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Abstract

This paper describes a biological microsystem (bio-system) for measuring uric acid concentration in serum, plasma or urine. Its operation
is based on optical absorption in a well-defined part of the visible spectrum. The bio-system is composed by two dies: one is fabricated
in polystyrene and contains the microchannels and the other is fabricated in a CMOS standard process and contains the photodetector anc
readout electronics. The uric acid concentration is measured by using a mixturgubbflidfinity ™ uric acid reagent with 0.2l of
sample. The achieved sensitivity is 0.33 mgAD(6% of the value in urine of a healthy person), with a 1 mm lightpath. Using an optical
absorption method, a maximum peak at wavelerigth 494 nm, is detected. This bio-system can be included in the group of low-cost
disposable devices for biological fluids analysis.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction “wTAS” (micro total analysis system), where macroscopic
analysis methods are being miniaturized.
Over the past decade, the miniaturization of fluidic analy-  Microscale fluidic systems have distinctive properties as
ses systems has become a highly visible and dominant trench result of their small dimensions. First of all, liquid flow is
in physical and biological sciencg&]. Presently, disease generally laminar, not turbulent. Secondly, diffusion in nar-
prevention and treatment is often based on the measurementow channels is practically the only process for mixing flu-
of chemical parameters in biological samples, such as bloodids, and thirdly, particles can also be separated by diffusion
and urine. In most cases, the samples need to be sent t@according to their sizg3]. In system signal processing and
a central laboratory for analysis, and the results of routine data pre-handling, the small size and low power consump-
tests become available after several hours, sometimes daydion of such highly integrated systems could make them
Apart from the time delay, also the mistakes in the logistics, highly portable and thus suitable for in situ measurements
such as lost samples and mislabeling, may hamper timelytasks. The application of the particular bio-system presented
diagnosis. Therefore, development in miniaturization of flu- here is the measurement of uric acid concentration in human
idic analyses systems has been driven by a need for rapidbeing’s urine.
on-line measurements with low concentrations and low sam-
ples volumes, which is essential within fields such as DNA 1.1, Background of the uric acid analysis
analysis, drug discovery, pharmaceutical screening, medical
diagnostics, environmental analysis and chemical produc-  Uric acid is a metabolite of purines, nucleic acids and
tion. The advantages associated with Shrinking analytical nuc|eoproteins_ Consequenﬂy, abnormal levels may be in-
systems include improved efficiency with respect to sam- dicative of a disorder in the metabolism of these substances.
ple size, response times, costs, analytical performance, inteHyperuricaemia may be observed in renal dysfunction,
gration, throughput, automation, and laboratory safgty gout, leukemia, polycythaemia, atherosclerosis, diabetes,
Keywords in this field are “bio-system”, “lab-on-a-chip” or  hypothyroidism, or in some genetic diseases. Decreased
levels are present in patients with Wilson’s disease. A nor-
mal adult synthesizes 26.9-53.8 mg/dl of uric acid in urine.
* Corresponding author. Tek:351-253510190; fax+-351-253510189.  In case of disease, these values can be as low as 17 mg/dl
E-mail address: gminas@dei.uminho.pt (G. Minas). or too high up to 67 mg/dH].
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Fig. 1. Macroscopic measurements of absorbance spectra for different
uric acid concentrations. From bottom to top curve: 5, 10, 15, 20, 30,
40, 60, 80 and 120 mg/dl.

Fig. 2. Polystyrene die.

2. Bio-system design

The starting point for the design of the bio-system was
macroscopic measurements on well-known uric acid stan-
dards. These were performed in a 1cm lightpath cuvette
with a model UV-3101PC SHIMADZU spectrophotometer
(Fig. 1. The following conclusions can be drawn from these
measurements: (1) the intensity of the color produced by the
mixture is directly proportional to the uric acid concentra-
tion; (2) the solutions present a linear behavior for concen-
trations as large as 30 mg/dl (for higher concentrations the
sample should be diluted and re-assayed multiplying the re-
sult by the dilute factor); (3) the absorption spectra shows

