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Enzyme-linked immunosorbent assay �ELISA� has been widely used in medical
diagnostics, environmental analyses, and biochemical studies. To reduce assay time
and lower consumption of reagents in cytokine ELISA analysis, a polymeric mi-
crofluidic biochip has been designed and fabricated via several new techniques:
Polyaniline-based surface modification for superhydrophobic capillary valving and
oxygen plasma-poly�ethyleneimine�-tyrosinase-protein A modification for high sen-
sitivity protein detection. The proper flow sequencing was achieved using the su-
perhydrophobic capillary valves. The burst frequency of each valve was experi-
mentally determined and compared with two capillary force equations and the
fluent finite element simulation. This fully automated microfluidic biochip with an
analyzer is able to provide high fluorescence signal of ELISA with a wider linear
detection range and a much shorter assay time than 96-well microtiter plates. It is
applicable to a variety of nonclinic research and clinically relevant disease condi-
tions. The modification technologies in this study can be implemented in other
lab-on-a-chip systems, drug/gene delivery carriers, and other immunoassay biosen-
sor applications. © 2009 American Institute of Physics. �DOI: 10.1063/1.3116665�

I. INTRODUCTION

Enzyme-linked immunosorbent assay �ELISA�, one of the most common immunoassays, is
widely used for detection and quantification of chemical and biological molecules �antigens,
mainly proteins and polypeptides� and is becoming more important in clinical diagnostics, food
safety testing, and environmental monitoring. This technology is applicable to a variety of clini-
cally relevant diseases, including melanoma,1 breast cancer,2 human immunodeficiency �HIV�
detection,3 liver diseases,4 and many other medical conditions where prognosis/diagnosis/
monitoring therapy relies on quantification from an ELISA. Conventional ELISA is tedious and
laborious with a protocol involving a series of mixing, incubation, and washing steps typically
carried out in a 96-well microtiter plate. Figure 1 illustrates the general principle and procedures
of ELISA used in a 96-well microtiter plate.5 In general, a primary antibody against the antigen
�analyte� to be detected must be adsorbed onto a solid surface �step 1�. After incubation, the
unbounded antibodies are washed away. Blocking agents �usually proteins� are then added to
block all the remaining binding sites on the solid surface to eliminate the nonspecific binding of
proteins or antibodies �step 2�. Samples or standards containing antigens are then introduced and

a�Author to whom correspondence should be addressed. Electronic mail: leelj@chbmeng.ohio-state.edu. Tel.: �614� 292-
2408. FAX: �614� 292-3769.

BIOMICROFLUIDICS 3, 022401 �2009�

3, 022401-11932-1058/2009/3�2�/022401/17/$25.00 © 2009 American Institute of Physics

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

129.120.242.61 On: Tue, 02 Dec 2014 15:17:48

http://dx.doi.org/10.1063/1.3116665
http://dx.doi.org/10.1063/1.3116665
http://dx.doi.org/10.1063/1.3116665


incubated for sufficient time to allow the immunoreaction between the primary antibodies and the
antigens to take place �step 3�. The enzyme-linked secondary antibodies �conjugates� are then
added to bind with antigens �step 4�. After incubation, the excess conjugates are washed away.
Finally, the enzyme substrates are introduced and converted into products with a detectable signal
�e.g., color or fluorescence� �step 5�. The results often have large errors and/or inconsistencies.
Each assay involves the use of expensive antibodies and reagents and usually takes several hours
or longer because of the long incubation time required in each step.6 To overcome these draw-
backs, several microfluidic ELISA devices have been developed on the surfaces of a single mi-
crochannel or using microbeads trapped in a microchannel.7–9 With a high surface to volume ratio
of the microchannel, these assays demonstrated the potential for fast immunoreaction assay times
compared to the usual microtiter 96-well plate ELISA. However, each step of the ELISA in all of
these assays was still carried out manually.

The centrifugal fluidic platform technology was first developed in 1969,10 and the concept
since then has been extensively studied.11–14 A recent review of compact disk �CD�-based micro-
fluidic platform technology and its applications can be found in the literature.15 The CD platform
has been commercialized for high throughput screening by Tecan, Gyros AB, Abaxis system, and
Burstein Technologies. Although CD microfluidics is a technology that has been demonstrated
successfully by these companies, it has been seldom applied to complicated immunoassays such as
the sandwich-type ELISA. The only commercially available system is GyroLab Workstation
which delivers high-quality and reliable results and offers significant advantages over the conven-
tional microplate methods.16 However, the use of an expensive robotic system for multiple reagent
loading and expensive streptavidin-coated microbeads in the detection area severely limits its
applications. There is a great need of a fully automated low-cost ELISA system that is fast and
easy to use, uses small amount of reagents and sample, and requires minimum manual labor, thus
reducing the associated handling errors without the need of a robotic unit.

