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Development of PCR Microchip for
Early Cancer Risk Prediction
Sandeep Kumar Jha, Gi-Sung Joo, Gyu-Sik Ra, Hyun Ho Lee, and Yong-Sang Kim

Abstract—An integrated continuous-flow microfluidic chip
was fabricated on glass substrate with polydimethylsiloxane
(PDMS)-based microchannels, cell lysis and Polymerase chain
reaction (PCR) modules on the same chip. While gold-microelectrode was used for electrochemical cell lysis, indium-tin-oxide
(ITO) microheater was used for thermal cycling during PCR
reaction. The fabricated device was used for PCR amplification of
pancreatic cancer DNA marker (SMAD4) from non-tumorigenic
MCF10a human cell lines. The PCR product (193 bp) was verified
for MCF10a cells by agarose gel electrophoresis after 20 cycles
of reaction on the microchip, whereas no product was detected in
case of tumorigenic MCF7 cells. The total time required for the
entire reaction was less than 45 min. Therefore, the proposed microchip can be helpful in predicting the risk of metastatic cancer
by analysis of genetic tumor markers from human samples and
can also be used for other genetic analysis involving PCR reaction.
Index Terms—Electrochemical cell lysis, microfluidics, microheater, pancreatic cancer, polymerase chain reaction (PCR)
microchip, polydimethylsiloxane (PDMS), SMAD4.

I. INTRODUCTION

C

ANCER is amongst the largest cause of natural deaths
worldwide. The genetic constitution of the human body
plays a vital role in occurrence and progression of cancer.
SMAD-4 is amongst a few known genes to be determinant of
causing high risk of cancer development. This gene is widely
reported to be missing in up to 50% pancreatic cancer and
33% colorectal cancer tissues [1], [2]. Such deletion/mutation
event takes place at the premalignant stage during progression
of carcinoma into metastatic cancer [2]. The survivability of
cancer patients increases drastically by early diagnosis of the
disease [2] which is as elusive as a necessity. Such detection
often involves tissue biopsy or expensive and unreliable tumor
marker antigen study. In these conditions, analysis of genetic
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tumor markers by using Polymerase chain reaction (PCR) from
tissue samples can be a more suitable approach. The PCR reaction, in general, is a widely used molecular biology technique
for amplifying specific regions of DNA using DNA polymerase
enzyme and is also applicable in cloning, genotyping, drugs
discovery, forensic, environmental, and ever growing application areas.
The PCR analysis of template DNA is rather inexpensive;
however, the instrumentation required for this purpose is quite
costly. A typical PCR analysis requires a combination of reactions involving cell lysis, extraction of template DNA and PCR
reaction, which is followed by analysis of PCR amplicon by gel
electrophoresis. These steps are time consuming and labor extensive and require expensive chemicals. Therefore miniaturization of this technique as an inexpensive (after mass production)
handheld-microchip is requisite for commercial as well as academic goals.
The Lysis of whole cells for extraction of DNA is a routine
procedure in most of the biological laboratories. The known
methods for this purpose are high voltage electroporation;
proteinase-K, detergents and lysozyme treatment [3]; laser induced lysis [4]; bead milling and sonication [5], or freeze-thaw
in liquid nitrogen [6]. Various attempts in the past were made
towards the development of on-chip cell lysis device using
different strategies. However, their methods lacked the aim
of miniaturization. For example, a few groups have used extremely high voltage source (1–10 kV) [7], [8] or laser induced
cell lysis [9] or methods needing sample pretreatment with
additional reagents [10], [11]. On the contrary, our goal in
the present study was to integrate a relatively inexpensive
method for cell lysis that uses minimal reagents, power, and
can be fabricated using common photolithographic techniques
along with PCR module. The principle used for cell lysis was
based on previous reports of applying a DC voltage to electrochemically generate hydroxide ion inside the device [12].
The electrochemically generated hydroxide ions permanently
hydrolyze the cell membrane, thereby releasing intracellular
genetic material [12], [13]. In continuation to this idea [13], the
microchip was completely redesigned in the present study for
reagent-less and power efficient complete lysis of cells. The
device design was significantly different from previous reports
where researchers carried on-chip cell lysis at the expense of
costly cell lysis buffer [14] and had to use conventional thermal
cycler for maintaining microchip temperature for PCR reaction
[15].
Au-interdigitated electrodes were used for this purpose to
input DC potential across the cells flowing through the microchannel and lysate was injected into the PCR module of
the microchip [13]. The PCR module was fabricated on the
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Fig. 1. Schematics for fabrication of cell lysis and PCR modules on glass substrate using the photolithographic technique.