2.2. CMOS die

The photodetectors and the readout electronics are inte-
grated in the same die. The photodetectors are made using
the layers available in a CMOS standard process only and
without additional masks or steps. Fortunately, in the visi-
ble part of the spectrum, the absorption of light in silicon is
wavelength dependent and the response can be programmed
by design. A deeper junction shows in general an enhanced
long-wavelength response. Selecting the suitable junction
depth allows to set a maximum peak at a specific wave-

a maximum peak at the wavelength= 494 nm, with a - . .
full-width-half-maximum (FWHM) of 90 nm. At 360nm the  cn9thiS]. In addition, the spectral response is determined by
the thickness and material properties of the dielectric layers

absorp.tlon spectra.also'shows d|ffer¢nt absorbance Valuesavailable in the CMOS standard process. The arrangement
according to the uric acid concentration. However, the ab-

) . of those different layers forms an interference filter with the
sorbance difference between successive measured concen- .

. S . .~ Interference peak at different wavelengths. Therefore, the
trations is significantly smaller. In addition the sensitivity is

three times less as that at 494 nm. maximum obtainable spectral selectivity highly depends on

. . . . the process used.
The bio-system is composed of two dies: one contains . : . .
. ) The photodetectors are pn-junction photodiodes fabri-
the microchannels to carry chemical reagents and samples : e . .
. : . . . _~tated using a p-substrate/n-diffusion junction. This structure
and the other contains the uric acid concentration detection. . . . .
svstem is chosen, because it has the higher quantum efficiency in
Y ' the desired spectral range (as compared to different types
of photodiodes available in a CMOS standard process)
2.1. Polystyrene die [6].
It is desirable to integrate the analog to digital conversion
Fig. 2shows the design of the bio-system polystyrene die. with the light sensors. The A/D conversion is performed by
It is composed of two polystyrene 1 mm thick wafers. The using a one-bit first-order sigma delta modulator. A block di-
first one has the holes for the injection and removing of the agram of the light sensors with the A/D conversion is shown
liquids (inlets and outlets) and the second one includes thein Fig. 3. The circuit consists of the following sections: a
channels. The die comprises two channels with the width of current difference amplifier; an integrator and a 1-bit A/D
1 and 6 mm long. One is needed to obtain the baseline refer-converter in the forward path; and a 1-bit D/A converter in
ence and to calibrate the light source. The other allows thethe feedback path of a single feedback loop system. The
mixed solution analysis (reagent plus sample). The transmit- current difference amplifier generates the input value of the
ted light through the mixture is measured by photodetectors converter by the difference in the photocurrents measured
placed underneath both channels in the CMOS die. by the two photodiodes. The integrator provides the delay
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Fig. 3. Block diagram of the readout circuit.

needed. The 1-bit A/D converter is a latched comparator
that converts an analog signal into either a high or a low.
The 1-bit D/A converter (two voltage-controlled switches)
uses the comparator output to determine if a high or a low

is summed with the input. Therefore, the bio-system has a s
bit stream output and allows its use in small data-acquisition
and control systems. That bit stream is proportional to the
light intensity transmitted through the mixture.
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Fig. 4. Cross-section of the fabricated CMOS compatible photodetector.

3. Bio-system fabrication
missions of those combinations are showRiig. 5. The sim-
3.1. Polystyrene die ulations are done with an optics software package TFCalc
3.4, supplied by Software Spectra, Inc., USA. Simulations
In the polystyrene die, holes and channels are drilled andindicate that an oxide layer, with a thickness around 700 nm,
milled, respectively, by using a CNC machine. Then both can increase the transmittance from 50 to 60%, but also
wafers are glued. An aluminum layer is deposited on top introduces wavelength dependence. HoweWay, 6 shows
of the wafer, acting as a light shield between the channelsthat the removal of the first oxide layer causes bubbles in
(Fig. 2). Polystyrene is chosen because of its optical trans- the photodiode active area. This random surface-rough in-
parency in the visible part of the spectra and because it isterferes, also randomly, in the photocurrent response. There-
a good insulator and a suitable material to drill holes when fore, using the CMOS standard process, the first oxide layer
compared with glass. Therefore, the electrophoretic flow should be left overRig. 4). Fig. 7 shows the spectral re-
principle can be used to move fluids through the microchan- sponse curve of the fabricated photodiode, measured using

nels, which avoids mechanical pumps and valves. the experimental setup described Section 4and a cali-
brated Hamamatsu S1336-5BQ photodiode as a reference.
3.2 CMOSdie The complete device is shownfiig. 8 The polystyrene die

is glued to the CMOS chip.