Combining microfluidic immunoassay with centrifugal fluidic technology, our group has de-
veloped a novel CD-ELISA platform. The CD-ELISA is a self-contained microdevice that incor-
porates low-power microfluidic components and high-sensitivity immunomolecules, and is ca-
pable of performing parallel and multiple tests with high precision. The CD platform integrates a
number of microfluidic functions. These include pumping, capillary valve control, fluid splitter,
washing, and mixing with required antibodies, reagents, and buffer solution in distinctly placed
reservoirs. By spinning the disk, the centrifugal force overcomes the capillary force in the valves,
and the fluid in each reservoir is released sequentially replacing the stepwise procedures carried
out in the conventional ELISA process. However, as a new technology, developing a CD-ELISA
faces significant challenges. These involve the development of functioning valves to control the
sequence of fluid/reagent flow for each step of the ELISA assay, efficient antibody binding, and a
CD-ELISA analyzer.

Based on the requirement of energy to operate, the microfluidic valves can be divided into two
groups: Passive valves without energy requirement17,18 and active valves that need energy input to
perform their action.19–21 Among all microvalves, the capillary valve is the simplest and can be
implemented easily into the microfluidic design and fabrication. Capillary valving has the advan-

FIG. 1. The general principle and procedures of sandwich-type ELISA.
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tage of not requiring any moving parts and external actuation. Recently, this type of valve has
attracted a great deal of attention for applications in various microfluidic systems.22,23 For pure
water or buffer solutions, the capillary valve works well because a proper hydrophobic polymer
surface can be chosen to provide a desirable contact angle. However, proteins exist in the solutions
used in ELISA. The phenomena of protein adsorption onto plastic substrates have been widely
observed. Due to protein adsorption, the surface of the capillary valve gradually becomes hydro-
philic and the solution would wick through, leading to the failure of the valving function. The
issue becomes more serious, i.e., the capillary valve cannot even hold the solutions in the reser-
voirs, when the blocking solution �protein� is applied on the microchannels to prevent nonspecific
binding of proteins. One way to overcome this problem is to implement a superhydrophobic
coating in the valve areas. There are various methods to create superhydrophobic surfaces.24–30 We
use polyaniline nanofibers along with the noncrystalline fluorine coating to create nanostructures
in the capillary valves. “Hierarchical roughness” of nanosized papillae makes the valve surfaces
superhydrophobic and much less affected by protein binding.

Another major challenge for microscale biodevices is the low detection sensitivity because of
very low reagent volume �1%–3% that of the 96-well microtiter plates�. The antibody commonly
immobilized on biochips by the conventional passive adsorption only results in a few functional
sites, leading to a limited dynamic linear range, low signal-to-noise ratio, and low detection
sensitivity. To overcome this problem, several antibody-polymer immobilization strategies have
been developed to improve the antibody binding ranging from antibody passive adsorption or
covalent immobilization on microbead/gel,31–33 covalent crosslink via linkage reagents,34–36 to
covalent immobilization by polymer linker.37 However, these methods either need special manipu-
lation devices31,33 or involve several intermediates and environmentally unfriendly solvents.34–36

Furthermore, the antibody molecules immobilized using these strategies are all randomly absorbed
in a mixed prone-upright state on the substrate, resulting in a great reduction in the activity of
antibody to bind antigen. Therefore, there is a great need to develop a facile and efficient method
to enhance the sensitivity of ELISA in the polymeric microfluidic devices. “Y” shaped immuno-
globulin G �IgG� consists of one Fc and two Fab fragments. The proper orientation of antibodies
can yield higher antigen-binding capacity and consequently higher sensitivity than randomly ori-
ented antibodies.38–40 Among many approaches for orientation-controlled immobilization of anti-
bodies, the use of binding protein A appears to be most attractive as it enables a more favorable
orientation of antibodies than adsorption, covalent binding, or cross linking.41,42 Although, protein
A has been used extensively to immobilize target proteins, it has not been utilized for microchip-
based ELISA applications.

In this study, a microfluidic compact disk with splitters for multiple samples was precisely
designed and manufactured. A capillary valve modified with polyaniline nanofibers was applied to
manipulate fluids and provide proper flow sequencing. A tyrosinase �TR� catalyzed protein A
strategy was applied to immobilize antibody for enhanced sensitivity of ELISA immunoassay. The
ELISA for detecting interferon-gamma �IFN-�� was carried out on this microfluidic system to
demonstrate the applicability of CD-ELISA for detecting biomedical samples.

