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A microfluidic system for fast detection of mitochondrial DNA deletion
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This study reports an integrated microfluidic system capable of automatic extraction and analysis of

mitochondrial DNA (mtDNA). Mitochondria are the energy production and metabolism centres of

human and animal cells, which supply most of the energy for maintaining physiological functions and

play an important role in the process of cell death. Because it lacks an effective repair system, mtDNA

suffers much higher oxidative damage and usually harbours more mutations than nuclear DNA.

Alterations of mtDNA have been reported to be strongly associated with mitochondrial dysfunction,

mitochondria-related diseases, aging, and many important human diseases such as diabetes and

cancers. Thus, an effective tool for automatic detection of mtDNA deletion is in great need. This study,

therefore, proposed a microfluidic system integrating three enabling modules to perform the entire

protocol for the detection of mtDNA deletion. Crucial processes which included mtDNA extraction,

nucleic acid amplification, separation and detection of the target genes were automatically performed.

When compared with traditional assays, the developed microfluidic system consumed fewer samples

and reagents, achieved a higher mtDNA extraction rate, and could automate all the processes within

a shorter period of time (150 minutes). It may provide a powerful tool for the analysis of mitochondria

mutations in the near future.
Introduction

Mitochondria are regarded as the energy powerhouse of human

and animal cells. They can synthesize adenosine triphosphate

(ATP) mainly through oxidative phosphorylation processes1,2 to

provide energy for sustaining a wide spectrum of cellular physi-

ological functions.3 Alterations in mitochondrial DNA

(mtDNA) have been reported to be highly associated with

degenerative diseases of the nerves and muscles, the aging

process, and various common human diseases such as cancers

and diabetes.4 Sequencing of human mtDNA has been

completed,5,6 which provided a foundation for investigating

many human diseases and aging processes.7–9 Besides, the het-

eroplasmy that exists in mitochondria genomes is often closely

associated with clinical symptoms of the affected individuals.10,11

Among mitochondria-related diseases, chronic progressive

external ophthalmoplegia (CPEO) and Kearns–Sayre syndrome

(KSS) have been recognized to be associated with large-scale
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deletion of mtDNA.12,13 For instance, various types of mtDNA

mutations were found in the muscle of the CPEO patients and the

4977 base-pair (bp) deletion was present in the predominant

genotype. Besides, mitochondrial respiratory functions were

found to degrade in human tissues during the aging process.14

Furthermore, the efficiency of oxidative phosphorylation in

human livers15 and muscle tissues16,17 declined with the aging

process. 4977-bp deletion has been recognized to be one of the

most common mtDNA mutations in the tissue samples of an

aging population.

mtDNA forms a double-stranded circular structure with

a total length of 16 569 bps (Fig. 1(a-1)).18 This genetic infor-

mation is transferred to offspring through maternal inheri-

tance.19,20 The mtDNAmutation rate is about 10–20 times higher

than that of nuclear DNA21 because of a less sophisticated DNA

repair mechanism, lack of histone protein protection, and

proximity to the inner membrane of the mitochondria that is

susceptible to attack from free radicals.22,23 The deletion occurs

when the mtDNA is attacked during replication (Fig. 1(a-2)).24–28

Since the replication of mtDNA is asymmetric, if the mtDNA

breaks during replication, the mtDNA will release the broken

DNA fragment between the repetitive flanking sequence frag-

ments (Fig. 1(a-3) and 1(a-4)). Note that the 4977-bp common

deletion usually occurs between the replication origins of the

heavy strands and light strands.

