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Abstract

The development of a micromachined fluidic structure for the introduction of liquid samples into a chip-based sensor array composed
of individually addressable polymeric microbeads is presented. The micromachined structure consists of micromachined storage cavities
combined with a covering glass layer that confines the microbeads and fluidic channels. In our sensor array transduction occurs via optical
(colorimetric and fluorescence) changes to receptors and indicator molecules that are covalently attached to termination sites on the polymeric
microbeads. Spectral data are acquired for each of the individual microbeads using a charged-coupled device (CCD) allowing for the near-
real-time analysis of liquid sample. Hence the micromachined fluidic structure must allow for both optical access to the microbeads and fluid
flow through the micromachined cavities that serve as the microreactors/analysis chambers. One of the key parts of the structure is a passive
fluid introduction system driven only by capillary force. This simple means of fluid introduction realizes a compact device. The capillary flow
on the inlet channel has been studied, and the responses of the microbeads (alizarin complexone) to a liquid sample have been characterizec
The test results show that this system is useful in a micro-total-analysis-syst€AS) and biomedical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction detection principles, and device fabrication techniques are

all-important factors in the success of these chemical and

The development of smart sensors with chemical and bi- biological detection system§¢hn et al., 2000

ological responses has become increasingly important for ~ Technical and economic factors both affect the develop-
medical, environmental, military, and industrial processing ment of the microfluidic devices involved in these types of
applications. Various types of bio- and chemical sensors havesensors. The motivations and advantages include reduced ini-
been developed for such applicatioAbé et al., 1979; John-  tial sample volume, the minimal usage of expensive reagents,
son et al., 1988; Lee et al., 1994; Kondoh and Shiokawa, increased functionality and parallelism in sample analysis re-
1995; Kang et al., 1997; Michael et al., 1998; Eaton et al., sulting in faster analysis time, compact size, and low cost. A
2004, Lotierzo et al., 2004 The developments of receptors, wide range of device architectures and material choices has

been adapted for various applications of interksigelmass
- etal., 1999. Though plastic materials have gained more and
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still an attractive approachPétersen, 1996; Baltes, 1997; simultaneous identification and quantification of multiple an-
Buttgenbach and Robohm, 1998; deMello, 2002 alytes in solution. This sensor array, electronic tongue, has
Combinatorial arrays of chemical sensors have also beenthe similar ability to be exposed to new analytes, learn what
synthesized to address a wide variety of analyses, therebypatterns represent, store them, and recall them for future ref-
enabling the investigation of a large number of possible erence [(avigne et al., 1998; Savoy et al., 1998; Goodey et
molecule interactions in paralleK¢vacs, 1998 Sensor ar- al., 200).
rays that function as electronic noses have been developed for This paper presents the design, fabrication, and testing
the identification and quantification of vapoGdardner and  of a new sample introduction system for an integrated mi-
Bartlett, 1994. However, for many important applications, cromachined sensor array that can allow the rapid charac-
such as medical and beverage processing, a solution-phasterization of multi-component mixtures in a solution. The
analysis is desired without requiring the decomposition of sensor uses an array composed of microbeads in microma-
the analytesQavoy et al., 1998 chined cavities localized on silicon wafer. Sensing occurs via
The sensations of smell and taste results from a series ofcolorimetric and fluorescence changes to receptors and in-
specific and nonspecific molecular recognition events that dicator molecules that are attached to termination sites on
take place in parallel. In a few cases there are receptors thathe polymeric microbeads. As a result, the sensor array sys-
are specific for individual analytes. However, most tastants tem enables simultaneous and near-real-time analyses using
and odorants are identified through a composite of responsesmall samples and reagent volumes with the capacity to in-
from nonspecific interactions. The pattern created by the si- corporate significant redundancies, so that false signals can
multaneous response of these receptors is specific for a parbe recognized in contrast to real signdlayigne etal., 1998;
ticular set of stimuli. A series of chemically active sites, taste Savoy et al., 1998; Goodey et al., 200@ne of the key parts
buds, are located within depressions in the tongue where theof the system discussed in this paper is a passive pump driven
molecular and ionic analytes become restricted to allow time only by capillary force. The hydrophilic surface of the flu-
for their identification. These taste buds can respond to theidic structure draws the sample into the sensor array without
five primary taste: sweet (carbohydrate based), sour (acid-any moving mechanical parts. Since there is no moving me-
ity), salty (ionic), umami (savory or meaty), and bitter (qui- chanical component in the structure, the size of the fluidic
nine and other alkaloids). Combining the magnitude of these structure can be compact and the fabrication becomes simple
five signals, along with olfactory information, creates a dis- when compared to the device including active microfluidic
tinct pattern for each tastant. The pattern is analyzed by thecomponents. These factors should make the proposed system
brain, remembered, and recognized later as a specific tastantnexpensive to mass-produce, portable and compatible with
The “electronic taste” chip developed by The University of biomedical applications.
Texas researchers mimic many of the features exhibited by
the human sense of taste. Polymer microbeads were deriva-
tized with a variety of receptors and indicator molecules to 2. The background chemistry results
mimic taste buds, and the microbeads were positioned within
micromachined cavities localized on a silicon chip to mimic Although the design, assembly and characterization of
the cavities in which natural taste buds reside. Multianalyte sensor array systems capable of identifying in near-real-time
mixtures can be analyzed and intelligent decisions related tothe presence of complex mixtures of analytes represent an
chemical composition of solution-phase samples can be madeambitious goal, a number of important experiments have
rapidly and accurately with the new detection modality. Data already been completed demonstrating the feasibility and
streams were acquired for each of the individual beads. Theutility of our array system. Each of the following items has
resulting patterns were stored in a computer and used for thealready been accomplished:

Table 1

Current taste chip analyte summary

Analyte Class Sample matrix Assay type Visualization methods Status

H(+) pH Aqueous pH indicator Colorimetric, fluorescence Optimized, fully tested,

compared with
standards, ANN studies

Ca(+2), Mg(+2) Electrolyte Aqueous Compleximetric indicator ~ Colorimetric Optimized, fully tested
Glucose Sugar Aqueous Enzyme assay Colorimetric, fluorescence Optimized, fully tested
ATP, GTP, AMP Biological cofactor Aqueous Dye displacement assay Fluorescence Optimized, fully tested,
PC studies
CRP Protein, cardiac risk Human serum, saliva Immunology Colorimetric, fluorescence Optimized, fully tested,
factor compared with
standards
IL-6 Cytokine Human serum, saliva Immunology Colorimetric, fluorescence Proof of principle

DNA oligos Generic tests Aqueous Hybridization Fluorescence Optimized, fully tested
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1. An impressive range of detection capabilities extend- microbeads that are typically a few hundred micrometers in
ing across multiple analyte classes have been adapteddiameter. The microbeads are located in a pre-set arrange-
to the bead-array platform. Derivatization of polymer ment of micromachined cavities. The resulting optical sig-
beads with both colorimetric and fluorescent dye lay- natures form a pattern that can be identified and quantified
ers. These structures have been shown to give patternsising Image Pro Plus 4.0 software (Media Cybernetics, Silver
that are selective for to pH, 4 simple sugars, Fand Spring, MD, USA) on a workstation. Since signal trans-
La3*, DNA, proteins, biological cofactors, and toxins (see duction is accomplished by the analysis of the optical (ab-
Table ). sorbance for colorimetric detection and fluorescence) signals

2. Favorable comparisons between the analytical characterfrom the microbeads, optical access through the microflu-
istics derived from our platform and the macroscopic idic structure is required, as illustratedrig. 1a. An optical
“gold standard” methods have been established and pub-
lished for the areas of pH, metal cation, cardiac risk factor It Saiiios

and DNA oligonucleotide detection.
3. Reversible and sensitive sensing with response times well ***
Transparent Cover

less than 1 min (typically on the order of seconds) have
been accomplished with the bead sensors.

4. Micromachined arrays suitable both for confinement of Fluid Flow
the artificial “taste buds” as well as optical characteriza-
tion have been prepared. These structures allow for the
rapid introduction of the test fluids while allowing spec-
trophotometric and fluorescence assays to probe the ana
lyte concentration. L

5. Integration of the test bed arrays with commercially avail- <«
able CCD detectors has been accomplished. Data stream

for red—green—blue channels have been recorded for a va:
riety of bead structures.

6. Polymer bead structures having optical properties suitable
for both transmission and fluorescence assays have beel
identified. Compatibility with aqueous environments for
the polymer beads used here is important for the rapid
diffusion of analyte species into the active sites of the
individual sensor structures.

7. Fluorescence images and optical absorption measure:
ments show that the dyemodified beads localized within
the micromachined arrays display optical properties sim-
ilar to those obtained for the same dye when dissolved
freely in solution.

