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Solid phase nucleic acid extraction technique in a
microfluidic chip using a novel non-chaotropic
agent: dimethyl adipimidate

Yong Shin, Agampodi Promoda Perera, Chee Chung Wong and Mi Kyoung Park*

Here, we present a silicon microfluidic system for the purification and extraction of nucleic acids from

human body fluid samples utilizing a dimethyl adipimidate (DMA)-based solid-phase extraction method.

We propose DMA, which has been used as an amino-reactive cross-linking agent within cells and

proteins, as a non-chaotropic reagent for the capture of nucleic acids to overcome the limitations of

existing chaotropic and non-chaotropic techniques such as low binding efficiency, PCR inhibition and

so on. DMA contains bi-functional imidoesters that form reversible cross-linking structures with DNA

therefore providing a high surface-area to volume ratio for capturing DNA without structurally modifying

microfluidic channels. In this work, we have first demonstrated highly efficient capture and purification

of genomic DNA (T24 cell line) with DMA using a label-free silicon microring resonator sensor device.

In addition, we observed the improvement of the DNA amplification efficiency by using the proposed

technique for both the genetic (HRAS) and epigenetic (RARβ) analysis of DNA biomarkers. Particularly,

we confirmed that the DMA-based solid-phase extraction technique can be applied for the extraction

of genomic DNA with higher purity (p < 0.001) using human body fluids (blood and urine) in silicon

microfluidic devices compared to other chaotropic methods. Therefore, the proposed technique would be

able to harmonize with a micro-total analysis system platform for the analysis of genetic and epigenetic

DNA biomarkers related to human diseases in the field of point-of-care (POC) diagnostic applications.
Introduction

Disease-related DNA biomarkers based on genetic and epige-
netic alterations have been identified over the past decades
in human diseases such as cancer, immune system disorders,
and neurological diseases.1–3 DNA biomarkers (e.g. single-
nucleotide polymorphism (SNP), mutation, and DNA methyl-
ation) offer important clues to help researchers look for the
causes of cancer and provide great opportunities to diagnose
and monitor disease status during the early stages of dis-
eases, as well as for prognosis and surveillance.3–11 There is
increasing clinical demand for the detection and monitoring
of DNA biomarkers at the point of care and they play an
important role in deciding the future of diagnostics and
personalized treatment. Therefore, the development of a min-
iaturized total analysis system (μTAS) could be necessary for
the analysis of DNA biomarkers under optimal conditions,
with reduced analysis time, sample and reagent volume, and
chances of contamination, especially in the case of POC clini-
cal applications. Despite a myriad of technologies developed
for μTAS or lab-on-a-chip (LOC) systems, only a few LOC-
based DNA biomarker diagnostic tests have been introduced
into the clinical field application due to several challenges
including additional steps required for sample pre-treatment
(cell sorting, lysis, extraction, and pre-concentration), signal
amplification and target contamination.12 Because of the extremely
low physiological concentration of DNA compared to other
components such as proteins (i.e. tens of nanograms of DNA
versus tens of micrograms of protein in a microliter of whole
blood),13 efficient extraction and pre-concentration of DNA
from clinical samples is critical for the subsequent down-
stream processes such as amplification and detection.14,15

The process for the genetic and epigenetic analysis of
DNA biomarkers in a total analysis system on a microchip
consists of the following steps: DNA extraction (sample prep-
aration), amplification, and detection. The DNA extraction
step plays a pivotal role in the accuracy of the amplification
and detection steps; the extraction step must yield high qual-
ity and pre-concentrated DNA to increase polymerase chain
reaction (PCR) efficiency in a micro-chip.16,17 To achieve high
efficiency DNA extraction in the μTAS environment, several
solid-phase extraction (SPE) techniques have been developed,
which can be readily integrated with a micro-chip platform
unlike the conventional methods that involve centrifugation
hip, 2014, 14, 359–368 | 359
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steps or other hands-on steps.17,18 Among the SPE methods,
there are two types of techniques which depend on the use
of two different classes of reagents: chaotropic/organic
(guanidinium chloride, ethanol, etc.), and non-chaotropic
methods. In the case of a chaotropic/organic reagent, which
is typically performed on a silica surface (i.e. silica-based
SPE), the cells were lysed, and the extracted DNA was bound
to the silica surface in a chaotropic salt solution, and then,
the DNA was washed to remove the contaminating proteins,
salts, and cell debris, and the DNA was eluted in an aqueous
buffer.12 The chaotropic reagents enhance the binding affin-
ity between DNA and the silica surface via hydrogen bonding
and hydrophobic interactions.19 Several studies have reported
SPE methods that use a chaotropic reagent on a silicon diox-
ide pillar in a micro-chip or silica particles that possessed
nucleic acid-binding properties.17,18 However, SPE methods
based on a chaotropic solution are cumbersome with the sub-
sequent PCR process because the chaotropic reagents act
as PCR inhibitors.14 In order to avoid the use of chaotropic
reagents, non-chaotropic-based SPE methods have been devel-
oped as alternative techniques. Nakagawa et al.20 showed that
nucleic acid was captured by the electrostatic interaction
between the charged phosphate backbone and an aminosilane-
modified surface, and eluted by altering the pH on the micro-
chip. Yoza et al.21 also demonstrated that magnetic particles
coated with either 3-aminopropyltriethoxysilane (APTES) or
3-[2-(2-aminoethylamino)-ethylamino]-propyltrimethoxysilane
(AEEA) achieved DNA separation with a 14-fold higher binding
efficiency than untreated magnetite. Recently, an SPE method
based on the pH-dependent charge of chitosan was developed
for low-volume extraction on microchips. This method used
chitosan-coated silica beads or a chitosan-coated microchip
to avoid the use of chaotropic/organic reagents.19,22 Regardless
of types of reagents (chaotropic and non-chaotropic) used,
SPE methods typically require high surface area-to-volume ratio
structure in order to achieve high efficiency extraction. A variety
of techniques and micro-channel structures have been devel-
oped to provide high surface area for DNA extraction includ-
ing a high-density multichannel microchip,17 nanoporous
membranes,23 sol–gel-immobilized silica particles in a
microchannel,24 and micro/nano pillars sieves.25 While these
methods have demonstrated DNA extraction in a micro-chip,
most of the methods suffer from manufacturing complexity
and associated high cost. Therefore, development of a novel
technique based on an SPE method, which can avoid the use
of chaotropic reagents, simplify microchip fabrication, and
enhance the result of analysis in a simple microfluidic chan-
nel, is necessary for DNA biomarker analysis on a LOC plat-
form in clinical POC applications.

