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An innovative polymer lab-on-a-chip (LOC) for reverse transcription (RT)-polymerase chain reaction

(PCR) has been designed, fabricated, and characterized for point-of-care testing (POCT) clinical

diagnostics. In addition, a portable analyzer that consists of a non-contact infrared (IR) based

temperature control system for RT-PCR process and an optical detection system for on-chip detection,

has also been developed and used to monitor the RT-PCR LOC. The newly developed LOC and

analyzer have been interfaced and optimized for performing RT-PCR procedures and

chemiluminescence assays in sequence. As a clinical diagnostic application, human immunodeficiency

virus (HIV) for the early diagnosis of acquired immune deficiency syndrome (AIDS) has been

successfully detected and analyzed using the newly developed LOC and analyzer, where the primer sets

for p24 and gp120 were used as the makers for HIV. The developed polymer LOC and analyzer for RT-

PCR can be used for POCT for the analysis of HIV with the on-chip RT-PCR and chemiluminescence

assays in shorter than one hour with minimized cross-contamination.
1. Introduction

Recently, there has been increasing demand for the development

of point-of-care (POC) diagnostic kits or platforms using

a polymer lab-on-a-chip. The innovative polymer lab-on-a-chip

is an attractive device that can be used for POC clinical diag-

nostics. The polymers provide an excellent platform for the

desired disposable lab-on-a-chip at low cost. Among the lab-on-

a-chips (LOCs), the LOC for the polymerase chain reaction

(PCR) has a great potential for POC clinical diagnostics. PCR

technology, which was introduced by Kary B. Mullis in 1983, has

been continuously developed to the current standard PCR

technique that is used for the amplification of DNA.1,2 Recently,

biomedical microelectromechanical system (BioMEMS) tech-

nologies have been used for the development of PCR chips using

materials such as silicon, glass3,4 and polymers.5–7 Generally,

BioMEMS-based PCR systems can be divided into two cate-

gories, a steady fluid PCR8–14 and a dynamic fluid PCR,15–19

depending on the temperature of the cyclic reaction method used

for the fluid sample. Several circular types of PCR chips, which

were developed based on the BioMEMS technologies, have been

reported recently.20–23 Wang et al. introduced a circular type of

PCR chip that utilized multiple membrane-activated micro

pumps.23 In addition, a functional lab-on-a-chip for RT-PCR
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was reported by Liao et al. that could be used for the develop-

ment of a miniature RT-PCR system for the diagnosis of RNA-

based viruses.24 The miniature RT-PCR chip includes a micro

temperature control module and a PDMS-based microfluidic

control module. The microfluidic control module is capable of

automating the RT-PCR process with minimum human inter-

vention, but the chip does not have an on-chip detection scheme.

RT-PCR, where RT is added before the normal PCR step, is

a well-known method used in molecular biology. Thus,

complementary DNA (cDNA), which is used as a DNA template

during PCR, is synthesized from messenger RNA (mRNA) by

the RT reaction. This method is known to be the most sensitive

technique for mRNA detection and quantification currently

available. When compared to the two other commonly used

techniques for quantifying mRNA levels, such as Northern blot

analysis and the RNase protection assay, RT-PCR has the

benefit of quantification of mRNA levels from much smaller

amounts of sample; this technique is sensitive enough to accu-

rately quantify the RNA from a single cell.

The AIDS epidemic is a worldwide concern. The HIV destroys

the immune system and causes many life-threatening infections.

Worldwide, however, only one in ten persons infected with HIV

has been tested and knows what their HIV status is. For indi-

viduals there are many obstacles to being tested for HIV. One of

them is the access to testing, so there is a great demand for the

development of POC diagnostic kits or platforms for the diag-

nosis of the HIV. Currently POCT kits are available for the rapid

HIV test;25 these kits can be used to test HIV-1 in 20 minutes,

using oral fluids, a finger-stick, whole blood, or plasma speci-

mens. These POCT kits usually adopt the lateral-flow method

referred to as an immunochromatographic strip (ICS). Although

these kits provide a rapid and early detection, there are some

limitations in terms of the sensitivity of these tests because the

sensing mechanism is based on an immunoassay that uses
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antigens or antibodies. This limitation especially affects early

diagnosis during the window period of HIV infection. On the

other hand, the RT-PCR method has a much higher sensitivity

for detection due to the PCR method that can amplify the desired

product. Thus, the development of a lab-on-a-chip that can

perform RT-PCR and detection would be desirable for a POC

system that could be used in the clinical setting for the early

detection of HIV infection.