8. A number of effective methods for creating oligomeric
structures capable of binding biologically relevant groups
have been developed.

9. Incorporation of simple dyes into beads that possess re-
ceptors has been demonstrated, leading to “smart dyes”

with optical responses to the presence of the correct ana-
lyte. - Oxide (7504 ) Beads

. Inlet Cover glass( 166um )
Table 1 summarizes the analytes that have been suc- ;
]

LT
-
-

Polymer
Bead

(a) Photodetector (CCD)

(b)

cessfully detected in our current micromachined platform

(Lavigne et al., 1998; Curey et al., 2001; Goodey et al., 2001; “D
Christodoulides et al., 2002; McCleskey et al., 2003; Park et
al., 2003; Ali et al., 2008 |

Channels ( 25um )

Glass substrate (1lmm)

(©

3. Microbeads and micromachined sensing platform

Fig. 1. (a) Optical detection and data analysis systems. (b) Scanning electron
Sensing is based on the optical changes that occur in ré-micrograph of the micromachined cavity and a polymer bead. (c) Cross-
ceptors and indicator molecules attached to the polymeric sectional view of the microfluidic structure.
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illumination source, a white light for colorimetric measure- 4. Device fabrication
ment, is positioned above or below the micromachined de-

vice, and an illuminating light then passes through the mi-  Fig. 1c shows a cross-sectional view of the fluidic struc-
cromachined device to reach the optical detectors, typically ture. The basic structure consists of three layers: the cover
CCD. glass, the micromachined silicon and the glass substrate. The

Microbeads have been widely used since they are con-cover glass is used to prevent the microbeads from escaping
venient solid phase supports for receptors, have good opti-from their individual micromachined cavities without any
cal properties, and can be easily and inexpensively acquiredoptical obstruction and to channel the sample fluid flow. The
with diameters values in the range of 120—-350. With the silicon is etched twice, firstly, to form the micromachined
use of these microbeads it is possible to utilize an effective cavities that support the microbeads and secondly, to form the
sampling thickness up to 3%0n. This long effective path  flow channels. The glass substrate allows optical access and
length combined with large flow rate has the potential to provides mechanical stabilization for the silicon substrate.
lower detection thresholds and increase measurement sen- In order to protect the characteristics of the receptors
sitivity for the microbead array methods relative to other and indicator molecules from heat and chemicals during the
array strategies that exploit monolayer films or thin poly- chip fabrication, an appropriate fabrication sequence must
meric padsArenkov et al., 2000; Goodey et al., 2Q0Bead be usedFig. 2shows a schematic diagram of the fabrication
material choice is based on the method of derivatization procedure. A lightly doped, double side polished 4 in. single
and also for its compatibility with aqueous solution. Typical crystal(1 00 silicon wafer with 275.m thickness was used
materials for the microbeads are polystyrene—polyethylene as the substrate. Anisotropic wet chemical etching has been
glycol (small molecule, anions, cations) and agarose (en-used to fabricate the micromachined cavities and channels
zymes, proteins, antibodiedp@ddanszky, 1993; Lavigne et in the single silicon substrate. A silicon nitride §8is) layer
al., 1998; Goodey et al., 20p1Some microbead materials deposited by LPCVD was used as mask layer for the bulk
swell when exposed to organic and aqueous fluids. Underetch. A 10x 10 array of squares (4@0m x 460p.m, center-
typical analysis conditions;-85% of the internal environ-  to-center spacing of 630m) was patterned on the silicon
ment of the microbead is composed of solvent. A light cross- wafer (Fig. 2a), and the silicon was anisotropically etched
linking of the matrix backbone provides good mechanical to form the cavitiesKig. 2b). Timed-etch stop was used to
properties to these systems as well as restoring force thatcontrol the channel depth. The sizes of the top channel and
fosters the reversible exchange of solvents in to and out of bottom channel were 25 mm8 mm and 10 mnx 8 mm, re-
the microbeadsGoodey et al., 2001 To take advantage spectively. During channel etching, the change in the shape
of polymer swelling with keeping the beads in proper loca- of the micromachined cavities was negligible since the typ-
tion we have chosen to use a confining structure (microma-ical values for the selectivity of (100) over (111) in planes
chined cavities) designed to allow for the expansion of the in KOH etchants is 300-40Kvacs, 1998 The channel
microbead while avoiding problems incurred by attaching
the polymer to platform and providing an undisturbed opti- Mask layer (SisNy) 5
cal path through the microbeads and allowing for fluid flow h _“
through the micromachined cavities which serves as reaction
and analysis chambers. A scanning electron micrograph of @) ©)
the micromachined cavity and a polymer bead is shown in
Fig, Ib A -v—