II. EXPERIMENTAL

A. Materials and reagents

Aniline, ammonium peroxydisulfate �APS�, poly�ethyleneimine� �PEI� �MW 75 000�, protein
A from Staphylococcus aureus, TR �25 U.K.�, and 3-p-hydroxyphenylpropionic acid �HPPA� were
all purchased from Sigma Chemical �St. Louis, MO�. Aniline was distilled under vacuum before
use and APS was used directly as received without further purification. The dopant acids, perchlo-
ric acid �HClO4�, were used to study the formation of polyaniline nanofibers in the dilute
polymerization.43 The huIFN-� coating mAb �anti-IFN-��, biotinylated huIFN-� detection mAb,
and recombinant huIFN-� cytokine �IFN-�� were the primary antibody, the second antibody, and
the detected “analyte” or antigen used in this study. They were purchased from Pierce Biotech-
nology �Rockford, IL� and reconstituted in distilled water and stored at −80 °C until use. Horse-
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radish peroxidase �HRP�-conjugated streptavidin and EZ-Label™ rhodamine protein labeling kit
were also purchased from Pierce Biotechnology. Polyoxyethylenesorbitan monolaurate �Tween-
20� was purchased from Bio-Rad Laboratories �Hercules, CA�. Poly�methyl methacrylate�
�PMMA� plates and chips were provided by RITEK in Taiwan. The microchannels and reservoirs
on the chips are all 200 �m in depth. They are stored in a vacuum oven at 60 °C for at least 24
h before use. Bovine serum albumin �BSA� �Grand Island, NY� was purchased from Invitrogen
Corporation. BSA solutions in de-ionized �DI� water were prepared with a concentration of
1.0 wt % as the blocking solution. Food dye was purchased from McCormick & Co., Inc. �Hunt
Valley, MD�. To evaluate the valve function, 0.1 wt % BSA solution was used for demonstration
and a very small amount of food dye was added in the BSA solution to facilitate observation. All
reagents, unless specified, were of analytical grade and were used without further purification.

B. Compact disk design and fabrication

A multiple-sample assay design on a 12 cm disk is shown in Fig. 2�a� and the schematic of a
single design is given in Fig. 2�b�. The designed chips and the cover lids were produced by a
world-leading CD producer, RITEK, using PMMA as the material and microinjection molding as
the manufacturing process. In the process, the injection molding was conducted on a high-speed
injection machine �Sumitomo SD-35E�. First, a stamper with microfluidic patterns was mounted
onto the mold of injection machine and ready for injection molding. With the appropriate injection
parameters adjusted, the plastic disk substrates were fabricated and then picked up from the
injection machine. After that, the replicated chips were put onto a rotating stage for cooling. This
low cost and mass-produced protocol has been used to make the prototype chips for our applica-
tions shown in Fig. 3. The primary antibody and blocking protein were preimmobilized onto the
detection area. Then the substrate, conjugate, washing, second antibody, and antigen solution �i.e.,
sample� were loaded into corresponding reservoirs for flow sequencing and ELISA testing. Cen-
trifugal and the capillary forces are used to control the flow sequence of different solutions
involved in the ELISA process. In this five-reservoir ELISA process, only the composition of
unknown sample �i.e., antigen� is different, while all other reagents used in the assay have the
same composition. Therefore, one splitter is designed for reservoirs 1 and 1�, each of which is
used for loading two individual samples �antigens�. The splitters for the detection area shown in

FIG. 2. Computer-aided design of �a� a 12-set compact disk with capillary valves and splitters and �b� a single assay on the
compact disk. The primary antibody was preimmobilized at the detection area. The mixture of antigen and second antibody
was loaded in reservoirs 1 and 1�. Reservoirs 2 and 4 were used for washing solution. Reservoirs 3 and 5 were used for
conjugate and substrate, respectively.
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Fig. 2�b� are designed for sample duplication. The patterns shown in Fig. 2�a� involve two types
of patterns: With or without the splitters. This “model chip” design allows comparison and testing
of splitters on a single CD. Ideally, the splitters in this new design will increase the 12 sets on a
CD-ELISA chip to provide the capability to analyze 24 samples in duplicate providing 48-sample
assay analysis.

C. Design of capillary valves

The valves we used are termed “capillary burst valves.” When the centrifugal force of the
spinning CD is greater than the opposing capillary force �the burst frequency�, the liquid in the
reservoir bursts through the valve and the liquid flows to the optode. At the connection of the
reservoir exit channel and valve �or junction�, there exists the juxtaposition of two opposing forces
�shown in Fig. 4�. The first one is the capillary force resulting from the surface tension in the
junction where the microchannel meets the valve. When the fluid comes to the junction through
the microchannel, the capillary force at the end of the microchannel tends to hold the fluid due to
geometry change. The capillary force per unit area �Ps� is given by

�Ps =
C� sin �

A
, �1�

where � is the surface tension of the fluid, � is the contact angle, A is the cross-section area of the
microchannel, and C is the associated contact line length. The opposing force �Pc results from the
centrifugal force generated from the rotation of the disk. This force can be calculated from the
following equation:

�PC = ��2�R2 − R1��R1 + R2

2
� = ��2 · �R · R̄ , �2�

where � is the density of the liquid, � is the angular velocity of the CD platform, R̄ is equal to
�R1+R2� /2, and R1 and R2 are the two distances of the liquid elements from the center of the CD,
as shown in Fig. 4�a�. The burst frequency is defined as the angular frequency at which �Pc is