Therefore, in this paper, we describe a disposable, polymer

based, RT-PCR detection chip with embedded micro pinch-

valves that has been designed and developed for point-of-care

testing (POCT) clinical diagnostics. In addition, for RT and PCR

amplification on the chip, an on-chip detection system using

a chemiluminescence assay has been developed. For control of

the RT-PCR LOC, a portable analyzer, which consists of

a temperature control system for the RT and PCR, and an

optical detection system for analysis of the chemiluminescence

assay, has been developed. As a demonstration vehicle for

application to clinical diagnostics, the detection of HIV, for the

early diagnosis of the acquired immunodeficiency syndrome

(AIDS), was performed using the polymer LOC for RT-PCR and

its portable analyzer.
2. Design and fabrication

As a substrate material for the lab-on-a-chip, several polymer

materials, polycarbonate (PC), polymethyl methacrylate

(PMMA), polystyrene (PS), and cyclic olefin copolymer (COC)

have been considered for the LOC. Among them, cyclic olefin

copolymer (COC) was adopted for the LOC in this work,

because it has excellent properties for supporting the LOC

including good biocompatibility, excellent optical transparency,

low background noise, extremely low moisture absorption, easy

control of nonspecific absorption of the biochips, and a high

glass transition temperature (Tg).26 A schematic design of the
Fig. 1 LOC design for the RT-PCR: (a) design of the polymer RT-PCR

lab-on-a-chip; (b) photograph of fabricated RT-PCR LOC including 5

different chambers; and (c) embedded micro pinch valves using silicone

tubes.
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RT-PCR lab-on-a-chip is shown in Fig. 1. This chip was fabri-

cated with two different designs. One design has three holes in the

RT incubation chamber, the PCR chamber and the detection

chamber for inserting the thermocouple. The other design has no

holes for the thermocouple. This chip includes five micro pinch

valves to control the fluid used to perform the desired RT, PCR

amplification and the detection process; it consists of top and

bottom layers that are 54 mm � 18 mm and a cylindrical silicone

tube (Dowing Corning Corporation, Midland, MI, USA). The

volume of each chamber for the RT mixture, the PCR mixture,

the RT incubation, the PCR, and the detection, with 0.2 mm

thickness and 1 mm width, were designed to be 2 ml, 3 ml, 2 ml, 5

ml, and 5 ml, respectively.

For the top layer, a mold for the injection molding was

fabricated using a computer numerical control (CNC) milling

machine. This layer was designed to have five grooves each 350

mm thick for placement of an embedded silicone tube for the

micro pinch valves. The bottom layer was fabricated using a Ni

mold disk with micropatterns from the conventional lithography

technique using the SU-8 2075 (Micro Chem Corporation,

USA). After the photolithography, electroplating was performed

to fabricate the micropatterns onto the Ni disk, used as a master

mold for the injection molding. Finally, a 200 mm thick electro-

plated Ni pattern, on the Ni disk, was obtained. The plastic

injection molding and thermal bonding technologies have been

previously reported by our group for the fabrication of the

microstructures on a COC substrate.27 After cleaning the injec-

tion molded COC wafers, five silicone tubes, for the micro pinch

valves, with a length of 6 mm, were placed between the top and

bottom layers. Next, the top and bottom layers were thermally

bonded together using a hot embossing machine (MTP-10,

Tetrahedron Associates Inc., CA, USA). For the polymer

thermal bonding process, the bonding temperature was heated

up to the glass transition temperature (Tg) of the polymer.

Because the COC has a glass transition temperature (Tg) of 135
�C, the thermal bonding process was performed around 135 �C

under a pressure of 275 kPa. After 30 minutes, the hot plates were

cooled down to 30 �C with the same pressure force. The working

temperature range of the embedded silicone tube was �54 �C to

249 �C. Therefore, the thermal bonding process and PCR

thermal cycles did not influence the embedded silicone tubes.