In this study, we propose an SPE-based method using
DMA as a non-chaotropic reagent for the isolation and purifi-
cation of nucleic acids from small-volume body fluid sam-
ples. DMA is a bi-functional imidoester cross-linking reagent
known to covalently link the free amino groups in polypeptides
and form amidine bonds.26,27 Especially, the proposed
method takes advantages of the fact that (1) the amidine
360 | Lab Chip, 2014, 14, 359–368
bonds formed are reversible at high pH (>pH 10), which
can be used as a means to capture and release by changing
pH and (2) the bi-functional imidoester forms the cross-
linking structure and provides high surface-area to volume
ratio for capturing DNA without structurally modifying
microfluidic channels. The channel surface is functionalized
with aminosilane groups to capture cross-linked DMA–DNA
structures during the subsequent washing process. To charac-
terize the effect of DMA during the reaction with DNA, in the
present study, we initially used highly sensitive silicon-based
microring resonators for real-time monitoring of the reaction.
Silicon microring resonators (SMR) were recently reported
as a label-free refractive-index biosensor by monitoring a
shift in the resonant wavelength in the field of biomolecules
detection.28–33 The SMR not only provides highly sensitive,
real-time multiplexed detection of biomolecules near the
sensor surface, but also ensures the ability to reduce costs
due to the large scale-up capabilities of complementary
metal–oxide–semiconductor (CMOS) technology during the
fabrication of the SMR. This present study shows that the
DMA-based SPE technique can be applied to a solid phase
based microfluidic device to isolate and purify nucleic acids
as well as improve DNA amplification. Furthermore, the pro-
posed technique is also useful for the extraction of genomic
DNA from human body fluid samples in a microfluidic
device. Therefore, the proposed technique provides great
potential for the purification of rare DNA such as methylated
DNA, as well as for the extraction of whole genome DNA with
a solid-phase-based technique on a microchip platform for
the analysis of genetic and epigenetic DNA biomarkers.

Experimental
Working process of DMA based extraction on silicon
microring resonators

To monitor the effect of DMA in the isolation and purifica-
tion of nucleic acids, we used the silicon microring resonator
as a detection device. The structure and fabrication of the sili-
con microring resonators have been previously described.29,30

Briefly, the sensor structures were patterned on a commer-
cially available 200 mm SOI (Silicon-On-Insulator) wafer with
a 220 nm-thick top silicon layer and 2 μm-thick buried oxide
layer by 248 nm deep UV lithography. An array of microrings
was designed to comprise 4 rings connected to a common
input waveguide (through). Each ring had a dedicated output
waveguide (drop). One of the rings, left under the SiO2 clad-
ding, is used as a reference sensor to monitor the temperature-
induced drift. The output signals of the 3 remaining rings are
collected through a vertical grating coupler (10°) connected to
a single-mode fiber optic probe. The insertion loss spectrum
was measured using an EXFO IQS-12004B DWDM passive com-
ponent test system.

