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a b s t r a c t

A high-performance multi-analysis system for genotypic mutation by means of restriction fragment
length polymorphisms (RFLP) involving endonuclease treatment of PCR-amplified DNA on a microchip
and subsequent analysis by microchip electrophoresis for DNA sizing was developed. A Hitachi SV1210
system, with which 12 samples can be analyzed on a plastic chip with good accuracy as to DNA sizing
between 25 and 300 bp, was employed for RFLP analysis. We performed RFLP analysis of the ABO geno-
types of blood donors for whom the ABO type was known. Six blood samples were analyzed by PCR to
amplify two different regions of the genomic DNA, each of the amplified DNAs containing a different
ulti-analysis
estriction fragment length polymorphisms
ndonuclease
BO genotype

nucleotide polymorphism. To analyze the genes at polymorphic sites 261 and 526, restriction endonu-
cleases Kpn I and Ban I were employed, respectively. When an amplified DNA was digested with each
endonuclease on a microchip for 20 min, sequential analysis revealed the presence or absence of the
respective restriction site. This analysis was performed within 7 min using a 1/10 volume of a DNA sample
in comparison with the conventional method, and the estimated DNA size differed from the predicted size
by less than 10 bp. The results indicate the potential of microchip electrophoresis for RFLP with on-chip

stion
direct endonuclease dige

. Introduction

The molecular basis of histo-blood group ABO antigens has been
etermined, and the genes encoding the group A and B glycosyl-
ransferases and a non-functional group O transferase have been
loned and sequenced [1–3]. Although the nucleotide sequences of
he A and B genes are highly homologous, the presence of single
ucleotide polymorphisms (SNPs) is well known, and the A and
transferase genes differ in seven base substitutions (297, 526,

57, 703, 796, 803 and 930). These base substitutions create allele-
pecific endonuclease digestion sites, especially at position 526 of
he Ban I digestion site for the B allele [4]. The O and A transferase

enes are identical except for a single base deletion at position 261
f the O allele, which shifts the codon frame and results in the syn-
hesis of an entirely different peptide that is enzymatically inactive
1,3]. This single base deletion creates a Kpn I digestion site in the

∗ Corresponding author. Tel.: +81 87 869 3576; fax: +81 87 869 4113.
E-mail address: m-kataoka@aist.go.jp (M. Kataoka).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.06.034
and sequential analysis, offering high resolution in a short time.
© 2009 Elsevier B.V. All rights reserved.

O allele. These allele-specific endonuclease restriction sites can be
used for restriction fragment length polymorphism (RFLP) analysis
for ABO genotyping in transfusion medicine, physical anthropol-
ogy, cases of disputed parentage, human identification, and forensic
analysis [4–9].

In RFLP analysis, digestion of DNA fragments amplified by PCR of
a particular region of the genomic DNA with a restriction endonu-
clease is often performed for the determination of the existence
of a particular restriction endonuclease digestion site. A common
practice in DNA analysis is to cut a DNA fragment at one site with a
restriction endonuclease. For DNA sizing of the resulting DNA frag-
ment, agarose gel electrophoresis is performed with linear DNA
sizing markers, followed by ethidium bromide staining. Although
manual calibration for DNA sizing with plotting of the migration
distances of molecular markers vs. log10 size following agarose gel

electrophoresis is possible, it is difficult to distinguish differences in
several base pairs. These methods are manual and time-consuming;
each endonuclease treatment and run on an agarose gel require
about 1 h, and microgram amounts of DNA fragments are needed.
Furthermore, after the electrophoresis, a separate step of imaging

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:m-kataoka@aist.go.jp
dx.doi.org/10.1016/j.jpba.2009.06.034


948 R. Akamine et al. / Journal of Pharmaceutical and Biomedical Analysis 50 (2009) 947–953

F BO al
8 the O
o pe are

i
o

t
t
p
A

F
c
(
e

ig. 1. Scheme for the presence of restriction endonuclease digestion sites on the A
7 and a Ban I site at codon 175 of ABO allelic cDNA, respectively. (B) Distinction of
ne with Ban I at codon 175. (C) The endonuclease digestion results for each genoty

nvolving densitometric scanning of a photograph or CCD imaging
f the stained gel is necessary [10].