Recently, micro-electro-mechanical-system (MEMS) and

microfluidic technologies have been widely explored for auto-

mation of miniature biomedical devices and systems. MEMS can
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Fig. 1 Illustration of replication and primer design principle for the

detection of mtDNA deletion: (a) Illustration of the proposed formation

of an mtDNA deletion for replication. (b) Designed DNA primers close

to the endpoints of the 4977-bp deletion.
integrate multiple micro-devices to form a lab-on-a-chip such

that highly-sensitive detection can be achieved within a short

period of time. The major advantages of microfluidic systems

include low unit cost, low sample/reagent consumption, porta-

bility, automation and disposability.29–32 Microfluidic devices

have been used for applications involving mtDNA. For example,

a micro-electrophoresis chip for qualitative analysis of mtDNA

was demonstrated.33 Microchip-based mtDNA extraction has

been demonstrated by the current research group by using

magnetic beads.34 However, to the best of the authors’ knowl-

edge, this is the first attempt to detect mtDNA deletion by using

an integrated microfluidic system.

In this study, the entire process including mtDNA extraction,

polymerase chain reaction (PCR) for nucleic acid amplification,

separation and detection of the target deletion was performed in

a three-dimensional (3D) microfluidic system in an automatic

manner. In order to minimize the chip size, several different

functional modules were packaged in a vertical layout. Integra-

tion of magnetic beads35,36 with microfluidic technology could

allow extraction of the specific mtDNA with a high extraction

efficiency. The micro-PCR module amplified the total mtDNA

and the specific deleted DNA fragment. Micro-capillary elec-

trophoresis (MCE) was then used to analyze the micro-PCR
2694 | Lab Chip, 2011, 11, 2693–2700
products to validate and quantify the deletion profile. The

microfluidic system consisted of micropumps, a micromixer,

microvalves, a micro-PCR module and a MCE module.

Compared with conventional assays, the experimental results

revealed that this microfluidic system provided a higher extrac-

tion efficiency34 and faster analysis of the deletion profile.

Experimental

2.1 Primer design for mtDNA to examine 4977-bp deletion

From the mechanism of mtDNA 4977-bp deletion, specific

mtDNA primers close to the endpoints of the 4977-bp defect,

where the deletion occurs between 8470 bp (heavy chain)/8482 bp

(light chain) and 13 447 bp (heavy chain)/13 459 bp (light chain)

in the mtDNA, can be designed. Since this DNA fragment has

a length of 4977 bps, the given PCR elongation time is not long

enough to generate amplified products in the non-deleted

genome (Fig. 1(b-1)). On the contrary, if the mtDNA deletion

occurs, the PCR can amplify the designed DNA fragment with

a length of 123 bps (Fig. 1(b-2)), thus enabling quantification of

the deleted mtDNA containing both 279-bp and 123-bp frag-

ments when compared to the amount of mtDNA containing only

the 279-bp fragments. Briefly, the 279-bp DNA fragment derived

from the D-loop region is essential for mtDNA replication and

therefore its abundance would reveal the total mtDNA concen-

tration. On the other hand, as the 123-bp fragment could only be

amplified in the given limited PCR extension time when mtDNA

had 4977-bp deletion, thus the concentration of 123-bp amplicon

would represent the concentration of mtDNA with 4977-bp

deletion.

2.2 Sample preparation

In order to obtain the total mtDNA from the cultured cells,

sample preparation was performed.37,38 A primary skin fibroblast

culture derived from the biopsy samples of CPEO affected

patients was maintained in a Dulbecco’sModified EagleMedium

(DMEM) containing 5% fetal bovine serum (FBS), 100 mg ml�1

pyruvate and 50 mg ml�1 uridine. Osteosarcoma cell line (143B

TK-cells) was cultured in 50 ng ml�1 ethidium bromide to build

up an mtDNA-less human cell line (ro cells). The ro cells were

then fused with the CPEO cells to form clones that harbour

mtDNA with different proportions of deleted copy (e.g., the

cytoplasmic hybrids). After quantification of the deletion profile,

the clones with undetectable mtDNA deletion and those with

90% 4977 bps mtDNA deletion were selected for the subsequent

experiments. In this study, 1 � 106 cells were used in the

extraction module.

