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Abstract

This paper presents disposable protein analysis chips with single- or four-chamber—constructed from poly(dimethylsiloxane) (PDMS) and
silicon. The chips are composed of a multilayer stack of PDMS layers that sandwich a silicon microchip. This inner silicon chip features an
etched array of microcavities hosting polymeric beads. The sample is introduced into the fluid network through the top PDMS layer, where
it is directed to the bead chamber. After reaction of the analyte with the probe beads, the signal generated on the beads is captured with
CCD camera, digitally processed, and analyzed. An established bead-based fluorescent assay for C-reactive protein (CRP) was used here
characterize these hybrid chips. The detection limit of the single-chamber protein chip was found to be 1 ng/ml. Additionally, using a back
pressure compensation method, the signals from each chamber of the four-chamber chip were found to fall within 10% of each other.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to these requirements, silicon and glass are not as favorable
as polymer substrates like polyimide, poly(dimethylsiloxane)
Polymer-based miniaturized systems provide a power- (PDMS), poly(methyl methacrylate) (PMMA), and polycar-
ful platform for biological assays due to humerous advan- bonate.
tages over conventional bench-top systems that include low There have been many different polymer-based assay
cost, smaller reagent volume, less power requirement, higherchips constructed from polyimid&etz et al., 2001, PMMA
throughput and portabilityWhitesides et al., 2001; Beebe (Christodoulides et al., 2002; Goodey et al., 2001; Qi et al.,
et al., 2002; Sia and Whitesides, 200Bhe development of  2002; Wang et al., 2003; Ali et al., 2003?DMS Bernard
miniaturized devices must take into account the type of ma- et al., 2001; Marquette and Blum, 2004; Culha et al., 2004;
terial used to fabricate the device. The material should be Hosokawa et al., 20Q4nd polycarbonatéNoerholm et al.,
compatible with the sensitive methods of detection as well 2004; Yang et al., 20Q2using micromolding or injection
as enable easy integration with other functional components.molding. Some polymer-based chips have been built using
If the devices are aimed for mass production, the material a combination of materials, such as PDMS/silicoto(f
should be inexpensive so the device can be disposable. Dueet al., 2003, PMMA/PDMS (Ko et al., 2003; Keramas
et al., 2004, and PDMS/glassYamamoto et al., 2002; Xu
and Fang, 2004 Of these widely used materials, PDMS is
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microfluidic bioanalysis systems due to its biocompatibil- actor and microanalysis chamber. Beads within the micro-
ity, cost-effectiveness and disposability, transparent nature tocavities are exposed to analytes as solutions are pumped into
UV/visible light, and mature fabrication techniques. Addi- the upper reservoir of the flow cell, forced down through the
tionally, it is easily sealed to different substrates. In parallel wells to the bottom reservoir and out through a drain. Due
to the rise of interest in polymer materials for assay chips, to the three-dimensional geometry of the microcavities, mix-
the assay format was also extensively studied. Fluorescenting occurs when analytes flow through the microbeads. The
based assays have received increasing attention in the paghixing can enhance the antigen and antibody reaction. Ad-
few years, especially when coupled to a bead-based assaglitionally, the space between the upper layer and the silicon
platform (Christodoulides et al., 2002; Goodey et al., 2001; chip was designed to be around;ot to restrict the chamber
Ali etal., 2003; Sato et al., 2000, 200The microbeads can  volume, while allowing the sample to flow to each cavity and
yield better results for surface binding assays due to the largerpreventing the beads from being displaced out of their wells.
surface-to-volume ratio as compared to that of a surface im-
mobilized assayMerpoorte, 2008 2.3. Instrumentation
This paper focuses on the development of disposable anal-
ysis chips with single- and multiple-chamber for protein de-  The instrumentation setup was similar to those described
tection. These chips were constructed from PDMS and sil- in previous papersGhristodoulides et al., 2002; Goodey
icon. Using an established microchip-based C-reactive pro-et al., 2001; Ali et al., 2003 The individual beads were
tein (CRP) assay, we evaluated the performances of the mi-placed into silicon microcavities patterned in & 3 square
crochips, in terms of assay characteristics and multiplex ca-array. The silicon chip was packaged between two PDMS
pabilities. layers. Polycarbonate holders were used to hold the three
components together. This fluidic system was coupled to
the PDMS chip positioned on the motorized stage of a