FIG. 3. An injection-molded compact disk ELISA chip.
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greater than or equal to �Ps. At this rotation speed, the liquid overcomes the pressure generated by
the capillary force and flows through the capillary valve, releasing liquid from the reservoir. The
burst frequency fb calculated from Eqs. �1� and �2� is given by

fb = � � sin �

�2� · �R · R̄ · dH
�1/2

, �3�

where dH �equal to 4A /C� is the hydrodynamic diameter of the channel connected to the junction.
The capillary burst valve is a passive valve that requires no moving parts. It is controlled by the
angular speed of rotation, fluid density, surface tension, and geometry and location of the channels
and reservoirs. Flow sequencing was demonstrated in our previous work based on pure water,6

indicating that good flow control can be obtained with the microchannels and reservoirs designed
on the CD. Because of the characteristics of laminar flow inside the microfluidic channels, the
solution filled in the optode reservoir can be physically and completely displaced by the subse-
quent incoming solution.

If contact angles on different surfaces are considered, the following equation derived from our
previous work can be used to calculate the burst frequency:30

fb =� �

4�2� · �R · R̄
�2 sin �

W
−

cos �top

H
−

cos �bot

H
� , �4�

where W and H are the channel width and depth, respectively, � is the contact angle from the top
view, and �top and �bot are the contact angles of the lid and the bottom of the channel from the side
view, respectively �shown in Fig. 4�b��.

FIG. 4. Schematic of �a� a capillary valve with balance of centrifugal force and capillary force, �b� a fish-bone valve, and
�c� computational mesh for capillary value.
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The burst frequencies for all valves are also numerically predicted using the commercial CFD
code FLUENT 6.3. In order to reduce the mesh size, the effect of circular reservoir is not considered
and only the valve and the straight channel connecting the reservoir and valve are simulated. This
simplification is reasonable because the centrifugal force applied on the liquid in the reservoir only
depends on the radius coordinate and not on width or depth of the channel. The whole computa-
tional domain is discretized with 58 200 structured hexahedral meshes. Grid density is increased in
the area of the waterfront position. Figure 4�c� shows the computational domain and the mesh
scheme. The rotating movement of the channel is simulated by the rotating multiple reference
frame �MRF� model in FLUENT. The centrifugal force was added automatically as a source term in
the governing equations for the rotating MRF. The liquid-air interface was predicted using the
volume of fluid model. The volume fractions of the liquid and the air were tracked throughout the
domain during the computation. Also the interface between the liquid and air is defined at the
position where the volume fraction of either liquid or air equals to 0.5. The inlet and outlet of the
domain were assumed as atmospheric pressure. All the walls are nonslip and the contact angle was
specified based on experimental conditions. Measured valve dimensions are used in the simula-
tion. The rotation speed for a valve is initially set to 50 rpm and then increased in steps with an
increment of 50 rpm. When the rotation speed is less than the burst frequency, the calculated will
show fluctuations and eventually converge to zero due to the balancing between the centrifugal
force and the capillary force. After reaching the burst frequency, i.e., after N computation steps,
the flow rate will suddenly be a constant value and not drop to zero. This means that the liquid has
burst into the valve. Therefore, the burst frequency of this valve is between 50�N−1� rpm and
50N rpm. The smaller the increment, the more accurate the burst frequency can be predicted;
however, more computation time will be required.

D. Surface modification in the valve areas via polyaniline nanofibers

To make the valve surface superhydrophobic and much less affected by protein binding,
polyaniline nanofibers, along with the noncrystalline fluorine coating �CYTOP 805A, Asahi Glass
Co., Ltd.�, were used to create nanostructures on the capillary valves by the solvent casting
method. Polyaniline nanofibers were prepared using the dilute polymerization as described in our
previous publication.43 First, aniline was dissolved in a small portion of 1 M dopant acid solution
and carefully transferred to the solution of APS dissolved in 1 M dopant acid solution. In the
reaction mixture the initial concentration of aniline to the total volume of solution was maintained
at 0.1M, and the molar ratio of aniline to APS was kept at 1.5 for all syntheses. The reaction was
carried out at room temperature with no disturbance. After 1 h, the dark-green precipitate of
polyaniline nanofibers was collected to the centrifuge tube and then purified with DI water until
the pH of the supernatant became �5 using high-speed centrifuge at 5000 rmp at 23 °C. After
decanting the final supernatant ��pH=5�, one volume of the concentrated polyaniline nanofiber
suspension was diluted using two volumes of water before use. Dilute polyaniline nanofiber
suspension was micropipetted into the capillary valve areas and after air drying for 2 h, the
CYTOP 805A solutions with 1.0–6.0 wt % concentration were then dropped on the polyaniline
treated PMMA surface and immediately dried by compressed air, achieving superhydrophobicity.
The modified surface was characterized by using contact angle measurement and scanning elec-
tron microscopy �SEM�. The capillary valves with modified surface were also evaluated by car-
rying out the flow sequencing testing after protein blocking.