2.3 Conventional PCR amplification of mtDNA

For comparison, a PCR analysis was performed in a conven-

tional PCR machine (Bio-Rad iCycler 170-8703). As mentioned

previously, there are two mtDNA fragments amplified using

15 ml reaction mixture containing 1 ml extracted DNA, 0.5 ml of

2.5 mM each of dNTP, 1.5 ml of 10� PCR buffer (15 mMMgCl2,

500 mM KCl, 100 mM Tris–HCl, pH 8.8 @ 25 �C and 1% (v/v)

Triton X-100), 1 ml of paired primers (0.5 ml of L5604-H5863 and

0.5 ml of L8395-H13494), 0.5 unit of Taq DNA polymerase, and
This journal is ª The Royal Society of Chemistry 2011
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10.5 ml of deionized water. The entire PCR process was per-

formed using the following operating conditions: a first-stage

denaturing at 95 �C for 10 minutes, a second-stage with 35

amplification cycles (annealing at 58 �C for 45 seconds, extension

at 72 �C for 30 seconds), and a final extension stage at 72 �C for

10 minutes. The PCR amplified products were then electropho-

retically separated in a 2% agarose gel using 100 volts in 40

minutes, and then detected by an imaging system (GelDoc�
Imaging System, UVP BioSpectrum AC system, USA). A primer

pair (L8395 and H13494) was applied to amplify a 123-bp DNA

fragment that represented mtDNA with 4977-bp deletion

(Table 1). On the other hand, another primer pair (L5604 and

H5863) was applied to amplify a 279-bp fragment that repre-

sented the total mtDNA.39 The amplified PCR products were

subjected to electrophoresis analysis using a 2% TBA slab-gel

with a 100 bp DNA marker (Yeastern Biotech Corp., Taiwan).
2.4 Chip design

Fig. 2(a) illustrates schematically the assembled mtDNA

extraction and analysis system. The microfluidic system was

composed of three modules, namely, an mtDNA extraction

module, a micro-PCR module and a MCE module. All these

modules were integrated vertically to form a more compact

system such that automatic operation was possible. The mtDNA

extraction module consisted of the micropumps for sample

injection and the micromixer for the incubation of sample and

the magnetic beads (Fig. 2(b)). The micro-PCR module was

equipped with microheaters and a micro-temperature sensor to

amplify the DNA fragments of interest (Fig. 2(c)). The MCE

module was composed of a cross-shaped microchannel to sepa-

rate and detect the signals of the amplified PCR products

(Fig. 2(d)). This vertical layout of the microfluidic system

provided the flexibility to integrate several micro-modules with

desired functions into a compact microchip system. Note that

via-holes were designed to transport samples between these

modules. The detailed dimensions of the individual components

are listed in Table 2.
Fig. 2 (a) Schematic illustration of the microfluidic system for mtDNA

extraction and analysis. (b) An exploded view of the mtDNA extraction

module. (c) An exploded view of the micro-PCRmodule. (d) An exploded

view of the MCE module.
2.5 Chip fabrication

In this study, a standard photolithography technique was used to

fabricate the microchips. Briefly, a SU-8 negative thick photo-

resist (SU-8-50, MicroChem, Newton, MA, USA) was first spin-

coated on a silicon wafer, followed by a two-stage soft baked

process (65 �C for 10 minutes and 90 �C for 30 minutes). After an

exposure process (500 mJ cm�2), the exposed SU-8 film was post-

baked at 65 �C for 5 minutes and 90 �C for 10 minutes to form the

molds for the subsequent polydimethylsiloxane (PDMS) repli-

cation process, which was used to create the inverse images of the
Table 1 Primers for total mtDNA and 4977-bp deletion

Sample
Gene/annealing
temperature Primers (50/30)

Total
mtDNA

L5604-H5863
(279 bps)/58 �C

L5604:cactctgcatcaactgaacg
H5863:agtccaatgcttcactcagc

4977-bp
deletion

L8395-H13494
(123 bps)/58 �C

L8395:caccataattacccccatactcctta
H13494:gaggaaagg-tattcctgc-taatgc-30

This journal is ª The Royal Society of Chemistry 2011
microstructures.34 The microheaters and the temperature sensors

were fabricated by standard photolithographic and metal lift-off

processes.40 The PDMS layers were then mechanically peeled off

from the master molds. The PDMS layers and the glass substrate

containing the microheaters and the temperature sensors were

then treated with an oxygen plasma that bonded them together.