In order to functionally control all of the steps involved in the

RT-PCR lab-on-a-chip, new micro pinch valves, using flexible

silicone tubes, were embedded into the chip to maintain the high

inner pressure, induced during PCR thermocycles, and to control

the assay sequence.27,28 Fig. 2 shows schematic views of the pinch

valve mechanism including the RT-PCR LOC, the chip holder

and the mechanical plunger. This valve was operated by an

external mechanical plunger controlled manually to open and

close the valves. In the developed pinch valve, actuator pins

pinch the silicone tubes to close the channel. To perform the open

and close functions, this valve does not require a high voltage8 or

a thermoelectric unit for the hydro gel valve.29 Furthermore, the

valve does not affect the biological reaction of the RT and PCR.

Each embedded micro pinch valve had seven holes at the top

and bottom layers as shown in Fig. 1 (c). The large hole at the

center was for the external mechanical plunger and metal rod of

the lab-on-a-chip holder. The pinch valve can be opened and

closed through this hole. The two medium holes located at both
This journal is ª The Royal Society of Chemistry 2008



Fig. 2 Schematic illustrations of RT-PCR LOC and chip holder: (a) LOC chip, chip holder and mechanical plunger; (b) pinch valve to be assembled; (c)

open status of the valve; and (d) close status of the valve.
ends of the center hole were filled with medical grade UV

adhesive (Loctite Corp., USA) to seal both ends of the pinch

valve. Four small holes around the two medium holes were used

for venting of the UV adhesive. After dropping the UV adhesive

into the medium holes, it filled the channels between the medium

hole and the two small holes, and then passed through the gaps

and channels by capillary force. Finally, the UV adhesive filling

the channels and holes was cured for 30 seconds in the UV

adhesive curing chamber (ZETA 7401 UV Chamber, Loctite

Corp., USA). Through the sealing process, with the UV adhe-

sive, the valve was fully enclosed and sealed to prevent leakage of

the liquid sample, achieving almost zero dead volume through

the valve.
3. Experiments

Instrumentation

To perform the RT-PCR and on-chip detection, a temperature

control system with an infrared lamp10,11 as the heat source, and

an optical detection component with photodiodes and high-gain

signal amplifiers were developed for a portable analyzer of the

POCT. The dimensions of this analyzer were 25 cm in length, 10

cm wide and 20 cm high, with a weight of 2 kg. The temperature

control system consisted of a signal conditioning circuit

including three infrared halogen lamps, two DC cooling fans and

thermocouples, and the Labview program to control the circuit

using a data acquisition (DAQ) card (DAQ6025E, National

Instruments Inc., USA). The used lamp was 80 W with 21 V. The

signal conditioning circuit included a voltage regulator, an

optoisolator triac driver and a triac. A pulse width modulated

(PWM) signal, controlled by the Labview program, provided

input from the triac driver, which achieved effective voltage

control across the main triac. In order to control the lamp power

and intensity, a PWM signal was also provided from one of the

analog output channels of the DAQ card. If the measured

temperature was lower than the setup point temperature, a relay

was triggered to turn on the lamp’s power supply. On the other

hand, during the cooling cycle, another relay triggered the

cooling fan to turn on and the lamp to turn off. A voltage

regulator (LM341, National Semiconductor, USA) supported

the triac driver with a DC of 5 V. The entire circuit requires
This journal is ª The Royal Society of Chemistry 2008
a single 22 V of DC power supply with a current capacity of 180

mA. A total of five signals are generated from the DAQ card.

One analog signal was a pulse width modulated signal to control

the lamp intensity. Two digital signals controlled the on/off relay

switches for the lamp and cooling fan. Two others were digital

and analog for grounding. In order to perform real time moni-

toring of the temperature, the Labview program was developed

as a negative feedback system using the proportional-integral-

derivative (PID) control topology. The output from the negative

feedback loop was the real time temperature, which was

measured by a k-type thermocouple (Omega Engineering Inc.,

USA). Having RT-PCR LOC with three inserting holes for

thermocouples, three different thermocouples were inserted into

the RT incubation chamber, the PCR chamber and the detection

chamber, respectively. Each thermocouple directly contacted the

solution to measure the real temperature. During the RT, PCR

and detection process, all temperature profiles were recorded

through Labview program. After recording the real temperature

profiles, RT-PCR LOC without inserting holes for thermocou-

ples has been characterized using the recorded temperature

profiles.