glass substrate using indium-tin-oxide (ITO) microheater and
microchannels laid in the polydimethylsiloxane (PDMS) mold.
The PDMS is widely used material for microfluidic devices because it can be easily and repeatedly fabricated by the negative
molding method [16]; while the ITO heater electrodes were the
choice for thermal cycling due to ease of its fabrication and
linear and rapid variation of its temperature by application of
DC power [16]. The cell lysis module was finally integrated
with the micro-PCR device on the same glass substrate for
on-chip PCR analysis of genomic DNA marker for pancreatic
and colorectal cancer.
II. METHODS
A. Device Fabrication
The entire microchip was developed on glass substrate. For
this purpose, gold interdigitated microelectrodes for applying
DC potential to the sample were fabricated over the glass by
using photolithography and the evaporation method (Fig. 1).
At first, photoresist AZ-1512 was spin-coated on glass and patterned using photolithography. After photolithography process,
gold electrode was deposited using thermal evaporator. The
electrode surface was cleaned with acetone and dried with
gas. The microchannel was imprinted in the PDMS mold using
the negative molding method (Fig. 1) [16]. For this purpose,
40
thick negative photoresist (SU-8 2075, Micro Chem.)

was spin-coated and patterned on the silicon wafer. A degassed
mixture of Sylgard 184 silicone elastomer along with 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 formed was
then peeled off manually and drilled to produce access holes
of 3 mm diameter. The width and depth of the microchannel in
and 200
, respectively.
the entire chip were 250
For fabrication of PCR module, the PDMS microchannel
was fabricated once again by the negative molding method
[16]. SU-8 was first spin-coated onto a bare silicon wafer and
patterned to make microchannel using photolithography with
mask aligner (MA-6, Karl-Suss) (Fig. 1). The degassed PDMS
monomer mixture and curing agent (10:1 v/v) was poured on
the SU-8 negative master pattern and cured for 4 h at 72 C.
The PDMS was then peeled off and manually drilled to produce
access holes. The width and depth of the microchannel were
, respectively, and the total length
once again 250 and 200
of microchannel was 1550 mm including cell lysis module
(114 mm) and for 20 PCR cycles (Fig. 2). The ratio of the
channel lengths of the three different temperature zones for
thermocycling, namely denaturation (92 C), annealing (55 C,
and extension (73 C was 2: 2: 3. It ensured a retention time
of 30 s in denaturation and annealing zones and 45 s in the
extension zone for PCR premix flowing in the microchannel
rate. The PCR module was finally interconnected
at 5
with the cell lysis module using silicone tubes inserted into
drilled access holes.
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plemented with 100 ng/ml cholera toxin (Sigma) to 70%
confluence as per method suggested by Caldas et al. [18].
The cells were harvested from culture plate by trypsinization
and then centrifugation followed by washing with pH 7.4
phosphate buffer saline (PBS) twice and re-suspending (to
concentration) in pH 7.4 PBS.
2
C. Cell Lysis

Fig. 2. (a) The PCR microdevice: PDMS mold containing microchannels, electrical and inter-module microfluidic connections for cell lysis and PCR amplification; (b) schematics of cell lysis module: the interdigitated gold microelectrodes underlying the microchannel were used for electrochemical cell lysis;
and (c) schematics of integrated PCR device showing microchannel arrangement in the modules.

The ITO heater electrode was the material of choice for
thermal cycling due to its property showing linear variation of
its temperature by application of DC power and was fabricated
using conventional photolithography and wet etch process
[17]. For this purpose, positive photoresist (AZ1512, Clariant)
was spin-coated on glass with deposited ITO film (Samsung
Corning) and then photoresist AZ1512 was patterned using
photolithography to make ITO electrodes. The ITO film was
/HCl solution for 2 h and photoresist
then etched using
was removed [17]. For electrical isolation, a thin layer of PDMS
was spin coated over microheater surface and baked at 95
for 30 min. ITO heaters were calibrated for liquid/air temperature control by inserting thermocouple into the microchannel
during UV-ozone bonding. For finalizing the device fabrication
steps, the PDMS mold and glass substrate containing ITO/Gold
electrodes were bonded with each other by UV-ozone treatment for 40 min. Fig. 1 shows the schematics of fabrication
process of continuous-flow PCR chip, while Fig. 2 illustrates
the fabricated microchip.
B. Cultivation of Cells
The MCF10A cells were cultured in MEGM (Mammary
Epithelial Growth Medium, Serum-free, Clonetics) sup-