For amine modification on the surface of the silicon
microring resonators, we used a modified protocol for the
silicon microring resonator, as previously described.30–32 The
sensors were treated with oxygen plasma and immersed in a
This journal is © The Royal Society of Chemistry 2014
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solution of 2% 3-aminopropyltriethoxysilane (APTES) in a
mixture of ethanol–H2O (95% : 5%, v/v) for 2 h, followed by
thorough rinsing with ethanol and DI water. To cure the sen-
sors, they were dried under a nitrogen stream and heated
to 120 °C for 15 min. After modification, an acrylic chamber
[12 mm × 1.5 mm × 1 mm] was bonded onto the sensor to
enclose the microring sensor area for optical measurements.
For obtaining the baseline by optical wavelength measure-
ment under static conditions (no flow), we applied 16 μl of PBS
solution to the chamber. During the reaction (up to 10 min),
we did not note any significant baseline shift. Then, a mixture
of 10 μl of DMA agent (25 mg mL−1; Sigma-Aldrich) with either
10 μl of T24 extracted genomic DNA (1 μg) or 10 μl of
CpGenome human methylated and/or unmethylated DNA
standard (1 μg; Millipore-Merck) was added to the chamber at
room temperature by using a micro-pipette after removing the
PBS solution. To monitor the binding of the DMA–DNA com-
plex to the APTES surface, the wavelength shift was collected
every 5 min, up to 30 min after the addition. In order to elimi-
nate unbound molecules or excessive mixture of DMA and
DNA, the surface of the sensor was washed twice with PBS
buffer. The wavelength shift was also collected every 2.5 min,
up to 10 min during the washing step. Finally, 50 μl of the elu-
tion buffer (10 mM sodium bicarbonate, pH 10.6) was used
for elution of the captured DNA and DMA with monitoring of
the wavelength shift every 5 min, up to 10 min (Fig. 1). The
eluted DNA from T24 extracted genomic DNA was used for
Fig. 1 Schematic representation of the principle of DMA based solid phase
and/or other silicon based materials). (STEP 1) Addition of the complex of
either silicon microring resonators or any other solid materials. (STEP 2) Mo
free amino groups of DNA. The complex tightly binds with the amine-modi
cific molecule alone remained after washing with PBS buffer to remove the
DNA from the solid surface by the elution buffer.

This journal is © The Royal Society of Chemistry 2014
genetic and epigenetic analysis via conventional PCR and
methylation-specific (MS)-PCR.
Basic experiments for verification of the effect of DMA

To elucidate the effect of DMA as a solid-phase-based extrac-
tion reagent, we performed PCR-based DNA amplification by
using the purified or extracted DNA via the DMA method. All
primers used for conventional, MS-PCR and real-time PCR of
the genes (RARβ, HRAS, and Actin) are described in Table 1.
Conventional PCR and MS-PCR were performed to verify the
efficiency of the proposed technique for the genetic and epi-
genetic analysis. For bisulfite conversion of DNA prior to the
MS-PCR operation, we used either 50 μl of purified DNA by
the proposed technique or 1 μg of the extracted genomic
DNA from the T24 cell line (ATCC), an epithelial cell line
derived from human urinary bladder transitional cells, and
the CpGenome DNA modification kit (Millipore, Billerica,
MA), as previously reported.25 The T24 human bladder cancer
cell line was maintained in plastic culture dishes with high-
glucose Dulbecco's modified Eagle's Medium (DMEM, Life
Technology) supplemented with 10% fetal calf serum (FCS)
in a 37 °C humid incubator with 5% ambient CO2. The can-
cer cell lines were cultured, and then the genomic DNA was
extracted by using AL buffer with proteinase K from a QIAmp
DNA mini kit (Qiagen, Hilden, Germany), as previously
reported.27 Briefly, for genetic analysis of HRAS gene, 2 μl of
extraction on a silicon based solid surface (silicon microring resonators
DMA and DNA to the surface of the APTES amine modified sensor in
lecules (specific and non-specific) bind to the surface. DMA reacts with
fied silicon surface by a covalent bond. (STEP 3) The complex with spe-
non-specific and unbound molecules. (STEP 4) Elution of the captured

Lab Chip, 2014, 14, 359–368 | 361



Table 1 Primer sequences of three genes for PCRs (conventional, RT-, and MS-PCR)

Gene Name Sequence

HRAS (exon1) (450 bp) H-Forward 5′-TTTTCCCATCACTGGGTCAT-3′
H-Reverse 5′-GCCTCTCCCTGGTACCTCTC-3′

Actin (170 bp) A-Forward 5′-ATGGTGGGCATGGGTCAGA-3′
A-Reverse 5′-GCCACACGCAGCTCATTG-3′

