
www.einj.orgCopyright © 2016 Korean Continence Society

This is an Open Access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial License (http://creative-

commons.org/licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distri-
bution, and reproduction in any medium, provided the original work is properly cited.

Corresponding author:  Nae Yoon Lee    http://orcid.org/0000-0001-5029-4009
Department of BioNano Technology, Gachon University, #308 Mirae 1 building,  
1342 Seongnam-daero, Sujeong-gu, Seongnam 13120, Korea
E-mail: nylee@gachon.ac.kr / Tel: +82-31-750-8556 / Fax: +82-31-750-8774
*�Current address: TNW-MCS, Carré Building CR 1514, University of Twente, 
P.O. Box 217, 7500AE Enschede, The Netherlands

Submitted: April 15, 2016 / Accepted after revision: April 29, 2016

INTRODUCTION

Infectious diseases continue to place a significant global health 
and economic burden on society. These concerns provoke the 

need for developing effective and reliable methods to quickly 
diagnose different diseases. For example, diagnosis of schisto-
somiasis is normally based on the detection of the presence of 
parasite eggs via microscopic examinations of stool or urine 
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Purpose: We aim to fabricate a thermoplastic poly(methylmethacrylate) (PMMA) Lab-on-a-Chip device to perform continu-
ous-flow polymerase chain reactions (PCRs) for rapid molecular detection of foodborne pathogen bacteria.
Methods: A miniaturized plastic device was fabricated by utilizing PMMA substrates mediated by poly(dimethylsiloxane) in-
terfacial coating, enabling bonding under mild conditions, and thus avoiding the deformation or collapse of microchannels. 
Surface characterizations were carried out and bond strength was measured. The feasibility of the Lab-on-a-Chip device for 
performing on-chip PCR utilizing a lab-made, portable dual heater was evaluated. The results were compared with those ob-
tained using a commercially available thermal cycler.
Results: A PMMA Lab-on-a-Chip device was designed and fabricated for conducting PCR using foodborne pathogens as 
sample targets. A robust bond was established between the PMMA substrates, which is essential for performing miniaturized 
PCR on plastic. The feasibility of on-chip PCR was evaluated using Escherichia coli O157:H7 and Cronobacter condimenti, two 
worldwide foodborne pathogens, and the target amplicons were successfully amplified within 25 minutes.
Conclusions: In this study, we present a novel design of a low-cost and high-throughput thermoplastic PMMA Lab-on-a-
Chip device for conducting microscale PCR, and we enable rapid molecular diagnoses of two important foodborne pathogens 
in minute resolution using this device. In this regard, the introduced highly portable system design has the potential to enable 
PCR investigations of many diseases quickly and accurately.

Keywords: Plastics; Poly(methylmethacrylate); Lab-on-a-Chip Devices; Polymerase Chain Reaction; Diagnosis

• �Grant Support: This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Science, ICT & Future Planning (2014R1A1A3051319) and the Public Welfare & Safety Research program through 
the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (NRF-2012M3A2A1051681). 

• Conflict of Interest: No potential conflict of interest relevant to this article was reported.

Fabrication of Polymerase Chain Reaction Plastic Lab-on-a-Chip 
Device for Rapid Molecular Diagnoses

Kieu The Loan Trinh1, Hainan Zhang1,*, Dong-Jin Kang2, Sung-Hyun Kahng2, Ben D. Tall3, Nae Yoon Lee1,4

1Department of BioNano Technology, Gachon University, Seongnam, Korea
2Korea Institute of Ocean Science & Technology, Ansan, Korea
3Center for Food Safety and Applied Nutrition, U. S. Food and Drug Administration, Laurel, MD, USA
4Gil Medical Center, Gachon Medical Research Institute, Incheon, Korea

Int Neurourol J 2016;20 Suppl 1:S38-48

http://crossmark.crossref.org/dialog/?doi=10.5213/inj.2015.19.3.1&domain=pdf&date_stamp=2015-9-0


www.einj.org    S39

� Trinh, et al.  •  Fabrication of Plastic PCR Lab-on-a-Chip Device for Rapid Molecular Diagnoses INJ