2. Methods modified compound BX2 Olympus microscope. The micro-
scope was equipped with various objectives, optical filters,
2.1. Materials and an automatically operated charge-coupled device (CCD)
camera.
Silicon wafers (4in.) were obtained from Nova Elec- A mercury lamp was used as the light source. Fluores-

tronic Materials Inc. (Richardson, TX, USA). Transparent cence images were obtained with a FITC filter cube (flu-
photomasks were printed using 2000 dpi laser plotter from oroisothiocyanate, 480 nm excitation, 505 long-pass beam
CADTech company (Austin, TX, USA). SU-8 and devel- splitter dichroic mirror, and 53% 25 nm emission), and cap-
oper were obtained from MicroChem (Newton, MA, USA). tured by a DVC 1312C (Digital Video Camera Company,
PDMS (Sylgard 184) kits were purchased from Dow Corning Austin, TX) charge-coupled device (CCD) mounted on the
(Midland, MI, USA). The prepolymer was prepared by mix- microscope and interfaced to Image Pro Plus 4.0 software
ing acuring agentwith PDMS prepolymerinal:10weightra- (Media Cybernetics). Areas of interest in the images of the
tio. Micrometering valves (P-445) were purchased from Up- array were selected in an automated fashion and used to ex-
church (Oak Harbor, WA, USA). Agarose microbeads were tract light intensities.

obtained from XC Corporation (Lowell, MA). The CRP-

specific antibodies were purchased from Accurate Chemi-

cal, Scientific Corporation (Westbury, NY) and Biogenesis 3. Results and discussion

(Kingston, NH). Alexafluor-488 fluorophore was conjugated

to the detecting antibody using a commercially available kit 3.1. Chip design and microfabrication

from Molecular Probes (Eugene, Oregon). The CRP stan-

dards were obtained from Cortex Biochemical (San Leandro, = The chips consist of an inner layer composed of a silicon
CA). Anti H. pylori antibody was obtained from Accurate microchip. This Si chip has an etched array of microcavities,
Chemical and Scientific Corporation. The CRP-specific and and is sandwiched between a top and a bottom fluidic net-
control (rabbit antiH. pylori) antibodies were then coupled work fabricated using soft lithography techniques. The8

to the beads by reductive amination. array hosts agarose beads that are used in a sandwich for-
mat immunoassay. Singleig. 1a) and four-chamber chips
2.2. Microchip—protein assay (Fig. 1b) were designed for single and multiple analyte as-

says, respectively. The expansion of the number of chamber
The microchip-based assay has been described previouslyfrom 1 to 4 may have the potential to provide perfectly iden-
(Christodoulides et al., 2002; Goodey et al., 2001; Ali et al., tical illumination conditions for assays that otherwise would
2003. An array of square-pyramidal microcavities were have to be run separately. Additionally, the multiple-chamber
anisotropically etched in a silicon wafer. Agarose beads with format increases multiplexing capabilities.
a diameter of~300um were placed in the microcavities of a In order to seal the microchip and handle the relatively
3 x 4 square array. Each of the 12 wells serves as a microre-high flow rates required for the assay (0.07—2 ml/min), impor-
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Fig. 2. Deformation of the PDMS chamber at different holding pressures
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The fabrication process of the PDMS layer structure is
shown inFig. 3. Transparencies printed with a 2000 dpi
laser printer were used as the photomasks for creation
PCholder of the silicon mold in soft lithography. Silicon wafers

(4in.) were cleaned using piranha solution (30%:96%
Fig. 1. Schematic diagram of (a) a single- and (b) a four-chamber PDMS H,SOy =825 ml: 1650 ml). After the silicon wafers were
chips. dried with Ny, they were placed on hot plate at 12D

for 5 min to remove water molecular. Hexamethyldisalizane

tant pressure considerations were taken into account. WhenHMDS) was spun on the silicon wafer to enhance adhesion.
the sample flows through the chamber, pressure builds upThen, the negative photoresist SU-8 was coated on the silicon
inside the chamber. This internal pressure along with an ex-wafer at 3000 rpm for 30 s resulting in a thickness of around
ternal holding pressure results in deformation of the chamber50p.m. The coated silicon wafer was then placed in 8@0
membrane. If the chamber volume defined by the space be-prebake ovenfor 1 h. The silicon wafer was relaxed for 10 min
tween the silicon chip and the upper PDMS membrane is too before exposure for 2.5 min using the aligner. The wafers re-
large, the beads may be displaced out of the microcavities beHaxed again for 10 min and then placed back in the oven at
cause of the flow pressure. The maximum distance betweer90°C for 1 h post-exposure bake. After the post-exposure
the microchip and the ceiling of the chamber was found to bake, the silicon wafer was developed for 6 min and rinsed
be 200um. However, the external holding pressure had to using isopropyl alcohol (IPA). The 10-min post-baking aims
be carefully controlled in order to prevent blockage of the to enhance SU-8 photoresist adhesion.
microchannels inside the PDMS layers. To prepare the PDMS layers, a curing agent and PDMS

