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Abstract The analysis of genetic materials in the post-
human genome project era has become an ever-expanding
branch of research and thus routinely employed in major-
ity of biochemical laboratories. Most of the diagnostic
research area emphasizes on polymerase chain reaction
for detecting pathogenic organisms. However, the conven-
tional polymerase chain reaction requires expensive and
sophisticated thermal cycler and is not handy owing to its
large dimensions. Therefore, we fabricated a continuous-
flow polymerase chain reaction chip on a PDMS based
microfluidic platform to ease the hardship of the conven-
tional system. Temperature being the most crucial factor in
polymerase chain reaction, was monitored and regulated
by thermostatic action using an on-line computer system.
Indium tin oxide coated glass platform was used for heat-
ing as it is transparent and has good thermal conductivity
under the influence of DC bias. The heating circuit used an
ATMega 128 MCU to control the temperature. As a result,
a precise and quick heating environment was maintained
on the microfluidic chip to amplify the target DNA. We
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successfully amplified Lambda phage and Escherichia coli
DNA on our chip to prove the practicality of the device.

1 Introduction

Polymerase chain reaction (PCR) is used in a variety of
applications such as genotyping, taxonomy, forensic inves-
tigation, cloning and molecular biology techniques, DNA
sequencing, pathogen detection, drug discovery as well
as environmental applications. During various stages of
the disease diagnosis, genetic analysis has become a core
application. In particular, the PCR is used as a technique
to screen and amplify a specific DNA fragment to gener-
ate millions of copies of it. The conventional technique for
performing PCR is time consuming and laborious. Another
major drawback of a conventional thermal cycler is lack of
portability due to its bulky size. Therefore, a miniaturized
PCR system is highly in demand for a hand held on-site
use. Owing to its widespread use and importance, a num-
ber of groups have tried to miniaturize PCR on a chip (Cho
et al. 2006; Lee et al. 2008; Park et al. 2011). Miniaturized
platform also offers a great potential of integrating different
sample processing and detecting units on a single microflu-
idic chip, which are the essential objectives for the realiza-
tion of a lab-on-a-chip device (Christensen et al. 2008; Jha
et al. 2012; Kim et al. 2005).

Although a much has been done in minimizing the
chip size, one of the major afflictions in realizing a port-
able device is the accurate control of temperature. Techni-
cally, PCR relies on thermal cycling; consisting of cycles
of repeated heating and cooling of the reaction mixture for
DNA melting, enzymatic replication, and re-annealing. A
specific set of temperature range is used for each reaction
depending on the type of DNA polymerase and the primer
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sequence used (Schneegall and Kohler 2001). A high
degree of temperature specificity is required for a success-
ful amplification of DNA. If the temperature is not con-
trolled in adequate; nonspecific amplification will increase
due to mismatch annealing of primers. Aberration in tem-
perature can also bar activation of enzyme or the melting
of DNA. Therefore, integration of high performance tem-
perature control system is a vital feature for the miniaturi-
zation of monolithic chip. Some of the reported continu-
ous flowing PCR chips employed metal heating block and
thin strips of metal to heat the reaction mixture (Kim et al.
2006; Schneegal} et al. 2001). But, the use of these blocks
restricts the aim of miniaturization and lacked a precise
temperature control system.

Therefore, in these regards, we fabricated a real-time
temperature monitoring and control system based on the
microcontroller unit (MCU) for the precise and online tem-
perature control. The advent of personal computer enables
large scale simulation and computing which was formerly
not possible. A MCU is a specialized type of digital com-
puter used to provide automatic sequencing or control of
a system. An instruction programmed into the microcon-
troller’s memory tells it how to react to input conditions,
and what types of signals to send to the outputs.

The microfluidic PCR chip was fabricated on ITO
coated glass substrate while microchannels were engraved
in polydimethylsiloxane (PDMS). The ITO microheater,
along with PDMS based fluidic network and MCU system
led to a miniaturized PCR system which could easily be
developed into a handheld system. The final microfluidic
PCR chip was used to amplify a target Lambda phage and
Escherichia coli DNA.

2 Materials and methods
2.1 Device fabrication

The microfluidic PCR chip was made using conventional
photolithographic techniques (Joung et al. 2008). The
microchannels used in this study were molded in PDMS
polymer using the negative molding method. For this pur-
pose, 120 wm thick negative photoresist (PR) (SU-8 2075,
Micro-Chem, USA) was spin-coated and patterned on a sil-
icon wafer. A degassed mixture of Sylgard 184 (Dow corn-
ing, USA) silicone elastomer and curing agent (in 10:1 v/v
ratio) was poured on the SU-8 patterned wafer and cured
for 4 h at 72 °C. The PDMS mold thus formed was peeled
off manually and drilled to make access holes of 3 mm
diameter each. The width and depth of the microchan-
nel created were 250 and 120 wm respectively with a total
length of 2,790 mm for 30 cycles. ITO heaters were fabri-
cated using photolithography and wet etch process. Positive
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PR (AZ-1512, Micro-Chem, USA) was spin-coated on ITO
deposited glass (Samsung Corning) and was patterned by
exposing UV light through a designed photomask. The
exposed ITO film was then etched using the FeCl;/HCI
solution for 1 h and the remaining PR was removed with
acetone. Finally, the PDMS microchannel was bonded to
the non-ITO side of glass wafer using UV ozone activation.