Aptamers and unnatural biopolymers can be used ET'I
immediately in a sensing mode simply by attaching the (®)
receptors to a bead that is already derivatized with a dye _
sensitive to its microenvironment. Therefore, the signaling
protocol becomes routine and does not have to be engi—_ rw. ﬂ

neered each and every time, only the receptors need to

() Glass substrate

be engineeredSavoy et al., 1998 Batches of beads can e i2)

be individually and independently prepared. Additionally, Cover glass
instrumentation and robotics for measuring and manipulat- <l1> - \4 ]
ing these beads are commercially available (Quantum Dot B . il ﬂ
Corporation (QDC) http://www.qdots.com/live/index.asp (d) (h)

The products of Quantum Dot Corporation (QD®)
and BioSphere Medicay (BioSphere  Medical, Fig. 2. Schematic diagram of fabrication procedure of the microfluidic de-
http://www.biospheremed.Com/index.c)fm using these vice. (a) Pattern for the array of etch cavities. (b) Etching of silicon by KOH

. bead . h th ket i d solution. (c) Patterns for the channels on both sides. (d) Etching for the
microbeads (microspheres) are on the market in me " channels on both sides. () Removal of the mask layer and deposition of sil-

ical applications and research laboratoriesu (et al., icon dioxide (SiQ) layer. (f) Attachment to glass substrate by bonding. (g)
2003. Placement of the beads in the etch cavities. (h) Application of cover glass.
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depth created by micromachining was aboup®5 (Fig. 2c For the device, a rectangular cross-section is assumed with
and d). After all silicon micromachining was completed, a top channel depthh(=25x 10~%m), and width (v = 8 x
silicon dioxide (SiQ) layer was deposited using the LPCVD 102 m) thatis much larger than the depth. The capillary pres-
process in order to enhance surface wetting for sample intro-sure is assumed to be the only driving force for fluid transport.
duction (i.e., to ensure that the chip surfaces are hydrophilic) The capillary pressure for a rectangular cross-section channel
(Fig. 2e). After the silicon substrate fabrication was com- can be calculated from E@3)

pleted, it was bonded to the glass substrate using anodic

bonding Fig. ). The glass substrate used in this fabrica- Ap =y cosg2 (1 + 1) i (3)

tion was BOROFLOATM flat glass (US Precision Glass, h w

Elgin, IL, USA). BOROFLOAT™ flat glass is highly resis-  \yhereq is the contact angle andis the surface tension in
tant to Wa'Fer, neutrz_al, a_C|d|_c, and saline _solutlons, as well nym. Using the fact tha > , Eq.(3) becomes

as to chlorine, bromine, iodine, and organic substances. The

linear thermal coefficient of expansion of BOROFLOAT P2 coso @

flat glass is close to that of silicon. Therefore, any stress due T h ’

to the difference in the thermal expansion coefficients of the
two substrates become small. The glass substrate and th
micromachined silicon were bonded at about 260vith a
constant high voltage (1000 V) with the anode on the silicon. ,  12uL
After the micromachined silicon substrate was attached to =~ 43 °

the glass substrate, each microbead was placed in the etcvvhereu is the viscosity of the sample fluid in kg/(ms), and

cavities using a pick-and-place tool to form the sensor array | . :
(Fig. 29). The outlet of the micromachined silicon was con- L is the channel length im. When Eqs(2), (4) and (Siare

nected to a vacuum, which then sucked the beads towards
it when a bead approached a micromachined cavity. Here, a

and the fluidic resistance for rectangular channels with width
fuch larger than depth is approximatel§ofacs, 1998

(%)

tungsten tip and probe used in electronic probe stations were Array
used. Finally, the cover glass was attached to the rest of the
device using a UV curable adhesiéd. 2h). The cover glass
used in this fabrication was a microscope cover glass with a _
thickness of 16%um. P
A
)\‘-‘ 2= 18mm