A suspension of 50
(
) cells from human
cell line MCF10a/MCF7 in PBS was injected into the silicone
tube carrying air in the microchannel using the precision
syringe pump (KDS100, KD Scientific). The lysate was collected at the other end of the device (Fig. 2) and used in
spectroscopic and agarose gel electrophoresis for confirmation of DNA release [13] or straightaway used in the PCR
module. The cell lysate was analyzed for the presence of
released genomic DNA using conventional 1% agarose gel
electrophoresis. After electrophoretic separation, genomic
DNA band was cut with a sterile knife and redissolved in Mega
Spin™ gel elution kit (Intron Biotech., Korea) for spectroscopic
analysis at 260 nm wavelength using an Eppendorf Biophotometer. For confirmation of PCR readiness of the extract,
cell lysate was centrifuged to remove cell debris and thereafter, cell free extract was analyzed for presence of SMAD4
gene using conventional PCR (Applied Biosystems Thermal
cycler model 2720) technique using forward and reverse
primers as GTCTATGGCACATCAAACTATGCACAATGC
and GTCTAACAATTTTCCTTGCAACG respectively. After
this verification regarding PCR-readiness of DNA template in
the cell lysates, simultaneous on-chip electrochemical cell lysis
and PCR reaction were performed.
D. On-Chip PCR Analysis
The fabricated devices were tested for on-chip simultaneous cell lysis and PCR reactions. At first, control experiment was performed to suggest success of the PCR module
on the device by injecting a mixture of genomic DNA of
-phage virus as template, PCR mix and the primers (forward: 5’-GCA-AGT-ATC-GTT-TCC-ACC-GT-3’ and reverse:
5’-TTA-TAA-GTC-TAA-TGA-AGA-CAA-ATC-CC-3’) in the
microfluidic channel. A steady upstream thrust was maintained
rate and the PCR product was
using airflow at a 5
collected in a reservoir at the other end of the microchannel.
The annealing temperature was kept at 55 C in this case. The
PCR product (100 bp) was collected at the other end of the
microchannel in a reservoir and verified by 1% agarose gel
electrophoresis.
The fabricated device was then used for lysis and PCR amplification of genomic DNA of nontumorigenic MCF10a and
tumorigenic MCF7 human cell lines. For this purpose, approxcells of each cell lines were suspended in 50
imately
PBS and 50
2 PCR mix (Intron Biotechnology, Korea)
containing Taq-DNA polymerase and 5 each of the primers
each) against SMAD4 gene as described above
(1
were mixed with it. The mixture was injected into silicone tube
carrying air to the microchannel with the help of the precision
syringe pump. The PCR reaction was initiated with different
temperature zones of 92 C, 55 C, and 68 C for melting,
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annealing, and extension, respectively, for 20 cycles. The PCR
product (193 bp) was verified by 1% agarose gel electrophoresis
with ethidium bromide as well as spectroscopic method.
A second control experiment was performed to suggest the
usefulness of cell lysis module on the device by injecting PCR
mix with MCF10a whole cells (in same proportions) directly
into the PCR module rather than passing the mixture through
cell lysis module.
III. RESULTS AND DISCUSSION
In the present study, a low-cost cell lysis cum PCR device
was fabricated using conventional photolithographic technique.
The glass substrate was used to make transparent devices and
for its suitability in bonding with PDMS by UV-ozone method
[16]. The electrochemical lysis of cells from human cell line
could be achieved between 2 and 5 V of DC input with optimum release of genomic DNA at 5 V for 5 min at a flow rate of
[13]. The alternate +5 and 0 V DC across 200
gap
5
between the Au interdigitated electrode configuration helped in
efficient cell lysis without the use of additional reagents. Observation of cell lysate on a haemocytometer with an optical microscope revealed complete lysis of cells under this condition.
The process generated hydroxyl ions desired for lysis and at the
same time, electrode impedance was low enough to avoid generation of Joule heat [19] inside the microchannel. Therefore,
this method was supposed to yield cellular components in their
native state. It also reduced dependence on microchannel preconditioning as used by various other groups [20], [21] and the
hydrophobic PDMS wall also helped minimize the adherence
of template DNA as well as PCR amplicon to the side walls
of the microchannel. Since PBS buffer was used as carrier solvent, inhibitory components for PCR reaction such as SDS or
triton-X100 as used inadvertently by various groups during cell
lysis steps [20], could be eliminated.
Subsequently, the cell lysate from this module was verified
for PCR level purity. For this, genomic DNA from MCF10a
cell line was first extracted by on-chip lysis and then collected
for conventional (off-chip) PCR amplification (30 cycles) using
primer set against SMAD4 gene [Fig. 3(a)]. A successful conventional PCR reaction with the cell lysates suggested the PCR
readiness of template DNA in the mixture. Next, the device was
tested for on-chip PCR amplification involving a control sample
consisting of -phage genomic DNA. The commercially available -phage DNA in-fact did not require cell lysis. Yet, the PCR
mixture was passed through the cell lysis module to verify any
adverse effect of electrochemical cell lysis on PCR reaction (involving Taq DNA polymerase enzyme). The on-chip PCR amplification of this sample for a 20-cycles reaction successfully
yielded the requisite 100 bp amplicon band in the agarose gel
electrophoresis [Fig. 3(b)]. This suggested that integration of
electrochemical cell lysis on the same PCR microchip was permissible, without any adverse effect on PCR reaction. The usefulness of integrating cell lysis with PCR modules on a single
chip was demonstrated again with another control experiment,
in which PCR mixed with MCF10a whole cells were injected
directly into the PCR module rather than passing the mixture
through the cell lysis module. It was though expected that the