Additionally, the three modules (the mtDNA extraction module,

the micro-PCR module and the MCE module) were integrated

into the microfluidic system using an oxygen plasma pre-

treatment.
Lab Chip, 2011, 11, 2693–2700 | 2695
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Table 2 The dimensions of the components integrated onto the mtDNA
extraction and analysis system (unit: mm)

Width Length Depth

Micropump air chamber 1600 6000 300
Micropump flow channel 1800 — 250
Micromixer air chamber 5200 4000 400
Micromixer flow channel 4300 5000 300
Microheater 7200 7200 250
MCE channel 70 40 000 70

Diameter
Reaction chamber 7000 6400
2.6 Experimental setup

Fig. 3 shows the process for mtDNA extraction/analysis and the

experimental setup for this study. As shown in Fig. 3(a),

extraction of mtDNA was implemented in the reaction chamber

after thermal lysis of the cells such that mtDNA can be released

from mitochondria (Fig. 3(a-1)). The micropump was then

employed to inject the magnetic beads modified with single-

stranded DNA (TGG TAT TTT CGT CTG GGG GGT ATG)

to bind with the D-loop of the mtDNA in the reaction chamber

(Fig. 3(a-2)). The micromixer was then used to thoroughly mix

the magnetic beads and the mtDNA to capture the mtDNA

(Fig. 3(a-3)). After the incubation process, an external magnet

was used to attract the magnetic beads at the bottom of the

reaction chamber while the waste solution was pumped out.

Then, deionized water (DI water) was injected to perform

a washing step such that purified mtDNA can be extracted

(Fig. 3(a-4)). Later, the mtDNA-conjugated magnetic beads were

injected into another reaction chamber containing the PCR

reagents to perform nucleic acid amplification. The designed

DNA primers could be used to flank two DNA fragments rep-

resenting the mtDNA and the 4977-bp deletion, respectively

(Fig. 3(a-5)). Finally, the amplified DNA products were trans-

ported to the subsequent chamber containing DNA markers for

MCE analysis. Under a high electric field, the DNAmarkers and

the amplified DNA fragments migrated at different velocities due

to the different sizes of the DNA fragments. Thus the DNA

fragments were separated from each other and can be detected by

using a laser induced fluorescence system. The signal percentage s

of the mtDNA to 4977-bp deletion could be then used to deter-

mine the percentage of deletion (Fig. 3(a-6)).

Fig. 3(b) illustrates the experimental setup. Two temperature

control units, one compressed air supply unit, six electromag-

netic valves (EMVs; S070M-5BG-32, SMC, Japan) and a fluo-

rescent microscope system (BX-41; Olympic, Japan) were used.

The compressed air was used to activate the pneumatic micro-

pumps and the micromixer by adjusting the actuation frequency

which was regulated by EMVs. When the air entered and filled

the air chamber of the micropumps/micromixers, the PDMS

membranes would be deflected downwards to drive the fluid

forward in the channel, thus generating fluid pumping and

mixing. Two temperature control units were used for modulating

the reaction chamber temperatures for mtDNA extraction (60
�C) and for micro-PCR amplification (95 �C, 58 �C and 72 �C).
The amplified PCR products were separated and detected by

employing a high-voltage power supply and a fluorescent

microscope system.41
2696 | Lab Chip, 2011, 11, 2693–2700
2.7 Cell lysis and mtDNA extraction on the mtDNA module