/ W
II ¥
j !
b

5. Results and discussion N

Cover glass
5.1. Horizontal capillary and fluid flow Liquid
fluid front
A number of previous devices have used surface tension to
transport liquids without the need of any moving mechanical
parts; such forces are considered to be dominant in the micro-

domain Went, 1968; Kim, 200P In our device, a horizontal Silicon —b\/ '
capillary has been utilized to introduce the sample fluid; for V
such a system, one quantity of interest is the velocity of the p— |

fluid front v (i.e., the velocity of the leading liquid—air inter-
face as the sample is first drawn into the system). In order
to study the impact of inlet channel dimension on this veloc-
ity, one can start with fluidic resistance defined as the ratio
of pressure drop over flow rate, analogous to electrical resis-
tance,

AP
R=—, 1)
Q
where AP is the pressure difference in NfmandQ is the (b) i

volume flow rate in /s (Kovacs, 1998 here
Fig. 3. (a) A three-dimensional scheme of the microfluidic device with the

corresponding dimensions. (b) Microphotograph of the micromachined sil-
0 = who. 2 icon device.



308

substituted into Eq(1), the velocity of penetration can be
obtained, and is given by

dL vh
V= — —= ——
dr  6uL

Eq. (6) is quite similar to the Washburn equation calculated
for a pipe with a circular cross-section having uniform ra-
dius Washburn, 1921 To more directly compare with ac-
tual measurements, E() can be integrated with respect to
length and time

Ly h 2
/ LdL = 4 coso / dr,
Ly 6/"4‘ t1

wherel is the length of sample inlet channel that has been
filled with liquid at timet;, andL is the length of sample
inlet channel that has been filled with liquid at tirge Eq.

(7) then yields

COsh. (6)

()

(8)

When water, test fluid, was first introduced to our device, ob-
servation of the fluid flow front yields approximate values for
L1, t1, Lo, andt,. Typical values for the introduction of water
wereL; =11.5mm,L, =18 mm,t; —t; =0.333 s. Assuming
the surface tension/f is 0.073 N/m for air/water at 20C and

(b)

Y.-S. Sohn et al. / Biosensors and Bioelectronics 21 (2005) 303—-312

1 atm White, 1986, then Eq(8) gives a contact angle of ap-
proximately 20 There is, however, experimental uncertainty
in the absolute length the liquid front has traveled as a func-
tion of time; error propagation through E®) suggests that

a change in length of about 5% would yield a contact angle of
approximately 0. For water and a contact angle of @har-
acteristic of the highly hydrophilic oxide surface), H§)
predicts avelocity at 14.75 mm into the channel of 20.6 mm/s,
that compares well with the observed velocity at this point
of 20 mm/s Fig. 3shows a three-dimensional scheme of the
microfluidic device with the corresponding dimensions and
a microphotograph of the fabricated microfluidic device.

As the fluid reaches the end of the capillary inlet chan-
nel and approaches the array area, one general trend was
observed for many different devices: the sample fluid (DI-
water) always flows completely around the array and into the
spaces between the individual cavities before the fluid reaches
the end of the top channel and begins to flow into the cav-
ities themselves. This may be caused by the loss of driving
source, surface tension, above the micromachined cavities.
Hence, the fluid flows easily around the array and into the
spaces between the cavities, which is similar to the electrical
currentthat prefersto flowinawaythatis lessresistive. Thisis
illustrated byFig. 4, showing how the sample fluid, DI-water,
flows through the system. Typically the water front nears the

.
.

.-
L]
&
-

(d)

Fig. 4. Photomicrographs of a water sample as it flows through the chip. (a) Waterfront approaches the cavities and the water passes around hed between 1
cavities, with bubbles clearly seen in the cavities themselves. (b) The water has passed completely around and between all the cavities,ibuaktlieis po

wells are still filled by air-bubbles. (c) The water flows into the cavities and the order in which the air-bubbles in the cavities disappear vahigstfrohip,

and does not seem to be strongly correlated with physical location in the array. (d) All the cavities have been filled with the water, and all diabebbles

disappeared.
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end of the capillary introduction stage and reaches the micro- =
machined bead storage cavities approximately 3s after the 2 s
water was first placed at the inlet of the chifig. 4a shows i Sample 1

the system dt= 3.6 s, as the water passes around and between
the cavities, with air clearly seen in the cavities themselves.
Fig. 4b shows the system &t 4 s, showing that the water has
passed completely around and between all the cavities, but at
this point all the cavities are still filled by alfig. 4c shows the
system at=4.5 s as flow begins into the cavities. The flows of
the fluid in the cavities are slightly different from each cavity
and from chip to chip. The average velocities of fluid flowing
through the cavities were spread in the range from déngs
(latest) to 107.1um/s (earliest), which was measured from
the captured movie frames. This randomness is probably due
to slightly different surface effects across the micromachined
array generated during the chip fabrication. Another trend is 50