The CMOS compatible photodetectors and readout elec-
tronics of the colorimetric detection system are fabricated

through a double-metal, single-polysilicon, & n-well 4. Measurement setup

CMOS standard process. The photodiodes have an active

area of 50qum x 500um each. The experimental arrangement used in the measure-
The basic structure of the photodetector is showFign 4. ments comprises a 150 W Xe lamp with a monochromator

The thickness of then+ layer is 350nm and the depth TRIAX-180 (1200g/mm grating with a spectral disper-
of the epilayer is 12um, with a doping concentration of  sion of 3.6 nm/mm and a spectral resolution of 0.3 mm at
106 atoms/cm. The first oxide (BPSG) thickness above 546 nm) that was used as light source and a Keithley 487
the diode is measured as 650 nm and the seconthSi© picoammeter (full-scale range from 10fA to 2mA and a
700 nm. The silicon nitride layer, used for scratch protec- resolution of /2 digit) for measuring the photodiode cur-
tion, is 800 nm thick. Since technology rules from the CMOS rent. Instead of the monochromatic light source, white light
standard process have to be met, the design of the opticakould be used. In this case, an optical filter should be placed
path is restricted to combinations of those three dielectric on the top of the photodetectors to select a wavelength
layers above the pn-junction. The simulated optical trans- range. Macroscopic measurementg( 1) show that a
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Fig. 5. Simulated spectral responses of some typical combinations of dielectric layers (available in the CMOS standard process) above the silicon.
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Fig. 6. An SEM picture of the CMOS photodiode without the first oxide shows the random surface roughness.
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Fig. 7. Measured spectral response of the fabricated photodiode. Fig. 8. Packaged bio-system.



G. Minas et al./ Sensors and Actuators A 110 (2004) 33-38 37

rough band-pass optical filter is sufficiently selective, since
the FWHM of the absorption spectra is 90 nm.

5. Experimental results

The reagent used in the measurements was the ifffthity
uric acid reagent from Sigma-Aldrich. It contains approx-
imately 0.5 mmol/l 4-aminoantipyrine, 1.75 mmol/l TBHB,
>32 units/l uricase (bacillus sp.), >1300 units/I peroxidase

(horseradish), buffer pH 8.0, and 0.05% sodium azide as

preservativg7]. This reagent reacts with a sample of urine

100% ¢

80% - ¢

60% -

40% -

Transmittance (%)
*

20%

0% \ \ \ \
0 20 40 60 80

Uric acid concentration (mg/dl)

100 120

containing uric acid in a 50:1 ratio, and produces an absorp- Fig. 10. Transmittance at = 494 nm for the measured uric acid concen-

tion maximum at a specific wavelength £ 494 nm). Stud-

trations.

ies of the influence of some main substances found in urine

on the determination of uric acid were carried out. Biliru-

Table 1
Absorption coefficient of each measured concentrationifee 494 nm

bin (free and conjugated), cysteine, glucose, hemoglobin orand for» = 360 nm (last column)

sodium did not interfere significantly with the analytical

; -1 ' —1
procedure. Hemoglobin and bilirubin inhibited only in high Solutions LA « ) o Tar @)
concentration (>200 mg/dl for hemoglobin, >8 mg/dl for free Reagent 0.177 0 1.00 0
bilirubin and >12 mg/dl for conjugated bilirubin, for exam- imgﬂjl g'igé 151‘;'962 %‘Z‘é %‘%Z 1218'%)%
ple). Young[8] has published a comprehensive list of drugs 15 mgal 0145 179 42 082  0.06 37.92
and substances that may interfere with this assay. 20 mg/dl 0.141 208.64 0.79 0.03 46.58
Fig. 9shows the measured transmittance response for dif-30 mg/di 0.126 311.95 071 0.08 82.93
ferent uric acid concentrations in urine. Measurement re- ggmgﬁ: g-égg 2;?-‘7‘2 8'22 g-gg ﬂ;-gé
sults are done from 5 to 120 mg/dl, comprising the range g, mg/dl 0.085 670.15 0.48 0.15 16537
of normal and usually abnormal values in a human being 150 mg/al 0.062 951.65 0.35 0.13 248.17