RARβ (methylated) R-Forward 5′-GGTTAGTAGTTCGGGTAGGGTTTATC-3′
R-Reverse 5′-CCGAATCCTACCCCGACG-3′
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the eluted DNA from each sample such as the complex, DMA
alone, and DNA alone was amplified in a total volume of
25 μl containing 1× PCR buffer (Qiagen, Hilden, Germany),
2.5 mM MgCl2, 0.25 mM deoxynucleotide triphosphate,
25 pmol of each primer (for HRAS gene), and 1 unit of Taq
DNA polymerase (Qiagen, Hilden, Germany) at 95 °C for
15 min; 35 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 30 s; and a final elongation step at 72 °C for 7 min. For
the epigenetic analysis of RARβ gene, 2 μl of bisulfite-
modified DNA from either conventional (no purification step)
or the proposed DMA method was amplified in a total
volume of 25 μl containing 1× PCR buffer (Qiagen, Hilden,
Germany), 2.5 mM MgCl2, 0.25 mM deoxynucleotide
triphosphate, 25 pmol of each primer (for RARβ gene), and
1 unit of Taq DNA polymerase (Qiagen, Hilden, Germany)
at 95 °C for 15 min; 45 cycles of 95 °C for 30 s, 59 °C for 30 s,
and 72 °C for 30 s; and a final elongation step at 72 °C for
7 min. PCR amplicons were visualized by gel electrophoresis,
which was used to separate PCR products on a 2% agarose
gel containing ethidium bromide (EtBr) (Sigma-Aldrich). The
gel was visualized using a Gel Doc System (Bio-Rad). The band
intensity was calculated by Image J (National Institute of
Health, USA). Determination of DNA concentration and purity
was done by UV spectrophotometer. Real-time PCR was
performed to verify the efficiency of the 3 different extraction
methods (Table 2). The target template for RT-PCR was
obtained from human genomic DNA extracted from either
whole blood or urine samples. For real-time PCR, the follow-
ing procedure is modified from the protocol supplied with
LightCycler 2.0 (Roche Diagnostics). Briefly, 5 μl of DNA was
amplified in a total volume of 20 μl, containing 4 μl of
LightCycler FastStart DNA Master mix, 25 pmol of each
primer, and 2 μl of DNA template. An initial pre-incubation
cycle of 95 °C for 10 min was followed by 45 cycles at 95 °C for
Table 2 Comparison of the DMA method and other techniques

DM

Whole blood Used sample volume 2 μ
Optical density (OD) 1.9
Actin (Ct value) 32.
HRAS (Ct value) 31.

Urine Used sample volume 10
Optical density (OD) 1.9
Actin (Ct value) 33.
HRAS (Ct value) 33.

362 | Lab Chip, 2014, 14, 359–368
10 s, and 60 °C for 30 s (for HRAS and Actin genes); and by a
cooling step at 40 °C for 30 s. The amplified products with
SYBR Green signals were carried out on a LightCycler 2.0.

Design and fabrication of silicon microfluidic devices

For testing DMA-based SPE in a microchip environment, we
used silicon based DNA extraction microfluidic devices. The
structure and fabrication of the DNA extraction microfluidic
devices have also been previously described.34,35 The silicon
microfluidic chip comprises three components (Fig. 4), includ-
ing (1) pre-filtration part for cell separation; (2) micromixer
consisting of a two-stage spiral mixer for cell lysis; and (3) a
meander-shaped microchannel for DMA-based SPE for maximi-
zation of the SiO2 surface area, which is estimated to be over
60 mm2.

The microfluidic chips were fabricated using a reactive
ion etching (RIE) process on the front side of the silicon sub-
strate overlaid with 2 μm-thick thermal SiO2 as a hard
masking layer. To form the fluidic interconnections, a wet-
etch process with potassium hydroxide (KOH) was applied to
the back side of the silicon substrate overlaid with a compos-
ite masking layer of silicon nitride (Si3N4) deposited by low-
pressure chemical vapor deposition (LPCVD) over a thermal
SiO2 layer. With the remaining SiO2 thin film layer on the
microchannel surface, an anodic bonding process with a
Pyrex glass substrate was performed to cap the open channel.
The overall size of each fabricated microfluidic device is
16 mm × 12 mm × 1.2 mm.

Working process of DMA in a micro-chip for DNA extraction
from human body fluids

The microfluidic device process flow for DNA extraction from
human body fluids (whole blood or urine) with a small sample
A EtOH Qiagen

l 2 μl 200 μl
6 ± 0.19 1.51 ± 0.12 1.72 ± 0.007
41 ± 0.91 32.56 ± 0.89 20.58 ± 4.05
55 ± 2.61 32.02 ± 1.31 28.15 ± 0.42
μl 10 μl 200 μl
7 ± 0.23 1.60 ± 0.04 1.54 ± 0.03
98 ± 1.06 32.67 ± 2.06 26.93 ± 3.45
23 ± 0.20 31.21 ± 0.48 29.9 ± 0.96