The optical detection system consisted of a lens, a high sensi-

tivity photodiode and high gain amplifier circuits that converted

the current from the photodiode to the output voltage. The

S2386-8K (Hamamatsu Co., Japan), a photodiode that had only

0.05 nA dark current, was used to detect the light signal from the

chemiluminescence assay of the RT-PCR lab-on-a-chip. A high

gain amplifier circuit (C-9051, Hamamatsu Co., Japan) was also

used, which had a conversion gain of 1.0 � 108 V/A.

RT and PCR procedures

As a demonstration vehicle for on-chip RT-PCR LOC clinical

diagnosis, HIV was attempted. The reliable markers, p24 and

gp120, a major core protein and an external envelope protein

encoded by the HIV gag gene and envelope gene, respectively,

were used for HIV detection. HEK 293 cells, a source of RNA,

were generated by the transformation of human embryonic

kidney cell cultures. The total RNA was isolated by the Trizol

method and kept at �70 �C. For the reverse transcription reac-

tion, 2 ml of reverse transcription mixture was used, which

contains 0.4 ml of 5� RT buffer, 0.1 ml of 0.5 mg/ml oligo (dT) 25,
Lab Chip, 2008, 8, 2121–2127 | 2123



0.1 ml of 100 ng/ml total RNA, 0.1 ml of 10 mM dNTPs, 0.2 ml of

0.1 M DTT, 0.1 ml of Rnase out, 0.1 ml of SuperScript RTase, and

0.1 ml of 10 pM/ml forward and reverse primers, respectively. The

forward and reverse primers for p24 were, respectively, biotin-

GCCAG ATGAG AGAAC CAAGG -30 and 50- GGGTT

CCTTT GGTCC TTGTC -30. The forward and reverse primers

for gp120 were, respectively, biotin-CACCT CAGTC ATTAC

ACAAG CC -30 and 50- CTGGC CTAAT TCCAT GTGTG C

-30. Each forward primer for p24 and gp120 was conjugated with

biotin for the chemiluminescence assay.

3 ml of the PCR mixture contained 0.5 ml of 10� PCR buffer,

0.1 ml of 10 mM dNTPs, 1.5 ml of double-deionized water, 0.45 ml

of 250 mg/ml bovine serum albumin (BSA), 0.05 ml of 0.5 U/ml

Taq DNA polymerase, and 0.2 ml of 10 pM/ml forward and

reverse primers, respectively.

To verify the performance of the RT-PCR LOC and temper-

ature control system, the conventional PCR system (Eppendorf

PCR Matercycler, Fisher Scientific, USA) was used for reference.

For the RT-PCR process, 2 ml of RT mixture and 3 ml of PCR

mixture were loaded into each chamber of the RT-PCR LOC.

After the RT mixture was transferred into the RT incubation

chamber, it was incubated at 40 �C for 2 minutes using an

infrared heating method. Then, 2 ml of RT mixture and 3 ml of

PCR mixture were injected into the PCR chamber concurrently

with different flow rates controlled by the syringe pumps (Pump

33, Harvard Apparatus, Holliston, MA, USA), followed by

thermal cycles with the PCR mixture. It was initially heated to 95
�C for 60 s and cycled for 30 cycles at 94 �C for 10 s, 56 �C for 10 s

and 72 �C for 10 s, and maintained at 72 �C for 60 s for the final

extension.

After the on-chip RT-PCR, the RT-PCR products were

injected into the wells of a 1.5% agarose (BP160-500, Fisher

Bioreagents, USA) gel matrix after mixing with loading buffer

(Molecular Biology Reagent, SIGMA, Missouri, USA), for

electrophoretic size separation. The samples were loaded, then

the agarose gel matrix was placed into a bath filled with 1� Tris-

borate-EDTA (TBE) buffer with 180 V applied at the ends of the

bath for 30 minutes.
Detection

In view of the bioreaction mechanism, for the on-chip chem-

iluminescence assay, single stranded probe DNA should be

immobilized first at the detection chamber, as shown in Fig. 3,

before loading the sample onto the chip. To functionalize the
Fig. 3 Schematic of the detection chamber process: (a) loading the amplified

denaturation to make single stranded DNA; (c) single stranded DNA will be

principle of chemiluminescence assay.
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surface of the detection chamber, with single stranded probe

DNA, without modifying other surfaces, each immobilized

sample was injected and suctioned out through the outlet port.