Fig. 3. (a) Gel-doc from analysis of SMAD4 from MCF10a cells using 30
cycles of conventional PCR, lane M = 10 kb marker (Bionics, Korea),
lane 1 = pre-PCR control, lane 2 = product from 30 cycles of conventional PCR reaction; (b) gel-doc of agarose gel electrophoresis of PCR products
involving -phage DNA: flow rate 5 l=min, lane M = 0:1 1:5 kb marker
(Bionics, Korea), lane 1 = pre PCR mixture, lane 2 = PCR product;
(c) gel-doc of agarose gel electrophoresis of PCR product involving SMAD4
from MCF 7 and MCF 10a cells: flow rate 5 l=min, lane M = 0:1 1:5 kb
marker (Bionics, Korea), lane 1
=
Pre PCR lysate for MCF7,
lane 2 = PCR of MCF7, lane 3 = Pre PCR lysate for MCF10a,
lane 4 = PCR of MCF10a.

0

0

melting temperature used in PCR reaction could lyse the cells
to release template DNA. However, this procedure did not yield
PCR amplicon, at least not in the detectable range, as confirmed
through gel electrophoresis and spectrophotometric methods.
Therefore, it was an added benefit to integrate cell lysis and
PCR modules on a single microchip for continuous operation
with possibility to maintain asceptic condition.
The fabricated device was finally used for on-chip PCR amplification of genomic DNA from non tumorigenic MCF10a
and tumorigenic MCF7 human cell lines by using the collected
lysate from the cell lysis module and adding PCR mixture containing primers for tumor suppressor gene SMAD4 [22] and
Taq-DNA polymerase. The different temperature zones used for
thermal cycling were 92 C, 55 C, and 68 C for melting, annealing, and extension, respectively, for 20 cycles each. The
liquid flowing through the microchannel thus had a retention
. The total
time of 30 s in each zone at a flow rate of 5
time required between addition of cell and PCR mix on the microchip and collection of PCR amplicon from the other end
of device was less than 45 min. The benefit of having a flowthrough microfluidic chip for PCR amplification as compared
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to single drop static amplification models proposed by other
groups [20], [21] was in efficient control of the temperature for
PCR reactions. Also, it was easier to fabricate microchannels in
a PDMS mold than conventional fluoride-etched all-glass microchip [23]. The PCR reaction as carried out by this process
yielded desired 193 base pair product in case of MCF10a cells
MCF10a cells
with a yield of approximately 250 ng DNA/
DNA,
) as also verified by agarose gel
(
electrophoresis [Fig. 3(c)]; whereas, no product was detected in
case of MCF7 cells. This demonstrated the successful application of the fabricated PCR microchip and suggested a possibility
of early prediction of malignant pancreatic, colorectal, or similar cancers which progresses due to lack of the SMAD4 gene
in these particular tissues. As additional usage of the device, it
can also be used in almost any other genetic analysis involving
DNA extraction and PCR amplification in a rapid and cost-effective manner.
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