2.2 Materials for polymerase chain reaction

In this study, two target genes were amplified for verify-
ing the practicality of proposed microfluidic PCR chip.
One of genes is from Lambda phage where the forward:
GCA-AGT-ATC-GTT-TCC-ACC-GT and reverse: TTA-

Fig. 1 a Complete setup of continuous-flow PCR chip and real-time
temperature monitoring system and, b photograph of MCU control-
ler and continuous-flow PCR chip, ¢ magnified image of microfluidic
PCR chip
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TAA-GTC-TAA-TGA-AGA-CAA-ATC-CC primers led to
a product size of 100 bp while another one is from E. coli
where the forward: ACT-TCA-GTC-GGA-TCC-GCT-GAT
and reverse: TGT-AAA-CTC-GAG-TTC-CGC-ACT prim-
ers coded a product of 840 bp in length.

To perform the PCR, a pre-PCR mixture (Bionics,
Korea) containing dNTPs, DNA polymerase, reaction
buffer, and MgCl, along with primers and template DNA
(50 nL total volume) was injected in the microfluidic chip
using syringe pump.

2.3 Temperature control system

Figure 1 shows the overall setup of microfluidic PCR along
with the temperature sensor. The three different temperature
zones namely denaturation, annealing, and extension for the
PCR reaction were monitored through an MCU aided com-
puter interface in real-time. As it was essential to precisely
control the three temperature zones on the microfluidic PCR,
we attached temperature sensors (LM35Z) on ITO using
conducting glue. A fixed potential was supplied to the MCU
which distributed it to the different temperature zones. For
calibration, different voltages were given to MCU in steps.
Voltage providing most stable temperature was selected for
further experiment. The computer system operated the 8-bit
microcontroller (ATmegal28). It gathered the tempera-
ture signal from the sensors, processed and analyzed it, and
finally controlled the flow of current through switching On/
Off, MOSFET (metal-oxide—semiconductor field-effect
transistor, IRF3205) thereby providing a means to control the
heating efficiency of the microheater. A schematic diagram
of this ASIC control system is shown in Fig. 2. The temper-
ature inside the microchannel was also monitored in initial
few devices by placing a thermocouple within the channel.

3 Results and discussion

3.1 Automatic real-time temperature control system

This control system offers an effective and automatic way
to monitor and control the heating efficiency of the ITO

microheater on the proposed on-chip PCR system. ITO was
used as the microheater because of its transparency and it

Fig. 2 Schematic diagram
of the real-time temperature

offers a linear calibration range for temperature upon appli-
cation of DC power. The temperature of the PCR system
can be changed online to make it a universal PCR and so
can be used for amplification of any target sample. To show
the potency of ITO electrodes as the microheater, a gradu-
ally increasing DC power was applied to the electrodes.
Temperature on the other side of glass was measured using
thermocouple. Linear temperature curve with respect to
applied power was obtained which is shown in the Fig. 3a.

Calibration of voltage for MCU was done by applying
5,10, 15, 17, and 18 V to it, while the DI water was flow-
ing inside the microchannel at a rate of 4 wl/min. The tem-
perature of each zone after 10 min of voltage application
is summarized in Table 1. Though the required temperature
was reached by applying 17, 18 V showed most stable and
faster results. It took a mere 4 min to obtain a stable desired
temperature using 18 V (Fig. 3b, c). Thermocouple placed
inside the microchannel showed no noticeable difference
in the temperature of the two sides of glass. The MCU
prioritized heating of denaturation zone first followed by
elongation and annealing. The denaturation, annealing and
elongation temperature for Lambda phage and E. coli were
92, 55, 72 °C and 95, 50, 72 °C respectively (Fig. 3b, c).

Previously Huang et al. performed successful ampli-
fication of DNA in low-volume droplet, on their device
which has a temperature controller. However, their device
is as big as conventional thermocycler. Even if it achieves
rapid micro-PCR, large scaled device cannot be used for
hand-held application (Huang et al. 2011). Recently, Wang
et al. and Zhu et al. used microcontroller unit (MCU) and
LabVIEW based algorithm to monitor and control the tem-
perature (Wang et al. 2011; Zhu et al. 2013). They used a
Peltier thermoelectric cooler to cycle the temperature. Also,
Peham et al. reported the use of Peltier devices attached
with metal blocks to fabricate PCR. Such types of device
are rather far from miniaturization, and make the process
tedious and bulky (Peham et al. 2011). In contrast, pat-
terned ITO heater which we fabricated enables realiza-
tion of a hand-held device on a monolithic chip. Similarly,
Xue et al. employed a NiCr film to heat the sample, which
proved to be advantageous (Xue and Yan 2012).