Critical dimensions and design parameters of the device prepolymer were mixed in a 1:10 weight ratio. The prepoly-
were determined using ANSYS, finite element analysis soft- mer mixture was degassed in a 20—25 mmHg vacuum cham-
ware by considering factors such as chamber pressure, holdber for 1 h to remove air bubbles in the mixture and ensure
ing pressure, and chamber/channel deformation. The Young'scomplete mixing of the two components. A special two-step
modulus and the Poisson ratio of the PDMS membrane werecuring method was applied in this study to fabricate chan-
assumed to be 3 MPa and 0.49, respectivElgronis et al., nels inside PDMS bulk material. Before the prepolymer was
2003. The overall dimension of the microcavity array on the poured on the silicon mold, a thin carbon layer was deposited
Si chip is around 3 mnx 2.7 mm, therefore the width of the on the mold using reactive ion etching (RIE) to allow eas-
PDMS chamber was chosen as 5 mm. Since the maximumier removal of the PDMS layer after curing. The parameters
chamber pressure was found to be less than 103 kPa (15 psijor RIE deposition are 100 W, 100 sccn Cifer 1.5min
from previous assays, a simulation was conducted with cham-(Hosokawa and Maeda, 2000n order to control the thick-
ber pressures of 34 kPa (5 psi), 69 kPa (10 psi), and 103 kPaness of PDMS layers, a plastic ring of 100 mm diameter and
(15 psi). With the increase of the holding pressure, the cham-5mm thickness was placed on the silicon mold. Into this
ber space was found to decrease. The simulation result sugplastic tube, 10 ml of the prepolymer mixture was poured.
gested the use of a 1@0n space. The height and width of Due to the surface tension force, the prepolymer covers the

Bottom PDMS

layer Outlets

(b)
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(e)

Fig. 3. The fabrication process flow of the PDMS fluid network: (a) carbon thin film deposition on a silicon wafer, (b) plastic ring position and the8rst PD
prepolymer layer preparation, (c) pin positioning, (d) the second PDMS prepolymer layer injection, followed by removal of extra prepolymeuyife) &th c
80°C, (f) PDMS layer removal and hole punching, (g)a (thickness) PDMS layer spin coating, curing and bonding to the thick PDMS layer, (h) PDMS
chamber opening, and (i) 1@0n thick glass sheet bonding.

silicon wafer inside the plastic ring uniformly. The thick- plasma. The parameters for oxygen plasma treatment were
ness of PDMS inside the ring was around 1-2mm. After a power of 75W, a pressure of 70 mTorr, for 15s of expo-
5min curing at 100C on a hot plate, metal pins of 8Q0n sure. After surface activation, both the thick and thin PDMS
in diameter were positioned on the first PDMS layer and layers were put together immediately and heated at' @00
then another 10—20 ml prepolymer mixture was poured to fill for 30 min for permanent bonding. The bonded layers were
the whole ring. The extra prepolymer can be easily scrapedthen released from the silicon wafer. The detection chamber
from the plastic ring using a plastic blade. The PDMS was windows were opened using a razor blade. Since previous
then cured for 1 h at 100C on a hot plate. Then, these two experiments showed that the membrane at the junction of
PDMS layers were cured into one PDMS layer and peeled the punched hole was easily disrupted at higher flow rates, a
off from the silicon mold. The thickness of the PDMS layer 100um thick glass sheetwas bonded to strengthen the PDMS
is approximately 5mm. The PDMS layers were cut into seal over the junction of the punched holes using oxygen
20 mmx 40 mm pieces, followed by the removal of metal plasma bonding. The glass and PDMS bonding was found to
pins inside the PDMS layer. Holes, 1.5 mm in diameter, were be resistant up to 483 kPa (70 p4di) &nd Chen, 2008 Fig. 4
punched using 1.5 mm glass capillaries to connect the chan-shows the fabricated PDMS chips with a singleig( 4a) and
nels inside the PDMS layer with the open channels on the four-chamberfig. 4b).
surface of the PDMS.

To seal the open channels, an additional.8® thick 3.2. Optimization of CRP assay protocol
PDMS layer was prepared as following. Silicon wafers
(4in.) were cleaned using piranha solution. Using the afore-  PDMS was chosen as the device material for the assays for
mentioned method, a thin carbon layer was deposited on thethe following reasons: (1) it is an elastomer that can tightly
silicon wafer. Then 20 ml prepolymer was coated on the sil- seal different substrates, (2) it has hydrophobic surface prop-
icon wafer at 2000rpm for 20s. The coated silicon wafer erties, thus prevents protein adsorption from solution, (3) it
was cured for 30 min at 10@ on a hot plate. The final  givesalow background fluorescence signal, and (4) itis trans-
thickness of the thin PDMS layer was aroundysfl. Be- parent over a wide range of wavelengths from UV to infrared
fore bonding, the 5 mm thick PDMS layer was cleaned using (Wolf et al., 2004. However, PDMS is a soft material that
IPA and deionized (DI) water for 5 min, respectively. After easily deforms under pressure. From the finite element anal-
cleaning, PDMS layers were putinto a9Doven for 15 min ysis and previous experiments, leakage occurred at high flow
to remove water. Then, both the thick PDMS layer (5 mm) rates (>0.4 ml/min). The PDMS chip was found to function
and the thin PDMS layer (50m) were put into a reactive  best at 0.1 ml/min. However, low flow rates make it harder to
RIE chamber to activate the bonding surfaces using oxygenget rid of potential bubbles inside the chamber. The presence
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Fig. 5. (a) An optical micrograph of anti-CRP-coated beads at different CRP
antigen concentrations and (b) measured intensity at different CRP antigen
concentrations.

