In typical enzyme assays using spectrophotometer, theYang et al., 200R Thus, our ability to determine ¥ in-
signals observed by UV-Vis absorption or fluorescence dicates that many other enzymes and biochemicals which
were accumulated. However, the luminescence cannotare important for clinical diagnosis and other bio-related re-
be accumulated in the chemiluminescence assays. Thesearch can be determined. The relation between lumines-
HRP—luminol-RO, reaction was a flash type chemilumi- cence intensity and ¥, concentration is shown iRig. 8.
nescence reaction; the brightest emission happened at thé\ typical curve that fits the Mechalis—Menten equation was
beginning of the reaction as shownhig. 5. Thus, progress  obtained with our novel CMOS base instrument. g
curve similar to a typical enzyme assay was reconstructedvalue was 1.5 mM, which was in the same range with the
(Fig. 6). The progress curves shown Fig. 6 precisely Km (1.1 mM) obtained from a standard PMT instrument, Hi-
matched the expected result for typical enzyme assays. Thetachi F4500 Yang et al., 2002; Lu et al., 2003
integrated voltage became lower when the excess enzyme Glucose plays an important role in metabolism and is an
was used (1.6 and 2.0U HRP). This result was also ex- important target for biochemical diagnosis. To determine the
pected and defined the useful range for the enzyme assayglucose concentration, the coupled enzyme assays, GOD and
in this report. HRP, were also performed with the CMOS base instrument.

The enzyme kinetic analysis of a glucose standard curve
4.2. Comparison of the simulated and experimental data observed with the CMOS base instrument is showign 9.
TheKn, value of glucose was 3.8 mM by this method, which

As shown inFig. 4(a) and (b)the responding curves was in the same range with tifg, (3.4 mM) obtained from
were quite linear while chemiluminescence generdigd the standard PMT instrument (data not shown).
was located in the range of 30-240pA. fig. 4(b) the
Ip1—Vout curve shows that th¥q; stayed at 0.2V instead
of linearly decreasing wheip; was larger than 240pA. 5. Conclusion
While Vot < 0.2V, Vps of the FET in the second stage
current mirror was too small to maintain the amplification In this study, a CMOS based chemiluminescence biosen-
properties. sor for glucose and $D, have been reported. It established

The experimental data agreed with the result of the sim- a foundation, in equipments as well as in methods, to deter-
ulation. InFig. 5, the initial Vpetioad Of the excess amount  mine various chemiluminescent assays on chip. Following
of HRP (1.2-2U) reactions were almost the same (aboutthe pace, not only chemiluminescence but also fluorescence
2.8V). According toEqg. (4) we add the constant voltage and UV-Vis absorption CMOS based biosensors for various
load 0.32V caused by the dark currentMgtioad important assays could also be developed.

Vioad = Vnetioad+ Vbiank = 2.8 + 0.32= 3.1V ) We have demonstrated thgt the combination.of CMQS
photodiode, IC design techniqgue and commercially avail-
According toEgs. (3) and (7)the Vg of the initial rate of able electronic devices are useful to quantify biological

HRP (1.2-2U) is, enzyme assays. CMOS process, which is widely applied

. _ . to digital and analog IC is very common and standard in
Vout = Vad = Vioad = 33-31=02V ® the semiconductor industry. This means that CMOS based
The result matched the phenomenaFig. 4(b) that Vout instruments have the advantages to be relatively low cost
stayed at 0.2V, whilép; was larger than 240 pA. equipments for healthcare industry with mass production.

In addition, CMOS showed great capability of logic pro-

4.3. Quantification of HRP, $0,, and glucose with a cessing and, in the future, allow the sensor chip to perform
CMOS base chemiluminescence detection system the data processing by itself. With some portable power

supply, a new perspective to personal health care industry
As shown inFig. 7, the linear relation between HRP (unit) is expected. However, the insufficient sensitivity of CMOS
and initial ratey’(0) stayed from 0.1 to 1.2 HRP units. Two photodiodes does handicap some applications. This may be
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improved following the development of novel semiconduc-

tor manufacture processes. Overall, the characteristics of
CMOS chips make them very attractive to be developed as

personalized clinical diagnostic instruments.
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