Int Neurourol J 2016;20 Suppl 1:S38-48

samples. Serologic tests can often help improve the outcome of 
this technique. However, such assays exhibit certain drawbacks, 
including low sensitivities and difficulties in sample collection 
for analysis, which potentially hampers the efficiency of such 
assays [1]. Another example is the diagnosis of prostate cancer, 
which presents notable challenges even though prostate cancer 
is frequently diagnosed by direct rectal examination. Early pros-
tate cancers usually do not cause symptoms, but more progres-
sive cancers are sometimes first found because of the symptoms 
they cause. There is a screening test that looks for the level of 
the prostate-specific antigen in serum. But this test has only an 
85% predictive value and men who many have high levels may 
not progress to having cancer [2].
  Owing to polymerase chain reaction (PCR) [3-6], simple yet 
sensitive diagnostic tools have been developed to target specific 
genes responsible for different infectious diseases. Furthermore, 
recent advances in Micro Total Analysis Systems possess a 
number of advantages including the use of small reagent vol-
umes, rapid analysis, small footprint of the device, low power 
consumption, parallel analyses, and functional integration of 
multiple devices [7-10]. As one major application, foodborne 
pathogens have been widely detected using Lab-on-a-Chip de-
vices. Escherichia coli O157:H7 is a foodborne pathogen of ma-
jor significance that is attributed to the production of Shiga tox-
ins [11,12] which leads to illness, typically through the con-
sumption of contaminated and raw food including raw leaf 
green vegetables, undercooked meat and raw milk. Infections 
may lead to hemorrhagic diarrhea, and to kidney failure. 
Cronobacter is a group of opportunistic pathogens that causes 
infections in all age groups but is more common in adults than 
in infants [13]. But higher mortality is seen in infants. The de-
mand for performing simple, inexpensive, and rapid detection 
of pathogens such as these has led to the widespread application 
of PCR because of its high specificity, sensitivity, and efficiency, 
particularly its ability to successfully detect low amounts of tar-
get DNA.
  In this study, we fabricated a poly(methylmethacrylate) 
(PMMA) Lab-on-a-Chip device to perform continuous-flow 
PCR for rapid detection of foodborne pathogens. PMMA was 
used as an alternative material to replace glasses for a wide 
range of applications, such as biomedical applications, optical 
applications, and sensors [14], and it has been used for fabricat-
ing microfluidic chips, especially for PCR analysis [15-18]. De-
spite its many advantages, PMMA has some limitations in 
bonding. Among many bonding methods used for PMMA [19-

23], thermal bonding techniques have been widely employed 
mainly due to simplicity in the process. However, the method 
requires heating the substrate above the glass transition tem-
perature (Tg, 105˚C) [24,25] under a high-pressure condition 
[20]. Thus, the microchannels can be slightly deformed. To 
overcome this problem, we adopted an intermediate layer con-
taining of a poly(dimethylsiloxane) (PDMS) structure, as dem-
onstrated in our previous study [26]. In short, the PMMA sub-
strates were first treated with aminosilane, a silane coupling re-
agent containing amine functionality, and subsequently reacted 
with low-molecular-weight PDMS (epoxy-PDMS) to graft 
PDMS functionality onto the surface of the APTES-coated 
PMMA substrates. During this process, the inner surface of the 
microchannel becomes similar to PDMS, which possesses the 
advantages of suppressing bubbles generated during the PCR 
process. To examine the feasibility of the Lab-on-a-Chip device 
in a “proof of concept manner,” a two-temperature PCR assay 
[18,27] was performed using a lab-made dual temperature 
heater using E. coli O157:H7 and Cronobacter condimenti.