Intensity (A.U.)

that fluid in a cavity that reaches the bottom earlier waits for ’ 0 % . 0 0 > *
fluid in the other cavities to arrive at the bottoms of the cavi- Time (sec.)

ties since the fluid encounters an abrupt change in geometry

at the bottom of cavity (from small to large) for a hydrophilic il

surface. When all fluid in the cavities arrives at the bottoms in <\ Bl Sample 2

the array a positive pressure from the top (inertia) pushes the 300 P — —
fluid to pass through the bottom of the cavities. Similarly if
material property of a channel is hydrophobic (contact angle
6 >90) and the liquid fluid flows from larger cross-sectional
area to smaller cross-sectional area, additional pressure is re-
quired to force the fluid from a wider channel to a narrower
channel. Therefore, these structures can function as a stop
valve Puntambekar et al., 2002; Feng et al., 20@3nally
att=10s Fig. 4d) all the cavities have been filled and air has
totally disappeared.

Intenisty (A.U.)

5.2. The response of microbeads to the sample fluid

50 TARRITTSN I O Y O | T NRS1 I TR N VAR N FAN W OY W WAt N BN LA AN
To more quantitatively characterize the time domain fluid 0 10 20 30 40 50 60

flow through actual sensing beads, microbeads sensitive to the (@) Time (sec.)
sample fluid were used. Indicator molecules attached to the
microbeads were alizarin complexone, and the sample fluid
was a pH 1 HCl solutiorfig. 5a shows typical graphs of red,
green and blue transmitted light intensities for an alizarin 0.8
bead as the pH 1 HCI solution moves through the chip. The
intensities were initially constant and then changed slightly 0.6-1
for a short time as the fluid flowed across the cover glass over
the beads. At some point in time that was slightly different
for each bead, the R—G-B transmitted light intensity begins
to change, and finally results in an overall color change in
the beads from purple (before sample introduction) to orange 02
(after complete response to the pH 1 solutidfiy. 5a also 1
shows the intensities of two different alizarin beads that react
to the same solution to confirm the reproducibility. There 0
is slight difference between two RGB intensities. However, (b)
this minute variation can be turned into a negligible quantity Fig.5. (@) Change in tod bt ntensity for alizarin bead 1
H , H 1. o. (& ange In transmittea I ntensi or alizarin beads as a
.by applying to .Beers law to get _abso_rbance Yalues which Hgltestsolution?spulledthroughthgechipbyct;/pillaryforce. (b)Absorbapnce
IS parameter of interest. For colorimetric detection SChemeS’values of the alizarin complexone beads as the pH is varied over the range
three ‘effective absorbance’ values are determined by Beer’sqs »_12 ysing basic sensing scheme in one pH unit intervals.
law (Egs.(9)—-(11), using the RGB color intensities of an

1.0

0.4

Absorbance
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Initial reaction time (second)

(a)

789 | 744 | 126 | 128 | 120 | 123 | 104 | 118 | 114 | 105
6.68 9.00

6.44 10.2 10.0
6.78 116 9.22
8.00 100 | 878 | 116 | 110 | 104
944 [ 100 [ 126 [ 130 [ 1ie | —L-—T— 1 {100
7.44 30| 1 A , Il 780

i . Fluid flow I

6.68 g7s | | ¢ U] 744
6.78 L | [N
967 | 114 | 121 | 11.8 | 100 | 110 | 800 | 120 | 7.89 | 9.44

(b)

Fig. 6. (a) Initial reaction time (defined as the time at which the intensity begins to increase) vs. bubble disappearance time (defined as thehirhe at whi
airbubble in the bead’s storage cavity visually disappeared). (b) Air disappearance time at various locations itDadr@y with reference to (a) (units are
all in seconds).