E. Contact angle measurement

To examine the surface hydrophobicity, DI water was micropipetted on various surfaces
�PMMA flat, CYTOP-treated flat, and CYTOP-polyaniline-treated surface� at room temperature
and the diameter of the pipette tip was around 1.0 mm. After a COHU high-performance charge-
coupled device �CCD� camera �1.27 cm view area� captured the water drop profile on the surface,
software programs such as ADOBE PHOTOSHOP and UTHSCSA IMAGE TOOL were used to edit the
pictures. The contact angle was obtained by measuring the sessile drop profile analyzed with a
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MATLAB code. To evaluate the effect of protein blocking, the flat modified PMMA samples were
immersed in 1.0% BSA solution for 10 min and then air dried for contact angle measurement.

F. Scanning electron microscopy

To visually examine the surface and interior morphology of modified surface, a Hitachi Model
S-4300 SEM was used to analyze the nanostructure. The air-dried samples were loaded on the
surface of an aluminum SEM specimen holder and sputter coated with gold for 2 min �Pelco
Model 3 Sputter Coater� before observation. A working distance of about 10–20 mm, an acceler-
ating voltage of 10 kV, and a chamber pressure of 10−8 Torr were found to be suitable for
obtaining high-resolution images of samples. The magnification used in this study varied from
2000	 to 120 000	 depending on the nanostructures.

G. Protein blocking

After CD chips were injection-molded and the channel/reservoir surface was modified, cover
lids need to be added to close the flow channels and reservoirs. The compact disk can be bonded
together by the CO2-assisted bonding44 without losing the bioactivity of preloaded reagents. Be-
fore bonding, the lid was aligned with the patterned chip and stacked between two aluminum
plates. The whole assembly was then placed inside the pressure vessel. After saturation with low
pressure CO2 �1.7 MPa� at 37 °C and pressure for 0.5 h, the pressure was quickly released and the
chips were taken out of the vessel to evaluate the valve function and flow sequencing testing.
Before testing, 1.0 wt % BSA blocking solution was introduced into microchannels for 10 min.
Then the solution was removed by vacuum and the channel was rinsed by DI water three times,
followed by vacuum drying. Finally, a 0.2 wt % BSA solution in DI water colored by food dye
was introduced into the sample reservoir. Channels without BSA blocking were used as the
control.

H. Valving testing

The disk was mounted on a motor plate �up to 4000 rpm� designed by Gamera Bioscience.
The motor control was constructed of a five-stage stepper motor, a 12 V power supply, and a
controller �PIC-Servo, HdB Electronics, Redwood City, CA�. The motor was controlled directly
via an RS232 serial port connection to a desktop PC, allowing integrated software control. The
rotation speed of the disk was gradually increased until the release of fluid from the reservoir
occurred. The motor was connected to an encoder to trigger a strobe �Monarch, DA 115/Nova
Strobe� for synchronized imaging. The experiment repeated three times and the data represented
the mean 
 standard deviation �SD�.

I. Immobilization of antibody through oxygen-PEI-TR-catalyzed reaction

Because only the detection area was treated with an oxygen-PEI-TR-catalyzed reaction, the
other areas on PMMA chips were covered by aluminum foil before treatment. The oxygen-plasma
treatment was carried out at 13.56 MHz using a bench top reactive ion etching system �Technics
800II RIE system�. Before use, the plasma chamber was cleaned with 2-propanol, dried, and
further cleaned using a 20 SCCM �SCCM denotes cubic centimeter per minute at STP� oxygen
plasma at 200 W for 5 min. PMMA CD-ELISA chips were then placed near the center of the
chamber, followed by evacuation to a base pressure of 12 mTorr. Oxygen gas was then introduced
at a flow rate of 20 SCCM and the glow discharge was ignited at 300 W. After 30 s, the power and
oxygen were turned off and the chamber was evacuated to 12 mTorr again. The chamber was then
purged and the samples were taken out. The PMMA chips pretreated by oxygen plasma were
immediately immersed into 0.2% PEI solution with pH=11.5 at room temperature to get the
aminated PMMA samples. After 60 min, these aminated PMMA samples were directly applied for
protein A immobilization using TR-catalyzed reaction. Briefly, TR solution was added to protein A
solution and then incubated in the solution mixture at 4 °C for 4–12 h. The amount of TR added,
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the concentration of protein A, and the incubation time were optimized according to the ELISA
fluorescence signal.45 After reaction, the covered aluminum foil was removed and the PMMA
plates were washed twice with 1	Phosphate buffered saline �PBS� buffer to remove unreacted
protein A. As a comparison, the PMMA chips treated only by oxygen-plasma and plasma-PEI
approaches were used to measure ELISA fluorescence signal.