MATERIALS AND METHODS

Materials
PMMA sheets (2 mm thick) were purchased from Goodfellow 
(Huntingdon, England). PDMS prepolymer (Sylgard 184) and 
a curing agent were purchased from Dow Corning (Midland, 
MI, USA). 3-Aminopropyltriethoxysilane (APTES, 99%), 
monoglycidyl ether terminated PDMS (average Mn 5,000 g/
mol), and bovine serum albumin (BSA; V fraction) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Taq poly-
merase, PCR buffer solutions, deoxynucleotides (dNTPs), and 
genomic DNA purification kit were purchased from Promega 
(Madison, WI, USA). Luria-Bertani (LB) broth was purchased 
from MB cell (Los Angeles, CA, USA), and trypticase soy broth 
was purchased from Becton Dickinson (Franklin Lakes, NJ, 
USA). A 100-bp DNA size marker was purchased from Takara 
(Shiga, Japan). Agarose powder was purchased from BioShop 
(Burlington, ON, Canada). Ethidium bromide dye (Loading 
STAR) used for staining DNA was purchased from Dynebio 
(Seongnam, Korea). Robotic QIAcube workstation was pur-
chased from Qiagen (Germantown, MD, USA).

Lab-on-a-Chip Device Fabrication and Bonding
A serpentine microchannel was engraved on a PMMA sub-
strate (35 mm×45 mm) using a computer numerical control 
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milling machine. The width, depth, and total length of the mi-
crochannel were designed to be 300 μm, 100 μm, and 180 cm, 
respectively, comprising 30 thermal cycles. Silicone tubes (inner 
diameter, 1 mm; outer diameter, 2 mm) were inserted into the 
inlet and outlet ports. In the experiment, a two-temperature 
PCR assay was performed using a lab-made portable heater.

Bonding Strategy
Fig. 1 schematically shows the procedures for hydrophobizing 
PMMA surfaces and bonding two PMMA substrates via PDMS 
interfacial coating. The PMMA substrates were cleaned by son-
ication in water for 5 minutes. They were then treated with oxy-
gen plasma for 2 minutes and dipped in a 5% (v/v) aqueous so-
lution of APTES at 80°C for 20 minutes, as shown in Fig. 1A. 
After the surface was cleaned with a copious amount of distilled 
water and dried completely by compressed air, the APTES-
coated PMMA substrates were reacted with the epoxy-PDMS 
at 80°C for 4 hours to form a robust amine-epoxy bond (Fig. 
1B). The unreacted PDMS was removed by sonication in iso-
propyl alcohol for 1 minute. Subsequently, as shown in Fig. 1C 
and D, two PDMS-coated PMMA substrates were oxidized and 
brought into conformal contact with each other at 80°C for 20 
minutes under a pressure of 0.1 MPa.

Surface Characterizations
Contact angle measurement
The water contact angles were measured on the surfaces of pris-

tine PDMS and PMMA substrates, plasma-treated, APTES-
coated, and epoxy-PDMS-coated PMMA substrates by the ses-
sile drop technique using a Phoenix 300 contact angle measur-
ing system (Surface Electro Optics, Suwon, Korea). The mea-
surements were performed in triplicate.

Fourier transform infrared spectroscopy analysis
The modified PMMA surfaces were analyzed by fourier trans-
form infrared spectroscopy (FTIR; JASCO 4700 FTIR spectro-
photometer) which offers quantitative and qualitative analyses 
to characterize the chemical nature of modified surfaces. The 
FTIR indicated He-Ne as the reference at a resolution of 4/cm 
and the mode of diffuse reflectance with scanning from 4,500 
to 400/cm.

Bond strength analyses
To evaluate the bond strength of the PMMA substrates (20 
mm×20 mm), a peel test was conducted using a texture ana-
lyzer (QTS 25, Brookfield, Middleboro, MA, USA). The bonded 
assembly was pulled at a speed of 100 mm/min. All measure-
ments were performed in triplicate. A leakage test was conduct-
ed by injecting an ink solution into the PMMA microchannel 
using a syringe pump (KDS 200, KD Scientific, New Hope, PA, 
USA). The flow rates were systematically controlled at 0.2, 2.0, 
20, and 40 mL/min.