Lysis buffer (50 mM Tris–HCl, 150 mM KCl, 1 mM EDTA,

0.1% Nonidet P-40) and cells were mixed in the mixing chamber

for mtDNA extraction. The lysis process was conducted at 60 �C
for 15 minutes in a reaction chamber containing 1 � 106 cells in

a volume of 300 ml. The magnetic beads were surface-modified

with DNA fragments (Dynabeads� MyOne� Carboxylic Acid,

Invitrogen, USA) and were delivered to the chamber. Further-

more, they were free from any nuclear DNA contamination. The

incubation process was performed at room temperature for 5

minutes. An external magnetic field of 4000 Gauss was used to

attract the beads and deionized water was used in three repeated

washings to remove cellular debris. Finally, the extraction

sample was re-suspended with 20 ml deionized water. The

mtDNA extraction process was performed automatically within

50 minutes.

2.8 Preparation of PCR reagents on the micro-PCR module

The micro-PCR operation was completed within 80 minutes.

Mineral oil was used to prevent evaporation of the PCRmixture.

15 ml of PCR reagents contained 0.5 ml of 2.5 mM each of dNTP,

1.5 ml of 10� PCR buffer (15 mMMgCl2, 500 mMKCl, 100 mM

Tris–HCl, pH 8.8 @ 25 �C and 1% (v/v) Triton X-100), 1 ml of

paired primers, 0.5 unit of Taq DNA polymerase, 10.5 ml of

deionized water and 1 ml extracted DNA. The operating condi-

tions for the micro-PCR were identical to the traditional PCR

protocol described in section 2.3.

2.9 Preparation of the reagents on the MCE module

In order to enhance the separation efficiency of the MCE

module, surface modification of the PDMS-based microchannel

was conducted prior to usage.42,43 Briefly, after bonding of the

PDMS layers together, theMCEmodule was thoroughly washed

using alcohol, 0.1 M sodium hydroxide (NaOH) and DI water

for 5 minutes. Then, the microchannels were treated by using

a non-ionic polymer solution (slightly cationic) and poly

(ethylene glycol)-block-poly(propylene glycol)-block-poly

(ethylene glycol) (PEG-PPG-PEG) triblock copolymer for 2

minutes. The microchannels were kept in the solution for another

15 minutes before rinsing with DI water. The same process was

then performed to coat another anionic polymer solution, poly

(acrylic acid) (PAA) polymer. Finally, the microchannels were

coated with polymer bilayers repeatedly such that a stable

anionic surface property can be observed.

The CE buffer was a mixture of 2% hydroxypropyl methyl-

cellulose (HPMC) in tris–borate–EDTA (TBE) and 1% YO-

PRO�-1 fluorescence dyes (Molecular Probes, Inc., USA).

Sample injection was performed by applying a voltage of

200 V cm�1 for 20 seconds, while separation was conducted under

a voltage of 250 V cm�1 applied for 3 minutes. For comparison

purposes, DNA markers (#SM1103, Ferments, USA) with

a concentration of 5 ng mL�1 were mixed with the PCR products

and separated at the same time in the microchannels. The fluo-

rescent signals were collected using a photomultiplier tube

module (PMT; C3830, R928; Hamamatsu Photonics, Japan)

downstream of the microchannel (4 cm away from the intersec-

tion of the cross-shaped microchannels). Note that the DNA
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 (a) Illustration of the procedures for extraction and analysis of mtDNA on a microfluidic system. (b) The experimental setup for the mtDNA

extraction module, the micro-PCR module and the MCE module.
ladder was spiked in the reagent and stored in the sample tank

prior (Fig. 2(c)) to the CE separation.
Results and discussion

3.1 Characterization of the microfluidic system

3.1.1 Characterization of the micropump. The pumping rates

of the pneumaticmicropumpwere characterized bymeasuring the

volume of the DI water pumped in the reservoirs after actuating

the micropump for 1 minute. Note that the measurements were

repeated 5 times to obtain the average pumping rate. Detailed

information about the pumping rates canbe found in our previous

work.34 It was clearly observed that the pumping rates increased

with the increased deflections of the PDMSmembranes attributed

to increased pneumatic pressures. The maximum pumping rate

was about 100 ml min�1 when the driving frequency was 25 Hz at

10 psi. This was because themaximumpumping rate at a constant

pressure was limited by the restoration of the PDMSmembranes.