J. ELISA in 96-well microtiter plates

ELISA in 96-well microtiter plate was performed according to the kits with minor modifica-
tion. Before detection, the borate buffer solution, blocking solution, washing solution, and sub-
strate solution were prepared. The substrate solution was prepared by dissolving 15 mg HPPA in
5 ml tris-HCl buffer �0.15 M, pH=8.5�. Prior to use, 1 �l of 30% hydrogen peroxide was added
in the HPPA solution and mixed thoroughly. Primary antibody �1 �g /ml, 100 �l /well�, blocking
solution �200 �l /well�, biotinylated huIFN-� detection mAb �1 �g /ml, 50 �l /well�, IFN-�
�50 �l /well� and HRP-conjugated streptavidin solution �1:4000, 100 �l /well� were loaded into
the 96 wells in sequence. The primary antibody was coated at 4 °C overnight. The blocking
process was performed for 2 h at room temperature. A mixed solution of biotinylated huIFN-�
detection mAb and recombinant huIFN-� cytokine antigen, and HRP conjugated streptavidin were
incubated in wells for 2 h and 30 min, respectively. The wells were washed five and four times
after antigen and incubation, respectively. The reaction was detected by a TECAN GENios plate
reader. The experiment was repeated three times and the data represented the mean 
 SD.

K. ELISA on the compact disk

Unless otherwise noticed, antigen, second antibody �1 �g /ml� solutions, washing solution,
conjugate solution, and substrate solution were loaded into the corresponding reservoirs
on the bond chips in sequence. Then the controllable motor drove the solutions in the reservoirs to
pass the detection areas in sequence, where primary antibody and blocking agents have been
preloaded. The rotation speed of the disk was gradually increased until the release of fluid from
the reservoir occurred. Detection was carried out using the fluorescence microscope �Nikon
Eclipse TE2000-U�.

FIG. 5. SEM images of �a� a PMMA surface and �b� a CYTOP-polyaniline nanofiber-coated PMMA surface, and the water
contact angles on the surface with different treatments before BSA blocking: �c� PMMA and �d� CYTOPpolyaniline-coated
PMMA.
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III. RESULTS AND DISCUSSION

A. Comparison of capillary valves w/o surface treatment

Protein blocking changes the hydrophobicity of the microfluidic chip surface, leading to loss
of valve function. Therefore, CYTOP-coated polyaniline nanofibers were used to modify the valve
area. Figure 5 compares the water contact angles and the SEM photographs on the different
modified surfaces. As can been seen, the contact angle on PMMA �the plastic used to make the CD
chip� without any treatment is around 70°, which greatly decreases to 40° after protein blocking
�shown in Table I�. This clearly illustrates why the conventional capillary valve would fail after
protein blocking. After CYTOP 805A treatment, the contact angles of PMMA before and after
protein blocking are 120° and 93°. In contrast, The CYTOP 805A-polyaniline nanofiber treated
surface �i.e., the superhydrophobic surface clearly seen from the image in Fig. 5�d�� maintains its
superhydrophobic property after protein blocking with only a small contact angle decrease from
170° to 165°. This is due to the porous nanostructure on the surface. The wettability of the solid
surfaces depends on both the surface roughness and the surface energy. The nanofiber coating
increases the surface roughness �shown in Fig. 5�b�� and the CYTOP coating lowers the surface
energy, allowing the surface to exhibit superhydrophobic properties. Because it is difficult for
protein molecules in the blocking solution to bind onto the CYTOP-coated nanostructures, the
contact angle changes a little after protein blocking.

The snapshots shown in Fig. 6 visually compare the valve performance with different surface
treatments. Before the testing, BSA solutions were added to block all the remaining binding sites
to eliminate the nonspecific binding. As can be seen, the CYTOP treated and CYTOP-polyaniline-
treated capillary valves can hold the protein solution as opposed to the unmodified valve. Because

TABLE I. Water contact angle on PMMA surface with different treatments.

Surface Protein blocking
Contact angle

�deg�

PMMA
No 70
Yes 40

CYTOP-PMMA
No 120
Yes 93

CYTOP-polyaniline-PMMA
No 170
Yes 165

FIG. 6. �a� A capillary valve without any treatment cannot stop the mixed solution containing 0.1 wt % BSA and 1 wt %
food dye after protein blocking. Also with �b� CYTOP or �c� CYTOP-polyaniline treatment, the capillary valve can hold
the mixed solution.
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the CYTOP-polyaniline treatment provides superhydrophobic property, a longer holding time for
the reagents/washing solution in reservoirs can be achieved using this treatment than only CYTOP
modification during the ELISA process �i.e., 530 rpm versus 327 rpm for a capillary valve treated
with CYTOP-polyaniline and CYTOP, respectively�. Compared with other superhydrophobic coat-
ing methods,46 the polyaniline nanofibers can be easily applied onto microscale chips and provide
a more consistent and reproducible surface modification.

B. Flow sequencing testing on PMMA disk

In order to test the burst frequency of each reservoir, protein blocking was carried out on the
polyaniline-treated PMMA disks first. After being vacuum dried for 2 h, DI water containing red
food dye was used as the test fluid and filled into different reservoirs. Their releases from different
reservoirs were visualized and recorded by a CCD camera. The burst frequency was determined
when each burst valve releases its solution. Burst frequencies of the reservoirs were designed to
release at rotation speeds of �200 rpm greater than the preceding reservoir. Figure 7 shows a
series of snapshots taking during a test run. At a low rotation speed �327 rpm�, only the fluid in
reservoir 1 went to the waste reservoir, while the other fluids stayed in their reservoirs. When the
rotation speed increased in steps, the fluids of wash 1, conjugate, wash 2, and the substrate moved
to the waste reservoir in the right order.