underivatized or ‘blank’ bead (i.e., reference) in coordination the air in the bead’s storage cavity visually disappeared. It
with the values taken from an indicator bead. Here Ake is concluded for this specific case that the alizarin complex-
Ag, andAg variables refer to the effective absorbance values one beads started to response very quickly when the sample
at the three primary color rangds; s, lg,s, andlg s define fluid, first touched the beadsig. 6b shows air disappearance
the average raw light intensities for the three colors; lansl time at various locations in a 2010 array with reference to
lc,0, @andlp o refer to the average light intensities measured Fig. 6a. The test result show that the initial reaction time de-

for the reference channels fined as the time at which onset of color change begins did
Ins not correlate strongly with the location in the array and the
Ar ~ —log {IR} , ) direction of fluid flow.
,0
Igs
Ag~ —lo {} , 10
g Igo (10) 6. Conclusion
1
Ag ~ —Iog{IB’S‘}. (1)) The development and initial characterization of a mi-
B,0

cromachined fluidic structure for the introduction of liquid
Using basic sensing schentgg. b shows absorbance val- samples into a chip-based sensor composed of an array of
ues of the alizarin complexone beads as the pH is varied overpolymeric microbeads has been presented. The structure con-
the range of 2-12 in one pH unit intervalSoodey et al. sisted of a separately attached cover glass, a single silicon
(2001)described the actual chemical sensing for colorimet- chip having micromachined channels and microbead stor-
ric detection well based on the microbead array. As shown in age cavities, and a glass carrier. The device has been fabri-
Fig. 6a, it was found that the time at which the color change cated in a way to prevent exposure of receptors and indicator
begins does correlate very strongly with the time at which molecules from adverse conditions during chip fabrication.
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One of the key parts of this system is a passive pump driven
only by the capillary force, making the device simple and
compact. The microfluidic structure was compatible with the
basic sensing scheme for chemical detection requiring opti-
cal access through the microfluidic device. The velocity of
penetration of a horizontal capillary for the device having
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Eaton, K., Douglas, B., Douglas, P., 2004. Luminescent oxygen sensors:
time-resolved studies and modelling of heterogeneous oxygen quench-
ing of luminescence emission from Pt and Pd octaethylporphyrins in
thin polymer films. Sens. Actuat. B 97, 2-12.

Feng, Y., Zhou, Z., Ye, X., Xiong, J., 2003. Passive valves based on
hydrophobic microfluidics. Sens. Actuat. A 108, 138-143.

Gardner, J.W., Bartlett, P.N., 1994. A brief history of electronic noses.

a rectangular cross-section has been derived, and it is quite Sens. Actuat. B 18, 211-220.

similar to the Washburn equation calculated for a pipe with a
circular cross-section having uniform radius. A prediction of
the derived equation compares well with the observed veloc-
ity. The flows of the fluid in the cavities are slightly different
from each cavity and from chip to chip, and the average ve-
locities of the fluid flow through the cavities are spread from
cavity to cavity. This randomness is probably due to slightly

Goodey, A., Lavigne, J., Savoy, S., Rodriguez, M., Theodore, C., Tsao,
A., Simmons, G., Wright, J., Yoo, S.-J., Sohn, Y., Anslyn, E., Shear,
J., Neikirk, D., McDevitt, J., 2001. Development of multianalyte
sensor arrays composed of chemical derivatized polymeric micro-
spheres localized in micromachined cavities. J. Am. Chem. Soc. 123,
2559-2570.

Johnson, C.L., Wise, K.D., Schwank, J.W., 1988. A Thin-Film Gas De-

tector for Semiconductor Process gases. Digest of the IEDM, San
Francisco, CA, p. 662.

different surface effects across the micromachined array gen-kang, J., kim, Y., Kim, H., Jeong, J., Park, S., 1997. Comfort sensing

erated during the chip fabrication. Absorbance values of the

alizarin complexone beads were measured with the various
pH using the basic sensing scheme. For a specific interaction

between the alizarin complexone beads and pH 1 HCI solu-

system for indoor environment. In: Proceedings of the Transducers’97,
the 1997 International Conference on Solid-State Sensors and Actua-
tors, vol. 1, Chicago, IL, pp. 311-314.
Kim, C.-J., 2000. Microfluidic using the surface tension force in mi-
croscale. In: Proceedings of the SPIE Conference on Microfluidic

tion, the alizarin complexone beads started to response Very pevices and Systems Iil 4177, Santa Clara, CA, pp. 49-54.

quickly when the sample fluid first touched the beads. The
system with simple fabrication procedure and the compact
size of the microfluidic structure could be beneficial for a
micro-total-analysis-systenu{TAS) and biomedical appli-
cations.
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