Fig. 1. Schematic showing the bonding mechanism of two PMMA substrates through a PDMS interfacial coating. (A) Coating of AP-
TES on PMMA. (B) Subsequent coating of epoxy-PDMS on APTES-coated PMMA. APTES and epoxy-PDMS were crosslinked via 
amine-epoxy bond formation. (C) Surface oxidation and subsequent contact of two epoxy-PDMS-coated PMMA substrates. (D) 
Bonding of two epoxy-PDMS-coated PMMA substrates by embossing at 80°C for 20 minutes under 0.1 MPa via siloxane bond (Si–
O–Si) formation. PMMA, poly(methylmethacrylate); PDMS, poly(dimethylsiloxane); APTES, 3-aminopropyltriethoxysilane.
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Continuous-Flow PCR
For application in PCR processes, purified C. condimenti and E. 
coli O157:H7 DNA solutions were used as DNA templates. 
Briefly, Cronobacter strains were grown overnight at 37°C in 5 
mL of trypticase soy broth supplemented with 1% NaCl, shak-
ing at 160 rpm. Genomic DNA was isolated from 2 mL of the 
culture using a robotic QIAcube workstation with its automated 
Qiagen DNeasy chemistry following the manufacturer’s recom-
mendations. Typically, 5–15 ng/μL of purified genomic DNA 
was recovered in a final elution volume of 200 μL. E. coli O157:H7 
were grown overnight at 37°C in 5 mL of LB broth with low salt, 
shaking at 200 rpm, and the genomic DNA of E. coli O157:H7 
was extracted from 2 mL of the culture using genomic DNA 
purification kit. Input DNA with concentrations of 3 ng/μL (C. 
condimenti) and 1 ng/μL (E. coli O157:H7) were added to PCR 
reaction mixture. The primer sequences for amplifying a 210 
bp DNA fragment of Shiga-toxin gene in E. coli O157:H7 were 
as follows: 5ʹ-TGT AAC TGG AAA GGT GGA GTA TAC A–3ʹ 
(forward) and 5ʹ-GCT ATT CTG AGT CAA CGA AAA ATA 
AC–3ʹ (reverse). The primer sequences for amplifying a 689-bp  
gene fragment of rpoB gene in the C. condimenti were as fol-
lows: 5ʹ-AAC GCC AAG CCA ATC TCG–3ʹ (forward) and 
5ʹ-GTA CCG CCA CGT TTT GCT–3ʹ (reverse) [28]. The PCR 
mixture contained 5-μL buffer, 0.16mM dNTPs mixture, 0.5 μM 
forward and reverse primers, and 0.5 U/μL of Taq polymerase. 
Amplifications were performed for 30 thermal cycles. The in-
ner surface of the microchannel was treated with a BSA solu-
tion (1.5 mg/mL) to reduce the nonspecific adsorption of the 
PCR reagent on the walls of the microchannel. Then, the PCR 
reagent was introduced into the microchannel at a flow rate of 
2 µL/min. PCR amplicons were subjected to agarose gels in a 
RunOne (Embi Tec, San Diego, CA, USA) horizontal electro-
phoresis unit and were photographed with trans-illuminated 
UV light using a Bio-Rad Molecular Imager Gel-Chem-Doc 
XR imaging system (Bio-Rad Laboratories, Hercules, CA, 
USA).

RESULTS

Surface Characterization
Contact angle measurement
Fig. 2 shows the results of the water contact angle measure-
ments performed on the surfaces of PDMS (pristine) and 
PMMA (pristine, oxygen plasma-treated, APTES-coated, and 
epoxy-PDMS-coated) substrates. PMMA was used as the mod-

el substrate and pristine PDMS as a reference. The average wa-
ter contact angles measured on the surfaces of the pristine 
PDMS and PMMA were 99.8˚±3.4  ̊(Fig. 2A) and 73.2˚±2.1  ̊
(Fig. 2B), respectively. The water contact angles for PMMA de-
creased to 43.6˚±2.4  ̊after plasma treatment for 1 minute and 
increased to 68.7˚±3.2  ̊after treatment with 5% APTES. Based 
on these results, we could confirm that the amine functional-
ities were successfully anchored onto the PMMA surface [26]. 
After the PMMA substrate was treated with a monolayer of 
PDMS, the water contact angles of PMMA increased to 
94.9˚±2.0 ,̊ which was almost equivalent to that of the pristine 
PDMS, 99.8˚±3.4 ,̊ as shown in Fig. 2A. These results indicate 
that a PDMS monolayer was successfully generated on the 
PMMA surface.