This journal is © The Royal Society of Chemistry 2014
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volume includes the following steps that were modified from
previously reported protocol.24–35 The microfluidic chips are
packaged in a polycarbonate housing, which includes o-rings
with drilled holes for fluidic interconnection from external
syringe pumps to the bottom of the silicon micro-chip. All
samples and reagents are sequentially delivered to the micro-
chip as follows Fig. 4B; Inlet I: separation – injecting the sam-
ples into the microfilter to separate cells by size; Inlet II:
secretion – injecting the AL buffer with proteinase K to be
used as a lysis buffer into the micromixer; Inlet III: washing
and elution – injecting the wash buffers (either EtOH or DMA
and PBS) to purify the sample; and Outlet IV: eluting the
nucleic acid from silicon solid surface. When using a
chaotropic method (ethanol), either the whole blood (2 μl)
with 8 μl of PBS buffer or urine (10 μl) were injected with a
syringe pump (KD Scientific, MA) into Inlet I at a flow rate of
1.67 μl min−1 for 10 min. Then, lysis buffers were injected into
Inlet II at a flow rate of 3 μl min−1 for 10 min, with an increase
in Inlet I flow rate to 3 μl min−1 for 10 min with PBS buffer by
syringe pumps. Ethanol was added to Inlet III at a flow rate of
10 μl min−1 for 10 min during the lysis reaction. Then, ethanol
alone was sequentially used for washing through the chip at
12.5 μl min−1 for 5 min. Finally, the extracted DNA was eluted
with pure water at 12.5 μl min−1 for 10 min. When using the
proposed DMA method, the microchannel (Inlet III) part was
first coated with APTES for 2 h with a syringe pump, and the
surface was washed with ethanol for 20 min. Then the surface
was dried with nitrogen gas to ready for reaction. Either the
whole blood (2 μl) with 8 μl of PBS buffer or urine (10 μl) was
injected with a syringe pump into Inlet I at a flow rate of
1.67 μl min−1 for 10 min. Lysis buffers were then injected into
Inlet II at a flow rate of 3 μl min−1 for 10 min, and the Inlet I
flow rate was increased to 3 μl min−1 for 10 min with PBS
buffer by syringe pumps. DMA solution (25 mg mL−1) was
added to Inlet III at a flow rate of 10 μl min−1 for 10 min dur-
ing the lysis reaction. Then, the PBS buffer was sequentially
passed through the chip, at 12.5 μl min−1 for 10 min, in order
to get rid of non-specific bound molecules and PCR inhibi-
tors. Finally, the extracted DNA was eluted with elution buffer
at 12.5 μl min−1 for 10 min. In addition, 200 μl of whole blood
or urine was used for genomic DNA extraction as reference
material using a QIAmp DNA mini kit (Hilden, Germany). All
extracted DNA was then used for genetic analysis by RT-PCR.

Results and discussion
Isolation and purification of nucleic acid with DMA
on a solid surface

The isolation and purification steps of nucleic acids from
other molecules are necessary and useful for the genetic and
epigenetic analysis of disease-related DNA biomarkers. There-
fore, we initially addressed the effect of DMA as a non-
chaotropic reagent on a solid surface to isolate and purify
nucleic acid for the genetic and epigenetic analysis of DNA
biomarkers. To do this, we used the silicon microring resona-
tors to follow the binding process of nucleic acid and DMA
This journal is © The Royal Society of Chemistry 2014
on solid-phase. The silicon microring resonator is a refractive
index-based biosensor, which has recently been optimized
to detect biomolecules (proteins, aptamers, nucleic acids,
and telomerase), by monitoring the wavelength shift which
depends on the molecular weight of molecules near the sen-
sor surface.29–33 In Fig. 1 and 2A, the surface of the silicon
microring resonators was first amine-modified by APTES, and
then, the mixed DMA and DNA (extracted DNA from T24
cells) complex was added to the amine modified surface (a).
During this process, the bi-functional imidoester (amine reac-
tive group) in DMA reacts with free amino groups in DNA
molecules, resulting in the cross-linking between DMA and
DNA. The complex with DMA and DNA also reacts with the
amine-modified silicon surface and forms stable covalent
bonds during the washing step. After the addition of the
DMA and DNA complex, the resonant wavelength shift
caused by the binding was monitored every 5 min up to
35 min. The wavelength shift showed a steep increase due to
the binding of both the bound and unbound molecules with
DMA on the surface (b). To eliminate the unbound and non-
specific binding molecules with DMA (b-1), we washed the
modified surface of the sensor with PBS buffer for 10 min.
Thus, only the complex of the DMA and DNA remained on
the surface (b-2), bound by covalent bonds. Finally, the DNA,
which was purified and isolated by the DMA reagent on the
solid surface, was eluted from the solid surface by the elution
buffer, which causes amidine bonds between DMA and
amine group in both DNA and the APTES treated silicon
microring surface to break and reverses the cross-linking
(c).36 We observed that DMA could be useful as a non-
chaotropic reagent for the isolation and purification of DNA.
The selective reaction between DMA and amine groups of
DNA over that of protein can be explained as follows: (1) pro-
teinase K is used during the lysis step which is known to
digest most of the protein, (2) DMA is positively charged
therefore attracts negatively charged DNA compared to
digested protein fragments and (3) the fragmented DNA
during the lysis step typically contains a few base pairs of
single-stranded DNA at each end of the fragment, known
as “sticky” ends, and DMA reacts with amine groups of
“sticky” ends. Then, in order to examine whether the isola-
tion and purification of DNA is caused by the complex of
DMA and DNA on the solid surface, the extracted genomic
DNA from a bladder cancer cell line (T24) with DMA reagent
was used as target nucleic acids to examine the binding
with DMA on a solid surface. When the genomic DNA was
used as the capture target, the DMA–genomic DNA complex
(417.82 picometer (pm)) not only remained on the solid
surface, but it also showed a larger shift in wavelength than
that observed with DMA and DNA alone groups. Despite
that both DMA and DNA alone would be able to bind with
the free amine group on the solid surface by themselves,
the binding affinity is not adequate for it to remain on the
surface during PBS washing (Fig. 2B–C), indicating that
the cross-linked structure between DMA and DNA is neces-
sary for an efficient capture process. Although the genomic
Lab Chip, 2014, 14, 359–368 | 363