Fig. 4. An optical picture of a (a) single- and (b) four-chamber PDMS chips. columns of a 3« 4 array were loaded with agarose beads
coated with anti-CRP antibody. The fourth column was used
to host the negative control microbeads. After the assay, the

of bubble can be detrimental to signal acquisition or analysis. three columns coated with the anti-CRP beads gave a fluores-

Inorder to eliminate bubbles inside the chamber, two methods cence signal. The negative control beads did not exhibit any

were tested. First, we used continuous flow format instead of detectable fluorescence, showing that non-specific binding is

several priming steps between each step. Priming was foundnhegligible. In order to further ensure the reduction is non-
to introduce gas bubbles during the assay. Alternatively, we specific that would result in background fluctuation, the sil-
connected a micrometering valve with the drain tubing to icon chip was ultrasonically cleaned for 5 min subsequently
regulate the backpressure. This was found to be effective inand washed with DI water. Ethanol temporarily makes the
removing bubbles inside the flow cell chamber. The optimal pDMS surface hydrophilic, and enhances the wettability of

CRP assay protocol was modified as following: prior to each the chip in the chamber.

assay, the inner walls of tubing used to introduce the reagent  An identical protocol was followed for all CRP concen-

to the flow cell were primed. The CRP antigen was delivered trations used in the dose response curve. The CRP concentra-

to the flow cell at a flow rate of 0.1 ml/min for 30 min. Then,  tions ranged from 0.1 to 1000 ng/n#if. 5a). The detection
awash with a phosphate-based saline (PBS) solution was detimit was 1 ng/ml Fig. ), comparable to that of our recently

livered to the flow cell at 0.1 ml/min for 10 min. Following  reported CRP assay syste@hfistodoulides et al., 2002

PBS washing, the detecting antibody conjugated with Alexa

488 fluorophore were delivered to the flow cell at 0.1 mI/min - 3 4. Four-chamber PDMS chip CRP assay

for 30-min incubation. A final PBS wash was achieved at .puracterization

0.1 ml/min for 10 min.

Associated with fluorescence measurements, and partic-

3.3. Single-chamber PDMS chip CRP assay ularly with those using Hg arc lamps, is the risk of fluc-

characterization tuations in the excitation light from one experiment to the
next. The ability to measure more samples under the same

We studied CRP dose responses to characterize the perllumination conditions is appealing, because it would re-
formance of the single-chamber PDMS chip. Three of four duce the time needed for measurements, potentially improve
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statistics, while subjecting all samples to the same conditions.PDMS chamber, the PDMS channels, and the applied hold-
Furthermore, multiple-chamber could allow the simultaneous ing pressure. With consideration of the optimized parame-
use of multiple antibodies that would otherwise cross-react ters, the maximum assay flow rate was 0.4 ml/min. An im-
with each other in a single-chamber format. Simultaneous munoassay for CRP was used to characterize both the single-
measurements in multiple-chamber generate new challengesand multiple-chamber chips. For the single-chamber assay,
such as the assurance of equal fluid delivery to each chambethe CRP detection limit was found to be 1 ng/ml comparable
and placement of all silicon chip and beads in the same focalto that previously reported. The four-chamber PDMS chip
plane. There are many factors that can affect flow dynamics, showed great promise, since it was possible to generate the
such as chamber dimensions, relative position of microcavi- same signal within 10% in each chamber by applying the
ties inside the chamber, deformation of PDMS layers, applied back pressure compensation method. These chips represent
pressure, connecting tubing and even the peristaltic pumpa step towards mass production and a significant reduction
function. In soft lithography, the critical dimension variation in costs because of the use of less expensive and easy-to-use
is much larger (>1@Qum) than that typically encountered in material while conserving outstanding assay characteristics.
photolithography, so the dimensions of the four-chamber can

vary because of the fabrication process itself. The position

of the microcavities inside the chambers can affect the pres-

sure drop that drives the analyte flow through the beads. TheReferences
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