Initially, 1� PBS buffer solution was injected into the detec-

tion chamber and suctioned out for cleaning. After drying with

air, 0.5 mg/ml of streptavidin was introduced and incubated for 5

minutes. Next, 1� PBS buffer solution was again injected into

the chamber for washing. To block non-specific adsorption over

the surface, 1 mg/ml of BSA solution was injected and incubated

for 5 minutes. After one more washing step with 1� PBS buffer,

biotin conjugated with single stranded probe DNA (biotin-CTG

TCC AAA GGT ATC CTT TGA GCC AAT TCC for p24;

biotin-CCA ACC GCG AGA AGA TGA CCC AGA TCA TGT

for gp120) was injected and incubated for 10 minutes. To

complete the immobilization step, the detection chamber was

dried with pressurized air.

After the RT and PCR amplification, 5 ml of the amplified

DNA sample from the PCR chamber was transferred to the

detection chamber in order to perform the on-chip detection.

After closing the valves at the both ends of the detection

chamber, it was heated to 95 �C to denature the amplified DNA

for 1 minute and then cooled to 60 �C to anneal with the single

stranded probe DNA that was immobilized in advance for 1

minute. After washing with 1� PBS buffer, 1 mg/mL of horse-

radish peroxidase (HRP) labeled with streptavidin was injected

from the outlet and incubated for 5 minutes. After rinsing with

1� PBS buffer, the SuperSignal� femto chemiluminescent

substrate solution was added to fill the detection chamber

(SuperSignal� femto maximum sensitivity substrate, Rockford,

IL, USA). For the substrate solution, an equal quantity of the

SuperSignal� ELISA Femto Luminol/Enhancer solution and

SuperSignal� ELISA Femto Stable Peroxide solution were

mixed. Next, the emitted chemiluminescent light was measured

using the Typhoon� 8600 (GE Healthcare, USA) scanner, and

the newly developed portable analyzer for comparison of the

assay results.

4. Results and discussion

Micro pinch valves

The performance of the micro pinch valves using embedded

silicone tubes was assessed by measuring the maximum tolerance

for the pressure across the valve. One end of the valve was

connected to a syringe pump and a pressure sensor using a T-

shaped connector. The plunger was pushed down over the
DNA sample conjugated with biotin; (b) heating to the temperature for

conjugated with probe DNA at the annealing temperature; and (d) the

This journal is ª The Royal Society of Chemistry 2008



embedded silicone tube close the pinch valve. A syringe pump

(Pump 33, Harvard Apparatus, Holliston, MA, USA) was con-

nected to the inlet of the pinch valve and then pressurized;

a differential pressure sensor (ASDX030D4, Honeywell, MN,

USA) was used to measure the differential pressure across the

valve. This pressure sensor can measure the pressure up to 207

kPa. The output voltage from the pressure sensor was collected

by the Labview program using a data acquisition device (NI

USB-6008, National Instrument Corporation, USA) in real-

time. The flow rate of the syringe pump was 6 ml/min.

Based on the experimental results, this pinch valve showed

excellent performances with no detectable leakage up to 137 kPa

for air (data not shown). When the fluid filled closed chamber

was heated, the inner pressure of the chamber increased. In order

to confirm whether the measured pressure from the pinch valve

was adequate for the PCR thermocycles, the increments in the

inner pressure caused by the thermal effects was calculated.

From the simulation results, 84.6 kPa of pressure developed

during the heating from 25 �C to 95 �C, in the case of water,

under a fixed volume. Thus, the pinch valve embedded into the

RT-PCR LOC had enough of a margin to endure the generated

pressure during the PCR thermocycles.
RT-PCR amplification for HIV diagnostics

The measured temperature profile from the RT-PCR LOC was

plotted during the PCR thermocycles and is shown in Fig. 4. The

heating from 56 �C to 72 �C took 5 s at a 3.2 �C/s heating rate.