Table II summarizes the channel dimensions and burst frequencies obtained from experiments
and calculated from equations and numerical simulation. It is noted from the experimental data
that the separations of burst frequencies are large enough to provide the desired fluid control. For
example, the worst case of burst frequency separation in the experiment occurred between reser-

FIG. 7. Snapshots of the flow sequencing on a five-well CD chip with capillary valves: �a� Beginning, �b� 320 rpm, �c� 550
rpm, �d� 990 rpm, �e� 1220 rpm, and �f� 1600 rpm. Here, the capillary valves 1 and 2 were coated with CYTOP. Also the
capillary valves 3–5 were treated with the CYTOP-polyaniline method.
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voirs 3 and 4 �151 rpm�. The calculated values based on Eq. �3� do not fit the experimental data
well and even the flow sequencing has an incorrect order. In Eq. �3�, it is assumed that all surfaces
of the channel have the same contact angle and the channel is equivalent to a hydrodynamic
cylinder. These assumptions are not realistic compared to the actual condition and geometry of the
channel. Using Eq. �4� and the FLUENT simulation, the obtained burst frequencies fit the experi-
mental data well. The simulation approach can be used to investigate the effect of contact angle on
burst frequency �Table III� and to offer the three-dimensional information about the liquid-air
interfaces shown in Figs. 8�a�–8�e�. The shape of the interface is determined by the contact lines
on four edges and the curvature of the surface. According to these figures, the two-side contact
lines are locked at the edges where the straight channel connects to the valve. The top contact line
is nearly a hemicycle while the bottom contact line depends on the surface properties of the
valves. For a hydrophobic surface with a contact angle of 93° �valves 1 and 2�, the surface
curvature is positive in the horizontal direction but negative in the vertical direction, while on the
superhydrophobic surface �valves 3–5�, the curvatures in both directions are positive and have a
larger value in the vertical direction.

Equation �4� and the FLUENT simulation approach involve controllable variables such as the
channel dimensions, distances of the liquid elements from the center of the CD, and contact angles
on the surfaces. By tuning these variables, the proper burst frequencies with a broader range could
be predicted and achieved, which facilitates and directs the microdevice design.

C. Splitter performance on the compact disk

To increase the detection throughput, a splitter with a pair of sample reservoirs was employed
in the microfluidic chips. To demonstrate whether the reagents loaded in the reservoirs can flow
through the splitter equally, a red dye solution was filled in reservoirs 1, 1�, and 2. Figure 9 shows
the snapshot when the rotation speed was set at 550 rpm. As can be seen, the red solution flowed
through the splitters and reached the waste reservoirs. All the detection areas were filled with the
red solution, indicating sufficient quantity of antigen to be captured. Therefore, this biochip with
splitters has the capability to analyze 24 samples in duplicate providing 48-sample assay analysis.

TABLE II. Dimensions and burst frequencies on the five-well CD chip. �Note: The designed channel depth is 200 �m and
the actual depths for valves 1–5 are 157, 147, 161, 162, and 163 �m, respectively.�

No.
R1

�mm�
R2

�mm�
Channel width

��m�
Experimental fb

�rpm�
fb from Eq. �3�

�rpm�
fb from Eq. �4�

�rpm�

Simulated fb

using CFD code
�rpm�

1 39.46 43.57 426 �450a� 327
25 819 331 350–400

2 34.50 38.52 232 �250a� 546
40 986 539 550–600

3 29.53 33.03 208 �225a� 968
16 584 898 750–800

4 24.53 28.42 92 �100a� 1180
45 739 1257 1000–1050

5 21.59 24.54 92 �100a� 1506
62 939 1600 1350–1400

aDesigned value; experimental data are based on three CD chips.

TABLE III. Effect of contact angle on burst frequency for the no. 1 valve.
�Note: Experimental data are based on three CD chips; measured dimen-
sions are used as the input for simulation.�

Contact angle
�deg�

Experimental fb

�rpm�
Simulated fb using CFD code

�rpm�

70 243
27 250–275
93 327
25 350–400

165 530
35 475–500
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D. Comparison of ELISA performance with different antibody immobilization methods

Highly efficient antibody immobilization is extremely crucial for the enhancement of the
sensitivity of ELISA immunoassay on CD. To achieve this, a site-selective TR-catalyzed protein A
antibody immobilization technique was successfully developed in this study. To effectively im-
mobilize the target antibodies, oxygen plasma was first used to activate the inert PMMA. This is
followed by PEI coating, an amine-containing functional polymer. From ELISA detection signals
shown in Fig. 10, the fluorescence intensity on untreated PMMA microchannel was only 2.61. It
increased to 4.47 after modified only by PEI. When the PMMA microchannel was pretreated by
oxygen plasma prior to PEI coating, the intensity increased to 13.80. Apparently more PEI was
attached to the oxygen plasma treated PMMA surface resulting in higher amount of antibody
binding and the final immunoreaction bioactivity. Figure 10 also shows that the enzyme reaction

FIG. 8. Simulated liquid-air interfaces for capillary valves with different contact angles: �a� No. 1, 93° at 350 rpm; �b� No.
2, 93° at 550 rpm; �c� No. 3, 165° at 750 rpm; �d� No. 4, 165° at 1000 rpm; and �e� No. 5, 165° at 1350 rpm.