(17-67 mg/dl). Concentration differences less than 5mg/d|
are not taken into account, since it means a variation of
less than 10% in the values typical for a human being, as
above-mentioned. The transmittance is definedl as /Iy,
wherel is the measured photodiode current for each solu- [, (LP) = I, (LP = 0) e~*-\P

tion andlp the measured photodiode current of the reagent.

The transmittance at = 494 nm as a function of the differ- N the fifth column it can be seen that the minimum transmit-
ent uric acid concentrations is shownfiig. 10 The results ~ tance differenceTqir) between successive measured con-
obtained agree with the macroscopic measurements and th&entrations (5 mg/dl) is 3%. However, the relative sensitivity
same conclusions can be achieved. of this device is 0.33 mg/dl (0.4%), with a 1 mm lightpath.

Table 1gives some useful calculations based on the mea- Thus, an 8-bit analog-to-digital converter in the readout
sured values. The absorption coefficient for each concentra-€lectronics provides a sufficient resolution for this sensitiv-
ity and it determines the detection limit, in the presented
prototype.

The sensitivity achieved with the bio-system is suitable
for human being urine values. Therefore, the lightpath can
be decreased (the sensitivity will also decrease, but the res-
olution of the A/D converter is maintained). A sensitivity

tion (o) was calculated by the Beer—Lambert law:
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Fig. 9. Measured transmittance spectra for different uric acid concentra-
tions. From top to bottom curve: reagent, 5, 10, 15, 20, 30, 40, 60, 80
and 120 mg/dl.

of 3.65mg/dl (7.3% of human being urine values) can be
achieved with a lightpath of 100m in a 500um Pyrex
wafer.

6. Conclusions

A small-size and low-cost bio-system for real-time mea-
surement of uric acid in a urine sample is presented in
this paper. The sensitivity obtained with the optical ab-
sorption method (with a lightpath of 1 mm), is enough to
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give a+0.6% resolution for human being urine values. The [7] P. Kabasakalian, S. Kalliney, A. Westcott, Determination of uric acid
achieved sensitivity is 0.33mg/dl. This detection system in serum, with use of uricase and a tribromophenol-aminoantipyrine
avoids the need of expensive readout optics and opens the . chomogen. Clin. Chem. 19 (5) (1973) 522-524.

. ; . [8] D.S. Young, Effects of Drugs on Clinical Laboratory Tests, vol.
dOOI’. to |0_W'COSt disposable devices. .Moreover, tests using 3, 3rd ed., American Association for Clinical Chemistry, 1990, pp.
ambient light have been done to avoid the use of a known 360-370.
source of light. Although this microsystem is presented for
urine analysis, other biological fluids (such as serum, sweat,

saliva or cerebrospinal fluid) are potential candidates for the

b|o—system. L. . . . G. Minas graduated in industrial electronics engineering in 1994 and ob-

_Other applications for the bio-system are: monitoring of tained her MSc degree in 1998 both titles at University of Minho, Por-
air and water quality (looking for toxins and pesticides, etc.) tugal. Since 1995 she has been a Lecturer in Department of Industrial
and fast identification of drugs abuse. Bio-system devices Electronics, University of Minho, Portugal and she is involved in biomed-
will probably find their way into forensic, environmental and ical microdevices research.
food testing laboratories in the near future. Moreover, since 1S Marti duated in electrical enaineering at University of Ooort
low quantities of hazardous chemical reagents are needed;> Matins graduated in electrical engineering at University of Oporto,

. . o Portugal in 1979. He obtained his PhD degree in computer engineering

the resultant environmental pollution is negligible. at University of Minho, Portugal in 1993. Since 1998, he has been an

Associate Professor at the Department of Industrial Electronics of the
University of Minho and he is involved in electronics and instrumentation
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