FTIR analysis
Fig. 3 shows the results of FTIR analyses performed on both 
pristine and modified PMMA, as well as on pristine PDMS. 
The assignments of the bands are shown in Tables 1 and 2. Fig. 
3 depicts the FTIR spectroscopic analysis of pristine PMMA 
(Fig. 3A), APTES-coated PMMA (Fig. 3B), epoxy-PDMS-coat-
ed PMMA (Fig. 3C), and pristine PDMS (Fig. 3D). Epoxy-PD-
MS-coated PMMA is defined throughout the text as the sub-
strate coated with an epoxy-PDMS layer on an APTES-coated 
PMMA. Fig. 3E compares the peaks for pristine PMMA, AP-
TES-coated PMMA, and epoxy-PDMS-coated PMMA. Fig. 3F 
compares the peaks for pristine PDMS and epoxy-PDMS-coat-
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Fig. 2. (A) Water contact angle measured on the surface of the 
pristine PDMS. (B) Water contact angles measured on the sur-
faces of the pristine, plasma-treated, APTES-coated, and epoxy-
PDMS-coated PMMA substrates. PMMA, poly (methylmeth-
acrylate); PDMS, poly (dimethylsiloxane); APTES, 3-amino-
propyltriethoxysilane.
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Fig. 3. Fourier transform infrared spectroscopy spectra: (A) pristine PMMA, (B) APTES-coated PMMA, (C) epoxy-PDMS-coated 
PMMA, (D) pristine PDMS, (E) comparison among pristine PMMA, APTES-coated PMMA, and epoxy-PDMS-coated PMMA, (F) 
comparison between pristine PDMS and epoxy-PDMS-coated PMMA. PMMA, poly(methylmethacrylate); APTES, 3-aminopropyl-
triethoxysilane; PDMS, poly(dimethylsiloxane). 
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ed PMMA.
  Pristine PMMA (Fig. 3A) exhibited spectral regions around 
1,080–1,202, 1,232–1,274, and 1,725/cm, which corresponded 
to the presence of C–O–C, C–O, and C=O stretching vibra-
tions of the ester group, respectively [29-31]. Absorption bands 
corresponding to the –CH2 twisting modes of PMMA appeared 
around 760–960/cm. In addition, the spectral peak at 2,948/cm 
confirmed the formation of the primary C−H stretching vibra-
tion [32,33]. The FTIR spectrum of the APTES-coated PMMA 
(Fig. 3B) displayed a new peak at 1,642/cm, indicating the –
NH2 scissors bending vibration attributed to the 3-APTES coat-
ing [32,33]. The position of the typical bands at 647–1,074/cm 
indicated the presence of Si–O–Si stretching modes on the AP-
TES-coated PMMA [29-31]. In total, these results confirm that 
self-assembled layers containing silane radicals and amino radi-
cals were successfully formed on the PMMA surface.
  Infrared (IR) spectra after the coating with epoxy-PDMS 
(Fig. 3C) were obtained in accordance with the bonding mech-
anism anticipated to take place between PDMS and APTES-
coated PMMA. Strong absorption broadband regions at 690–
826 and 1,049–1,005/cm were associated with the presence of 
−Si−C− and the Si−O−Si stretching vibration, respectively, thus 
confirming the crosslinking between the amine and epoxy 
functionalities [34]. Moreover, the peaks corresponding to the 
wavelengths of 1,259, 1,406, and 2,960/cm were assigned to the 
symmetric –CH3 deformation in –Si–CH3, the asymmetric Si–
CH3 bending, and the asymmetric –CH3 stretching, respective-
ly [34,35]. The amide –NH2 scissors bending vibration at 1,642/
cm was not identified on any of the surfaces analyzed. The same 
absorption bands were exhibited for epoxy-PDMS-coated 
PMMA (Fig. 3C) and pristine PDMS (Fig. 3D), confirming that 

surface modification was successfully realized on PMMA.