Fig. 2 Kinetic analysis of the principle of the isolation and purification of nucleic acids by using the DMA reagent on the silicon microring
resonators. Initially, the sensor surface was amine modified by APTES and then PBS solution was applied to the surface in order to obtain the
baseline for optical measurement. (a; binding) Complex with DMA and genomic DNA from T24 cell lines was added to the solid surface and the
wavelength shift was monitored every 5 min during the reaction. (b; washing) Washing the surface with PBS buffer to obtain the specific binding
molecules (b-2). The captured DNA was eluted by elution buffer (c; elution). (B) Comparison of the DMA technique with either genomic DNA or
alone, and genomic DNA alone. In the case of genomic DNA, the resonance wavelength shift for the addition of the complex of DMA and genomic
DNA (black), DMA alone (light blue), and genomic DNA alone (red). (C) Comparison of the resonance wavelength shift in each experiment after
washing with PBS buffer. Error bars indicate the standard error (SE) of the mean based on at least 4 independent experiments. Statistical
significance was tested using Student's t-test.
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DNA alone (90.08 pm) on the amine-modified solid surface
remained after PBS washing due to the electrostatic interac-
tion, as shown in a previous study,20 the wavelength might
shift by binding of non-specific molecules because of the
contamination of genomic DNA with PCR inhibitors such as
proteins, ethanol, and cell debris during the extraction
process. Nevertheless, the complexes of DMA and DNA dem-
onstrated statistically significant wavelength shifts post washing
with PBS buffer compared to DNA alone (Fig. 2C). Taken
together, the DMA–nucleic acid complex bound more stably
to the solid surface compared to each agent individually (DNA
or DMA alone). To the best of our knowledge, this is the first
report of the use of DMA as a non-chaotropic agent for the
isolation and purification of nucleic acids, which can be read-
ily applied to a microfluidic chip for genetic and epigenetic
analysis in the solid phase.
Verification of DMA technique via genetic
and epigenetic analysis

In order to verify the efficiency of the DMA reagent in the iso-
lation and purification of nucleic acids including methylated
DNA for genetic and epigenetic analysis, we performed con-
ventional PCR and MS-PCR for the amplification of HRAS
(a DNA biomarker of bladder cancer)32 and methylated RARβ
genes (a DNA methylation biomarker in cancers)30 from the
T24 cell line by using the eluted DNA from the solid surface
with DMA reagent, respectively (Fig. 3A). For the genetic anal-
ysis of the HRAS gene, we used the eluted DNA from each
364 | Lab Chip, 2014, 14, 359–368
sample group such as the complex (DMA & DNA), DNA alone
and DMA alone as target templates for the amplification of
the HRAS gene. We observed that the HRAS gene from the
T24 cell line was strongly amplified in the complex sample
by using the proposed technique in this study compared to
the DNA alone samples (Fig. 3B). In addition, we measured
the eluted DNA after the purification with the proposed tech-
nique in order to check the quantity and purity of the DNA
sample using a spectrophotometer. About 98% of the DNA
was captured by using the DMA reagent, but only 34% of
DNA was captured in DNA alone (by electrostatic interaction).
The efficiency of the DNA capture was approximately 3 times
higher augmented by the proposed DMA reagent compared
to the electrostatic interaction based extraction method
(DNA alone) (Fig. 3C). Although the DNA itself can bind to
the amine-modified surface by the electrostatic interaction
as mentioned above (Fig. 2B–C), there is still not a proper
method to examine the genetic analysis of the DNA biomarker
due to the low capture efficiency of DNA. Furthermore, we
performed methylation-specific PCR for the epigenetic analy-
sis of methylated RARβ gene from the T24 cell line by using
the eluted DNA from the solid surface. The methylation pat-
tern of the RARβ gene is well-known and has been studied in
several human cancers such as breast, lung, and bladder.9–11

Methylation-related DNA biomarkers have been identified as
candidates for the development of specific biomarkers for
early detection, diagnosis, and prognosis of cancer, and they
can be used for determination of the molecular prognosis of
potentially curable diseases as well as for robust prediction of
This journal is © The Royal Society of Chemistry 2014