If the driving frequency was too high, the PDMS membranes

cannot be restored to their original position and the pumping rate

cannot increase but started to decrease. In this study, the micro-

pumps were driven at a frequency of 25 Hz under an applied air

pressure of 10 psi such that all transportation processes were

finished within a short period of time.
This journal is ª The Royal Society of Chemistry 2011
3.1.2 Characterization of the micromixer. In order to char-

acterize the performance of the micromixer, a mixing index was

used.44 Briefly, 250 ml of DI water and 2 ml of blue ink were first

loaded in the mixing chamber. Then an image was taken to

characterize the mixing performance. Detailed information

about the mixing index can be found in our previous work.34 The

experimental results showed that the normalized concentration

profile approached a completely mixed state throughout the

mixing chamber within a short period of time. For instance,

when the pneumatic micromixer was driven at a frequency of

4 Hz and a pressure of 10 psi, the mixing indices before and after

mixing were calculated to be 19.6% and 94.7%, respectively,

within 0.6 seconds. Note that the higher the applied driving

frequency, the less time required to achieve complete mixing in

the tested range (from 1 Hz to 10 Hz). However, shear stress

increased with the driving frequency, thus increasing the possi-

bility of DNA damage.45 In this study, a driving frequency of

4 Hz and a pressure of 10 psi were chosen to provide a gentle

mixing effect.

3.2 mtDNA extraction

A quantitative measurement of mtDNA extraction was per-

formed using a commercial kit to compare those obtained from

our microchip. The extraction time of the commercial kit was
Lab Chip, 2011, 11, 2693–2700 | 2697
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300 minutes; conversely, our microchip assay only took 50

minutes, which was much shorter than the commercial kit.

Furthermore, the normalized fluorescent intensity of the real-

time PCR products extracted by the commercial kit and our

microchip was compared. The results demonstrated that the

mtDNA concentration prepared by the microchip was about 1.8

times better than that from the commercial kit. Note that these

results were presented in our previous work.34
Fig. 4 (a) Slab-gel electropherograms for the amplified mtDNA and

DNA fragments from a conventional PCR machine and the developed

micro-PCR module. (b) The electropherogram for the normal mtDNA
3.3 mtDNA fragment amplification

Fig. 4 shows the separation of amplified mtDNA fragments

analyzed by slab-gel electrophoresis and the MCE module. Note

that the mtDNA used for traditional and on-chip PCR processes

was extracted by the extraction module. Fig. 4(a) shows two

cases, one from the PCR results performed in a conventional

thermocycler machine and the other from the developed micro-

PCR module. Note that lane L is a DNA marker, M represents

the normal mtDNA, and D corresponds to the mtDNA con-

taining 4977-bp deletion. The results showed that the amplified

products from the micro-PCR module had comparable intensi-

ties with that obtained from the conventional PCR machine (120

minutes), indicating that the micro-PCR module (80 minutes)

performed DNA amplification more efficiently and within

a shorter period of time.

Note that, only the 279-bp DNA fragment was amplified in the

normal mtDNA since the PCR extension time did not allow the

primer pair to have sufficient time to amplify the 4977-bp frag-

ment. In contrast, when the mtDNA harbours 4977-bp deletion,

the PCR enables amplification of a 123-bp fragment flanking the

deleted fragment. Thus not only was the 279-bp fragment rep-

resenting the total mtDNA amplified, but also the 123-bp frag-

ment could be observed. These results revealed that the

developed microfluidic system, besides extracting mtDNA, was

able to amplify the specific DNA fragments corresponding to the

total and the deleted mtDNA using the micro-PCR module.