Bonding performance
Fig. 4 shows the results of bond strength analyses. Fig. 4A 
shows the experimental setup for performing the peel test. The 
inset in Fig. 4A shows bonded PMMAs. Fig. 4B shows the pho-
to taken at the moment of substrate detachment. The average 
bond strength was calculated to be approximately 214.4 kPa. 
The red rectangle in Fig. 4C shows the area previously bonded 
before the detachment. The area was approximately 308 mm2. 
Fig. 4D shows the black ink solution injected into the micro-
channel, and Fig. 4E shows the overall setup for performing the 
leakage test. The flow rates of the ink injection was varied at 0.2, 
2.0, 20, and 40 mL/min, corresponding to per minute injection 
volumes of 10, 100, 1,000, and 2,000 times the total internal vol-
ume of the microchannel used in the leakage test. No leak was 
observed even at the highest flow rate examined, demonstrat-
ing the adaptive potential that this device possesses for applica-
tions where high speed sample injections are desirable.

Lab-Made Heater
A lab-made dual temperature heater was used for heating the 
Lab-on-a-Chip device, as shown in Fig. 5A. Two isolated alu-
minum blocks were heated by two 30-W positive-temperature-
coefficient (PTC) heaters (DBK HP05-1/09-240) (Fig. 5B). The 
heat blocks were maintained at temperatures of 95˚C and 60˚C, 
and controlled by turning on and off the individual PTC heat-
ers using a proportional-integral-derivative control device. The 
temperatures were measured by one-wire digital thermometers 
(DS18S20) located in each heat block. To evaluate the precision 
of the temperature, a PMMA substrate (4 cm in width, 8 cm in 

Table 1. Assignments of the bands after FTIR analyses for pristine PMMA and APTES-coated PMMA				  

Mode of vibration
Wavenumbers (/cm)

3,050–2,974 1,725 1,642 1,234 1,202–1,080 980 /781–647 960–760

Pristine PMMA   C–H stretching   C=O stretching - C–O stretching C–O–C stretching - –CH2 twisting

APTES-coated PMMA   C–H stretching   C=O stretching –NH2 scissors C–O stretching C–O–C stretching Si–O stretching -

FTIR, fourier transform infrared; PMMA, poly(methylmethacrylate); APTES, 3-aminopropyltriethoxysilane. 			 

Table 2. Assignments of the bands after FTIR analyses for pristine PDMS and epoxy-PDMS-coated PMMA			 

Wavenumbers (/cm)

2,960 1,406 1,259 1,049–1,010 826–678

Mode of vibrations uas (–CH3) [u: nuy] δas (Si–CH3) [δ: denta] δ (Si–CH3) Si–O–Si stretching –Si–C– stretching

FTIR, fourier transform infrared; PDMS, poly(dimethylsiloxane); PMMA, poly(methylmethacrylate). 				  
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length, and 0.2 cm in thickness) was used as a model substrate 
for the measurement of temperature (Fig. 5C). The average 
temperatures measured in the sectioned areas of the denatur-
ation and annealing/extension were 94.6°C ±0.5°C and 60.1°C 
±1.4°C. The corresponding coefficients of variation (CVs) for 
the temperature measurement precision were 0.54% (n =20) 
and 2.3% (n=20).

Bubble Suppression in the Microchannel
The images in Fig. 6 show the bubble suppression phenomena 
under actual heated conditions with the flow of red ink inside 
the PDMS-PDMS Lab-on-a-Chip device, PMMA-PMMA Lab-
on-a-Chip device, and PMMA-PMMA Lab-on-a-Chip device 
coated with epoxy-PDMS onto the inner walls of the micro-
channels when 5, 15, and 30 minutes have elapsed after the in-
troduction of the red ink, respectively. As shown in Fig. 6, the 
PDMS microchannel produced a lot of bubbles, disconnecting 

Heater controller

Denaturation 
zone

Annealing/
extension zone

Heat blocks

Fig. 5. (A) Photo of lab-made heater consisting of two aluminum heat blocks and a central controller. (B) Enlarged photo of the two 
heat blocks shown in panel A. (C) Infrared camera image showing the homogeneous temperature profile on the surfaces of the two 
heat blocks.