Fig. 3 Genetic and epigenetic analysis after using DMA based solid phase technique. (A) Work-flow for DNA purification with the DMA based solid
phase method. (B) Genetic analysis; conventional PCR with the primers for HRAS gene (450 bp) using the complex of DMA and DNA (#1),
DNA alone (#2), and DMA alone (#3) samples obtained from DMA based solid phase purification. (N) Negative control for PCR (without gDNA).
(C) Normalized quantification of the DNA after purification with the DMA method. (D) Epigenetic analysis; Methylation Specific (MS)-PCR with
the methylated primers for RARβ gene (170 bp) by using either solution technique (#1, conventional technique) or solid technique (#2, DMA
technique). (E) Quantification of the intensity of the band by ImageJ. All experiments were repeated at least 3 times.
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the response to drug treatment.3–11 For analysis of DNA methyl-
ation, a bisulfite modification step is necessary because it con-
verts unmethylated cytosines to thymines or leaves methylated
cytosines unchanged after purification. Despite many technolo-
gies that have been developed for bypassing bisulfite conver-
sion or for direct detection of the methylated DNA,6,8
Fig. 4 Validation of the DMA based solid phase technique with body flui
based solid phase method. Comparison of three different methods with h
chip. The microfluidic device consists of microfilter, micromixer, and micr
and elution buffer. (IV) Outlet for collection of the extracted DNA. (C–D) El
Qiagen kit (Q-kit, black line), ethanol (purple), and DMA (light green) with eith
Error bars indicate the standard error (SE) of the mean based on at leas
Student's t-test.

This journal is © The Royal Society of Chemistry 2014
amplification methods such as MS-PCR are still widely used
owing to the extremely low concentration of methylated DNA in
body fluids. Thus, DNA purification on a micro-chip is an
essential process for analyzing DNA methylation to collect
methylated DNA. Because of the low quantity of methylated
DNA in cells, the isolation and purification of methylated DNA
ds in a microfluidic chip. (A) Work-flow for DNA extraction with DMA
uman whole blood or urine samples. (B) Photograph of a microfluidic
ochannel. (I–III) Inlets for addition of the samples, lysis buffer, washing
uted DNA purity by optical density measurement from all 3 techniques,
er blood (C) or urine (D) samples, Triple asterisks (***) indicate p < 0.001.
t 3 independent experiments. Statistical significance was tested using
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by using an effective technique would enhance the results of
epigenetic analysis of human diseases. Therefore, DNA methyl-
ation analysis techniques have recently been developed specifi-
cally to include the purification of methylated DNA prior to the
analysis.37,38 Several recent studies have demonstrated methyl-
ated DNA purification techniques using the methyl-binding
protein (MBD) in solution phase in a wide array of human
fluid samples.37–41 These studies used the MBD protein as a
capture molecule for directly and specifically binding the
double-stranded methylated DNA in either a nanofluidic device
or in use of magnetic beads, but not in the solid phase. For
most techniques for methylated DNA purification that have
been developed, the purification step was too complicated,
time-consuming, and high-cost because of the use of addi-
tional molecules such as proteins and antibodies in solution-
phase-based methods. Therefore, a technique based on SPE
which is simple and low-cost for the isolation and purification
of methylated DNA would be useful for adapting to micro-
total analysis systems in POC device-based clinical applica-
tions. Fortunately, we observed that the RARβ gene from the
T24 cell line was strongly amplified with the methylated
primer in the technique proposed in this study compared to
the conventional technique, which is a method without any
purification steps prior to bisulfite modification and amplifi-
cation (Fig. 3D–E). We assumed that the improvement of the
MS-PCR amplification results was because of the removal of
several PCR inhibitors during the washing step in the purifica-
tion process, while the nucleic acids were captured by DMA
on the solid surface. Thus, in order to investigate whether the
DMA reagent can specifically bind to the methylated DNA on
the solid surface, we used either the purified methylated- or
unmethylated-DNA as capture targets (data not shown). We
observed that only the DMA-methylated DNA complex
remained on the solid surface after washing with PBS buffer.
Neither DMA nor methylated DNA remained alone on the sur-
face after PBS washing. However, we obtained a similar result
from the unmethylated DNA, when used as a capture target
(data not shown). Despite the fact that the DMA reagent can
broadly bind to both methylated and unmethylated DNA but
not specifically binds to the methylated DNA, we showed that
analysis of the DNA methylation of RARβ gene was improved
by the use of the proposed technique with the T24 genomic
DNA that provided the isolation and purification of the
nucleic acids occurring prior to the analysis. Taken together
with both the genetic and epigenetic analysis, the technique
in this study showed that the DMA could be strongly
captured and purified the DNA including the methylated-DNA
from other molecules, and even improved the DNA amplifica-
tion for the genetic and epigenetic analysis of disease
related-DNA biomarkers.
Genomic DNA extraction with DMA from body fluids
in microfluidic-chip and RT-PCR