To confirm the temperature profile, we also tried to
measure the temperature of device using infrared cam-
era. Since the transmittance/emissivity of PDMS is not 1,
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Table 1 Voltage applied to MCU and resultant temperature in differ-
ent zones
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Fig. 3 Calibration of temperature using MCU controlled ITO micro-
heater. a Linear temeprature response of ITO electrodes with respect
to applied power b feedback control calibration curve of tempertature
for Lambda phage. Temperature range for on-chip PCR of Lambda
phage DNA: denaturation, 92 °C; annealing, 55 °C and extension,
72 °C. ¢ Calibration curve of temperature for E. coli. Temperature
range for on-chip PCR of E. coli DNA: denaturation, 95 °C; anneal-
ing, 50 °C and extension, 72 °C
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we could not capture the exact thermal profile of the ITO
heater. Supplementary data, Figure S1 and S2 shows the
IR image of the device used for amplification of Lamba
phage and E. coli DNA. We believe that some amount of
light was absorbed by PDMS during measurement and
thus the camera could not measure accurate temperatures.
Nevertheless a good co-relation was seen between the
actual temperature and the temperature measured using IR
camera (Fig. S3).

3.2 Microfluidic PCR chip

The PDMS based microchannel included in the micro-
fluidic PCR chip acted as a reservoir and helped with the
flow of sample within different temperature zones. The
patterned ITO electrode assisted in maintaining the tem-
perature zones, which was controlled using an MCU based
temperature sensor circuit. PCR mixture flew continuously
inside the microchannel passing over different temperature
zones. The sequential change in temperature resulted in
amplified DNA product.

To prevent the binding of biomolecules on the PDMS
surface, an acid/base solution treatment was done. HCI and
NaOH solution was flown to neutralize the inner charge
of PDMS surface. Bovine serum albumin (BSA) was then
injected and incubated for 30 min inside the microchannel
to carry out an efficient surface treatment (Fang et al. 2009;
McDonald et al. 2000; Shin et al. 2006). After surface treat-
ment, heater supply was started to initiate the PCR. At the
desired temperature level, the PCR mixture containing tem-
plate DNA, primers, dNTPs, DNA polymerase and PCR
buffer was injected using a syringe pump at an optimized
flow rate of 4 pwl/min. Total times taken to perform 30
cycles was around 45 min.

3.3 Polymerase chain reaction of microfluidic chip

The fabricated microfluidic chip was used for an on-chip
amplification of target genes from Lambda phage and
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Fig. 4 Gel electrophoresis
image : a image of on-chip PCR
product of Lambda phage. M
Marker, lanes 1 and 2 amplicon
from pre-treated microchannel,
lane 3 untreated microchannel,
lane 4 negative control, b image
of on-chip PCR product of E.
coli. M Marker, lanel amplicon
from pre-treated microchannel,
lane 2 untreated microchannel,
lane 3 negative control

E. coli genomic DNA. Continuous flow of reaction mixture
in different temperature zones above ITO heater led to PCR
of the target gene. The agarose gel electrophoresis of on-
chip amplified PCR amplicon is shown in Fig. 4. Lane 1
and 2 of Fig. 4a and lane 1 of Fig. 4b represents the ampli-
con after 30 cycles in pre-treated microchannel, while lane
3 of Fig. 4a and lane 2 of Fig. 4b denotes the PCR product
from the untreated microchannel. The results clearly dem-
onstrate that the PCR amplification in untreated channels
decreases the product concentration due to the binding of
biomolecules to the PDMS surface. We also used nega-
tive control which is shown in lane 4 of Fig. 4a and lane
3 of Fig. 4b. Negative controls have only the PCR premix
solution lacking the template DNA. These results validate
the specific and successful amplification of target genes on
our continuous flow microfluidic PCR chip integrated with
a precise temperature control system. An unstable system
temperature would have led to unspecific binding of prim-
ers to negative DNA samples, resulting in false positive
result.

4 Conclusion

We have demonstrated a microfluidic PCR system based on
a real-time temperature monitoring. ITO based microheaters
were used to heat the DNA sample, while the sample was
contained in a PDMS based microchannel. A low DC bias
was passed through the ITO electrodes which raised the
temperature and was controlled using an MCU based tem-
perature sensor. The temperature system worked using the
thermostatic action with a real-time on-line computer system
which can adapt to any type of the target gene. We could suc-
cessfully amplify target genes of Lambda phage DNA and
E. coli DNA and proved the practicality of our device.
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