For the heating step from 72 �C to 94 �C, generally 8 s are

needed, at a rate of 2.75 �C/s. Thus, the average heating rate for
Fig. 4 Measured temperature profile of the RT-PCR LOC during PCR

thermocycles: 94 �C for 10 s, 56 �C for 10 s and 72 �C for 10 s.
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the two steps was 2.975 �C/s and the cooling rate from 94 �C to 56
�C was 1.81 �C/s. The cooling rate was slower than the heating

rate due to the poor cooling capability using fans.

Homogeneity of the temperature at each temperature stage is

desirable for a successful PCR reaction. As shown in Fig. 4(b),

the measured temperature profile with the thermocouple had

a very reasonable range, which was less than � 1 �C for its

temperature control. This result implies that the PID controller

and negative feedback control system for the Labview program

controlled the circuit and the intensity of the infrared lamp well.

The distance between the infrared lamp and the chip is an

important parameter to obtain a satisfactory temperature profile

and to accomplish the PCR. Because the infrared lamp was

housed in a concave reflector, the light from the lamp was

focused on a certain point. Therefore, the PCR chamber of the

lab-on-a-chip was located on the focal length of the lamp in order

to achieve the maximum heating rate. If the light is not focused

on the PCR chamber, it takes a longer time to reach the dena-

turation temperature and the uniformity of the lamp intensity is

not guaranteed. With the poor temperature profile, the PCR

reaction can not be achieved.

Before performing the on-chip detection, gel electrophoresis

was performed first to demonstrate the products from the RT

and PCR amplification process. As shown in Fig. 5, 200 bp and

210 bp of DNA for p24 and gp120, respectively, were successfully

amplified with the polymer LOC by RT and PCR. Lanes 1 and 6

show a 50 bp DNA ladder (BIONEXUS, Inc., CA, USA) as

a reference. Lane 2 is the RT-PCR product from a conventional

thermal cycler and lane 4 is the RT-PCR product processed by

the LOC. Lanes 3 and 5 are negative controls without DNA

templates from the conventional thermal cycler or the LOC,

respectively.

The results of the experiments demonstrated that RT and PCR

were successfully performed. The amplification capacity using

the disposable LOC for RT-PCR was confirmed. Specifically, the

markers p24 and gp120, which are the biomarkers for HIV, were

used for the diagnosis of HIV. The advantage of the RT-PCR on

the polymer LOC included a short processing time, which was
Fig. 5 Agarose gel electrophoresis of the PCR product for (a) p24 and

(b) gp120: Lane 1 and 6 show 50 bp DNA ladder for reference; Lane 2

shows p24 and gp120 PCR product with conventional PCR thermo-

cycler; Lane 3 is a negative control without DNA template; Lane 4 shows

the PCR product for p24 and gp120 on the RT-PCR LOC; and Lane 5 is

a negative control without DNA template on the RT-PCR LOC.

Lab Chip, 2008, 8, 2121–2127 | 2125



less than 35 minutes including a RT time of two minutes. In

addition, because of the successive RT and PCR on the chip,

there was no contamination and minimized sample loss, allowing

the seamless amplification and detection of DNA.
Fig. 6 Comparison of normalized chemiluminescent intensities from the

newly developed portable analyzer (left side) and conventional scanner

(right side) at different denaturation temperatures for (a) p24; and (b)

gp120.
On-chip detection using chemiluminescence assay

In order to perform on-chip detection with the chem-

iluminescence assay, the amplified DNA sample was introduced

into the detection chamber after the RT and PCR. The amplified

DNA was bound to a single stranded probe DNA attached onto

the surface of the detection chamber by denaturation and

annealing of the DNA. In advance of this process, immobiliza-

tion of the streptavidin–biotin–single stranded probe DNA was

tested on the COC surface without an adhesion layer using

streptavidin–FITC (fluorescein isothiocyanate). Various

concentrations of streptavidin–FITC in the range of 0.01, 0.05,

0.1, 0.2, and 0.5 mg/ml were injected and incubated for 5 minutes

in the chamber. After rinsing with 1� PBS buffer and then drying

with pressurized air, the fluorescent intensities were measured

with a Typhoon� 8600 scanner and then analyzed by Image-

Quant� software (GE Healthcare, USA). The measured inten-

sities from the FITC dye were directly proportional to the

concentration of the streptavidin–FITC (data not shown).