Most importantly, in order to demonstrate whether the pro-
posed technique can be applied to a microfluidic-channel
366 | Lab Chip, 2014, 14, 359–368
with a flow system for SPE of DNA from human body fluids
(whole blood and urine), we performed the proposed tech-
nique by using a silicon microfluidic chip. The nucleic acid
extraction device consists of a microfilter, micromixer, and
microchannel, as described in previous studies.34,35 We com-
pared the DMA technique in microfluidic chips with 2 differ-
ent DNA extraction methods (QIAmp DNA mini kit in solution
phase and a chaotropic reagent (ethanol) on a micro-chip) to
validate the efficiency of the DMA reagent in SPE of DNA from
human whole blood and urine samples in micro-chips
(Fig. 4A). First, either 2 μl of whole blood (with 8 μl of PBS) or
10 μl of urine (without pH adjustment) were used for DNA
extraction in microfluidic chips. For obtaining the extracted
DNA (Fig. 4B), we followed the process consisting of five
steps: (1) filtering and separating the cells based on their size,
(2) lysing the cells, (3) binding the DNA with either a
chaotropic reagent or DMA, (4) washing and purifying the
DNA, and (5) eluting the DNA with either distilled water or
elution buffer. After elution of the extracted DNA, the purity
of the DNA extracted by the 3 different techniques was mea-
sured determining the ratio of the optical densities of the
samples at 260 nm (DNA) and 280 nm (protein). Fig. 4C and D
show that the quality of the DNA from the proposed DMA
technique in both blood and urine was statistically significant
induced purity for the sample (p < 0.001) compared to that
obtained from the ethanol based chaotropic method (Table 2).
In fact, since the urine medium is relatively clean and con-
tains few proteins compared to blood,42 we expected that the
effectiveness of the DMA-based SPE on the quality of DNA
extracted from the blood sample over other methods would be
more pronounced than that from the urine sample. In con-
trast to our expectation, highly purified DNA by the proposed
technique was obtained from both the whole blood and urine
samples (Fig. 4C–D). We assume that this is because the DMA
tightly binds with DNA molecules extracted from the fluids
samples during the washing step to get rid of other molecules
such as cell debris, proteins, and so on, compared to the
chaotropic method. Next, we performed the amplification test
with the extracted DNA using RT-PCR. Both HRAS and Actin
(a general housekeeping gene) genes were used as genetic
targets and amplified in all DNA samples extracted by using
the 3 different techniques (Fig. 5A–B and C–D). We showed
that the quantity and quality of the DNA extracted from the
DMA-based SPE technique was at least similar or dominant to
that obtained by the other methods. For real-time (RT)-PCR,
we used 2 μl of DNA extract from total DNA sample groups
without any quantification in order to mimic the real situa-
tion for the micro total analysis system in which the extracted
DNA from the device is more likely directly used as a target
template without any quantification for genetic analysis in
clinical settings. Thus, the SYBR fluorescence signal in use of
the QIAmp DNA mini kit (DNA extracted from 200 μl of whole
blood or urine) appeared to be saturated at an earlier Ct (cycle
threshold) value than others (Fig. 5A–B and C–D). We observed
that the DNA biomarkers (HRAS, Actin) for the genetic analysis
were amplified with good quality and quantity by using the
This journal is © The Royal Society of Chemistry 2014



Fig. 5 Genetic analysis with the extracted DNA obtained from body fluids using the DMA based solid phase extraction technique. (A–B) DNA
amplification results of Actin (A) and HRAS (B) genes by real time PCR from whole blood samples. (C–D) DNA amplification results of Actin
(A) and HRAS (B) genes by real time PCR from urine samples. The extracted DNA obtained from Qiagen kit (black), ethanol (purple), and DMA
(light green) methods.
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DMA-based SPE technique (Fig. 5, Table 2). Therefore, the
proposed DMA technique in this study can be useful for the
solid phase DNA extraction with high quality from a small
volume of human body fluids in a micro-chip system. Recently,
a new DNA amplification method (ISAD) has been developed
on a solid surface with real-time, label-free, and rapid delivery
of results.32 Therefore, we are planning to develop an all-in-one
system by integrating the DMA-based SPE technique with the
ISAD method for DNA biomarker analysis of clinical samples.
Conclusion and outlook

We have developed a novel, non-chaotropic reagent-based
technique for SPE of DNA by using DMA that can be potentially
useful for the detection of a variety of POC-based disease-
related DNA biomarkers (genetic and epigenetic alterations).
In this study, we showed several advantages of the proposed
technique in the field of solid-phase DNA extraction. First, we
isolated and purified DNA including methylated DNA on a
solid phase with DMA. This method provides a potential option
for developing an all-in-one device for the analysis and detec-
tion of disease-related DNA biomarkers by integration of the
extraction, amplification, and detection steps. Second, the pro-
posed technique can be applied to a simple microfluidic device
for SPE of nucleic acids from human body fluids available only
in small volumes. Third, the proposed technique can improve
the results of PCR techniques (conventional PCR and MS-PCR)
because of the high quality and quantity of DNA purification
This journal is © The Royal Society of Chemistry 2014
due to the removal of PCR inhibitors. Although further
improvements and testing with clinical samples are required
for future evaluation, this technique will be useful for tests
requiring an all-in-one system that integrates DNA extraction
and amplification/detection techniques such as the ISAD tech-
nique in POC diagnostic applications.
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