FIG. 9. Flow pattern demonstration carried out on a CD chip with the splitters.
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is further increased when anti-IFN-� was immobilized by protein A. This is particularly the case
when protein A was immobilized via TR-catalyzed reaction �282.46�, almost 62-fold increasing
compared with the commonly used PEI surface modification method. It is reasonable to believe
that this is due to the synergistic action of oxygen plasma treatment and TR-catalyzed chemistry.
Oxygen plasma treatment can facilitate the PEI and antibody attachment. On the other hand, TR
can specifically convert tyrosine histidine tags of protein A into O quinones, which in turn are
highly reactive toward primary amines, resulting in the site-selective immobilization of the protein
A receptor and the preservation of its high ligand affinity on the solid supports. As a result, protein
A with ideal orientation can selectively immobilize the Fc regions of IgG through Fc-domain tags,
leading to a high capture capacity of bound antibodies toward antigens. Moreover, this resulting
oxygen plasma-PEI-TR-catalyzed protein A structure, especially on the surface with homogeneous
nanometer-sized feature after plasma treatment, may serve as an extended matrix or a long spacer
for antibody immobilization, allowing the anchored antibody to stay away from the solid substrate
with an increased immunoreactive affinity to antigens.

E. Comparison of ELISA on the compact disk and in 96-well microtiter plate

ELISA detection of IFN-� was carried out in both 96-well microtiter plates and microchips
modified by the polyaniline nanofibers and an oxygen plasma-PEI-TR protein A surface treatment
to compare their performance. The same concentrations of primary and second antibodies were
used in the study, although larger total amounts �liquid volumes 5 �l versus 100 �l� were used
for the 96-well plates. Figure 11 compares the ELISA results, where Figs. 11�a� and 11�b� corre-
spond to 96-well microtiter plates and PMMA CD chips, respectively.

As shown in Fig. 11�a�, a linear relationship between the fluorescence signal and the antigen
concentration was observed from 0 to 1250 pg/ml in the 96-well microtiter plate. The fluorescence
signal did not increase linearly at concentrations higher than 1250 pg/ml. The fluorescence inten-
sity was proportional to the reaction time up to 10 min and became unchanged, suggesting that the
enzyme reaction has reached the equilibrium. Therefore, the time required for stable fluorescence
values marked in Fig. 11�a� is around 10 min. The fluorescence intensity was also linearly in-

FIG. 10. Comparison of bioactivity of antibodies on microchips immobilized with different approaches. The averages and
error bars were calculated from three independent samples.
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creased with the antigen concentration from 0 to 2500 pg/ml on a compact disk. The time required
for stable fluorescence values decreased to 30 s for PMMA chips after modified by the proposed
TR-catalyzed protein A method. This effect is attributed to an increase in the specific interfacial
area, a reduction in diffusion length compared to 96-well microtiter plate, leading to a faster
enzymatic reaction. The antibody immobilized via TR-catalyzed protein A in microchannel can
provide better antigen capture capacity, directly resulting in the improvement of subsequent sec-
ond antibody and enzyme binding efficiency. The CD-ELISA system described in this study
represents an innovative approach to greatly simplify the process of cytokine analysis. Table IV
summarizes the reagents used and incubation time in 96-well plates and microchips. As can be
seen, a reaction volume was smaller by orders of magnitude and assay time was superior by an
order of magnitude compared to the usual microtiter 96-well plate ELISA. This platform technol-
ogy has advantages, including minimized reagent consumption and high-speed assay, and holds
the potential for medical/pharmaceutical research and clinical testing.

FIG. 11. Calibration curves for IFN-� ELISA detection carried out �a� in a 96-well plate and �b� on a PMMA CD-like chip
modified by the plasma-PEI-TR protein A method. The averages and error bars were calculated from three independent
samples.
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IV. CONCLUSION

In this study, a polymeric microfluidic biochip was designed and fabricated for ELISA based
on the integration of a centrifugal fluidic platform and several surface treatment methods: Polya-
niline nanofiber-modified capillary valving and the oxygen plasma-PEI-TR-protein A modification
in the detection area. The proper flow sequencing was achieved on a CD-like microfluidic chip by
using the capillary valves treated with polyaniline-based surface modification. The burst frequency
for each valve was determined by experiments and can be calculated by a derived equation and a
finite element code. This microfluidic biochip was successfully applied to the detection of a
cytokine IFN-� and can be used for immunoassay applications.
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