Therefore, this result insured that streptavidin-FITC was

adsorbed on the hydrophobic surface of the COC chamber

without an additional adhesion layer.

In addition, we tested the temperature effects on the binding

between streptavidin and biotin–single stranded probe DNA

using streptavidin–biotin–FITC. If a high temperature, such as

95 �C, disrupts the binding between them, fluorescent dye

conjugated with biotin should flow out of the detection chamber,

after washing with 1� PBS buffer. For this experiment, five chips

were prepared and 0.5 mg/ml of streptavidin–biotin–FITC solu-

tion was injected and incubated for 5 minutes in the detection

chamber. One chip was placed at room temperature, but the four

other chips were incubated for 5 minutes at different temperature

65, 75, 85, and 95 �C. After cooling the chips to room tempera-

ture, the solution was ejected by pressurized air. After rinsing

with 1� PBS buffer, the measured fluorescent intensities from the

samples incubated at different temperatures gave off a reason-

able quantity of fluorescent light. No significant differences were

detected in the fluorescence intensities among samples at 65, 75,

85, and 95 �C. Based on the results, the streptavidin–biotin–ss

DNA was confirmed to be immobilized in the detection chamber

within the temperature range used during denaturation and

annealing.

Based on the experimental confirmation, the on-chip detection

using a chemiluminescence assay was performed in sequence

after the RT and PCR amplification process. Before loading the

RT and PCR mixture onto the chip, single stranded probe DNA

was immobilized on the surface of the detection chamber. In

order to demonstrate the binding between the amplified DNA

from the RT-PCR and the streptavidin–biotin–probe DNA

which were already attached on the detection chamber through

the denaturation and annealing, as shown in Fig. 3(b) and (c), the

detection chamber was heated to 65, 75, 85, and 95 �C, to

denature the DNA for 1 minute and then cooled to the annealing

temperature for 1 minute. After the chemiluminescence assay, as
2126 | Lab Chip, 2008, 8, 2121–2127
described above in the detection protocol, the emitted chemilu-

minescent light was measured by a Typhoon� 8600 scanner and

also the newly developed portable analyzer for the comparison of

the assay results. Fig. 6 shows the signal to noise ratio (SNR) for

p24 and gp120 markers, according to the different denaturation

temperatures. In order to normalize the intensity of the chem-

iluminescence assay, the net signal was calculated by subtracting

the background signal from the intensity of each temperature.

Then, each net signal was divided by the value of the subtracted

background signal from the control in order to obtain the SNR.

Comparing the measured data from the conventional scanner

and the newly developed portable analyzer, they both showed the

same tendencies for the SNR. When the temperature was 95 �C,

the values of the SNR for the p24 and gp120 markers were

always higher than at other temperatures since there was more

amplified DNA denatured at 95 �C. The optical detection part of

the portable analyzer showed a comparable SNR to the

conventional scanner, which provides assurance of the accuracy

of the on-chip detection using the chemiluminescence assay.

Thus, the newly developed optical detection system can be used

as a part of a portable analyzer for POCT in the clinical diagnosis

setting, using the polymer LOC for RT-PCR. This system has

a great potential to be used for the POCT diagnosis.
This journal is ª The Royal Society of Chemistry 2008



5. Conclusions

A fully disposable RT-PCR lab-on-a-chip with embedded micro

pinch valves has been designed and fabricated on polymer

substrates, and fully characterized for the RT-PCR process of the

early and rapid detection of HIV. The developed pinch valves

have demonstrated their practical feasibility for numerous labs-

on-a-chip or mTAS that require on/off fluidic flow in a passive

mode. Furthermore, it can be easily integrated with other

microfluidic components or systems to construct a complete

functional diagnostic system, including the RT-PCR assay or

complicated immunoassays. A portable analyzer for the polymer

RT-PCR LOC has also been developed and characterized for the

on-chip detection using a chemiluminescence assay for POCT

clinical diagnostics in less than 1 hour. As one of the demon-

stration vehicles of the POCT, the rapid detection of HIV has

been successfully performed for the early diagnosis of AIDS

using the developed LOC and analyzer. The polymer LOC for

RT-PCR and the portable analyzer developed in this work has

envisaged the rapid diagnosis of infectious diseases in a POCT

platform.
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