from the developed MCE module. (c) The electropherogram for mtDNA

with 4977-bp deletion. The presence of the 123-bp fragment indicates that

the mtDNA had a 4977 deletion.
3.4 mtDNA separation and detection

Fig. 4(b) and 4(c) show the MCE separation of the amplified

mtDNA products by using the micro-PCR module. The DNA

markers and amplified DNA products were mixed in a 1 : 1

volume ratio in the sample chamber of theMCEmodule in which

the microchannel was filled with a mixture of YO-PRO�-1 and

HPMC gel. Fig. 4(b) is an electropherogram containing the

normal mtDNA and the DNA markers. The 279-bp amplified

fragment for the total mtDNA can be easily identified from the

markers. It also indicated that the 4977-bp deletion did not occur

in this case. In Fig. 4(c), however, the signal representing 4977-bp

deletion was clearly observed. Therefore, it was confirmed that

the MCE module could detect both the normal and deleted

mtDNA successfully.

Patients with mitochondria-related diseases may have signifi-

cant clinical symptoms if the accumulated mtDNA mutation

reaches certain levels in specific tissues.46 In order to quantify the

mutation percentage, mtDNA samples containing different

concentrations of 4977-bp deletion were used and analyzed by the

MCEmodule. Note that the mtDNA samples were extracted and

amplified by the micro-extraction and micro-PCR module,
2698 | Lab Chip, 2011, 11, 2693–2700
respectively. Then the samples harboring different ratios of 4977-

bp deletion were used to evaluate the MCE detection limit as

shown in Fig. 5. In this case, 4977-bp deletion (123-bp) and total

mtDNA (279-bp) PCR products were mixed in five different

percentages, including 0%, 20%, 40%, 60%, 80%, and 100%. The

4977-bp deletion (123-bp) and total mtDNA (279-bp) PCR

products were obtained from two independent PCR reactions.

Two different cells harboring normal and high percentage of

mutated DNA were lysed separately and then mixed in different

ratios. It was clearly observed that the signal from the deleted 123-

bp fragment weakened as the percentage of 4977-bp mtDNA

deletion decreased, as shown in Fig. 5(b). The amount of mtDNA

deletion is reasonably in proportion to the signal intensity of

amplicons representing the 279-bp of mtDNA and enables

a reasonable measurement of the mutation percentage in the total

mtDNA. Note that the variation in the measurements was within

30%. Therefore, the degree ofmtDNAdeletion can be determined

based on the established calibration curve. Note that 4 indepen-

dent experiments were conducted to get the calibration curve.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1lc20317g


Fig. 5 (a) Electropherograms for mtDNA samples containing different

percentages of 4977-bp deletion when separated and detected by the

developed MCE module. (b) The relationship between the mtDNA

deletion percentage and the signal intensity percentage (123 bps/279 bps).
Conclusion

In this study, an integrated microfluidic system for mtDNA

extraction, amplification of target DNA fragments, and detec-

tion of amplified PCR products was developed. The mtDNA

extraction module, the micro-PCRmodule and theMCEmodule

were vertically integrated in a microfluidic system by applying

three-dimensional packaging. This system utilized magnetic

beads to extract and purify mtDNA from cells. The extraction

efficiency was found to be superior to the existing method. The

extracted mtDNA was then delivered directly to the micro-PCR

module by the micropump, where the target DNA fragments

were amplified. Finally, theMCEmodule was used to analyze the

mtDNA deletion percentage. The experimental results showed
This journal is ª The Royal Society of Chemistry 2011
the PCR module could provide a comparable amplification yield

when compared to a conventional instrument. The mutation rate

of the mtDNA in the samples can be further quantified by

measuring the percentage between the amplicon that represents

the 4977-bp deletion (123 bps) and that for the total mtDNA

(279 bps). Thus, this microfluidic system could be successfully

applied to automated mtDNA extraction and analysis. It may

provide a promising tool for the early detection and rapid

diagnosis of mitochondria-related diseases in the future.
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