A

B

C

Fig. 4. (A) Experimental setup for performing the peel test. (B) Photo of the substrates at the moment of detachment. (C) Photo of 
two poly(methylmethacrylate) (PMMA) after detachment (red rectangle shows bonded region). (D) Photo showing black ink injec-
tion into the microchannel. (E) Photo showing the overall setup for performing leakage test. 
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the sample plug from place to place owing to the high gas per-
meability of the PDMS material itself. On the other hand, the 
PMMA microchannels with and without coating with epoxy-
PDMS better prevented formation of air bubbles as compared 
to the PDMS microchannel due to the low gas permeability 
properties of the PMMA material itself. Bubble formation was 
completely suppressed inside the PMMA microchannel coated 
with epoxy-PDMS. These results indicated that the coating of 
the PMMA microchannel with epoxy-PDMS aided in main-
taining the homogeneous flow of liquid inside a microchannel 
during PCR.

Continuous-Flow PCR Analysis Inside a PMMA Lab-on-a-
Chip Device
Fig. 7A shows an illustration of the serpentine microchannel 
used for performing continuous-flow PCR. Fig. 7B shows a 
photo of the PMMA Lab-on-a-Chip device used in this experi-
ment. A total of 20 μL of PCR reaction mixture was introduced 
into the microchannel and collected at the outlet port. Fig. 7C 
shows the overall system for performing continuous-flow PCR 
analysis using the PMMA Lab-on-a-Chip device. A lab-made 
heater was used for thermal cycling parameters for PCR, and a 
syringe pump was used for sample introduction into the Lab-
on-a-Chip device. Fig. 7D shows an IR camera image of the Lab-
on-a-Chip device illustrating the temperature profile simulated 
under actual PCR condition. In this study, two DNA targets (210 

and 689 bp) were amplified under the same annealing/extension 
temperature owing to a similar Tm value (60˚C) of the primer 
pairs used for amplification of the two molecular targets. The 
average temperatures measured at the sectioned areas of the de-
naturation and annealing/extension zones were 94.3˚C±0.4˚C 
and 60.2˚C ±1.1˚C, respectively, and the corresponding CVs 
were 0.37% (n=15) and 1.8% (n=15). Fig. 7E shows the 210-bp  
gene fragments amplified from the Shiga-toxin gene in the E. coli 
O157:H7. The total reaction took approximately 25 minutes. Al-
though the average intensity of the target amplicon obtained us-
ing the PMMA Lab-on-a-Chip device was approximately 54.9% 
of that obtained using a thermal cycler, the target was still distin-
guishable without displaying non-specific bands or primer-di-
mers. Fig. 7F shows the 689-bp gene fragment amplified from 
rpoB gene in the C. condimenti strain. The average intensity of 
the target amplicon obtained using the PMMA Lab-on-a-Chip 
device was approximately 99.9% of that obtained using a ther-
mal cycler. Based on these results, the fabricated PMMA Lab-
on-a-Chip device with a modified inner microchannel mimick-
ing the characteristics of PDMS reliably could amplify the two 
DNA targets with near identical intensities compared with that 
obtained using a thermal cycler. In both Fig. 7E and F, lane M 
shows 100-bp DNA size marker, and lane 1 shows the results of 
negative control (no template added) reactions.

Fig. 6. Series of images showing the bubble suppression phenomena inside the microchannel under heated conditions for PDMS-
PDMS Lab-on-a-Chip device, PMMA-PMMA Lab-on-a-Chip device, and PMMA-PMMA Lab-on-a-Chip device coated with ep-
oxy-PDMS on the inner walls of the microchannels. PDMS, poly(dimethylsiloxane); PMMA, poly(methylmethacrylate).
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DISCUSSION

A traditional molecular diagnostic technique, PCR, was suc-
cessfully transferred onto a miniaturized platform constructed 
from inexpensive and mass-producible plastic under relatively 
mild temperature and pressure conditions assisted by surface 
modification of PMMA. The plastic Lab-on-a-Chip device was 
adopted as a portable diagnostic platform for the rapid identifi-
cation of foodborne pathogens as a “proof-of-concept” experi-
ment. Furthermore, a miniaturized and portable PCR device 
possesses considerable potential as an inexpensive and clean 
device free of sample contamination, not restricted to analyses 
of pathogens, but also in many clinical areas where immediate 
responses are demanded, including diagnosis of various types 
of infectious diseases.
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