Microchip electrophoresis has recently attracted much atten-

ion for DNA analysis due to its high efficiency, high throughput,
ime-saving ability, easy operation, and low consumption of sam-
les and reagents [11]. Some commercial instruments, such as the
gilent 2100 Bioanalyzer, Shimadzu MCE2010, and Hitachi SV1100

ig. 2. Design of the i-chip and the data output of the assay on a microchip. (A) The chip al
an be analyzed on this chip. (B) Analysis of internal controls using the SV1210 software
C) The corresponding analytical results for each internal control DNA fragment are tabul
stimated automatically, respectively.
leles determined by PCR-RFLP. (A) The presence or absence of a Kpn I site at codon
allele from the A or B one with Kpn I at codon 87, and the B allele from the A or B
tabulated.

and SV1210, have been developed, which have greatly promoted
the further application of microchip electrophoresis. In microchip
electrophoresis, nucleic acid fragments are separated by capil-

lary electrophoresis on a chip with microfabricated channels, with
automated detection as well as on-line data evaluation. Microchip
electrophoresis has been employed for analysis of RFLP for rapid
genotyping [12–16].

lows capillary electrophoresis in each of 12 different channels, and thus 12 samples
with the Hitachi SV1210 to present the results in the form of electropherograms.

ated, DNA sizes of 10 and 500 bp, and a 500 bp DNA concentration of 2 ng/�l being
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Table 1
Reproducibility of migration times of fragments of internal controls in one channel
on three successive electrophoreses.

Electrophoresis number Migration time (s)

10 bp 500 bp

1 96.0 214.0
2 97.6 217.2
3
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100.2 220.4
verage 97.9 217.2
SD (%) 2.2 1.5

In the present study, we examined the ability of the Hitachi
V1210, with which 12 samples can be analyzed at the same time,
o generate constant results as to the migration times of internal
ontrol DNA fragments of 10 and 500 bp on electrophoresis in dif-
erent channels. The accuracy of DNA sizing with molecular size

arker DNA was also investigated. We had already reported the
otential of on-microchip endonuclease treatment of DNA with
equential analysis using a Hitachi SV1100 and a commercially
vailable polymethylmethacrylate (PMMA) microchip, which offers
igh resolution in a short time [17]. Furthermore, we described the

easibility of the microchip electrophoresis method combined with
n-chip endonuclease digestion of PCR-amplified DNA for RFLP
nalysis for ABO genotyping.

. Materials and methods

.1. Reagents and sample preparation

Restriction endonucleases Kpn I and Ban I were purchased
rom Toyobo (Tokyo, Japan). Genome DNA from hair roots was
xtracted with SMITEST EX-R&D (Medical & Biological Laborato-
ies Co., Ltd., Nagoya, Japan) according to the instruction manual.
CR was performed using KOD-plus-ver-2 as the DNA poly-
erase (Toyobo, Tokyo, Japan), and samples were amplified for

0 cycles consisting of denaturation at 94 ◦C for 15 s, anneal-
ng at 65 ◦C for 30 s, and elongation at 68 ◦C for 1 min. The
CR products were separated by 4% agarose gel electrophore-
is and purified with a QIAquick Gel Extraction Kit (QIAGEN,
okyo, Japan) for RFLP, and the amplified DNA was adjusted to
0 ng/�l concentration with double distilled water (DDW). PCR
rimers corresponding to human glycosyl transferase cDNA were
ynthesized by Sigma–Aldrich (Tokyo, Japan). The sequences of
he 5′-primers and 3′-primers were as follows: 5′-primer for

nalysis of nucleotide position 261: 5′-ATGTGGGTGGCACCCTGCCA-
′ (44–63); 3′-primer for analysis of nucleotide position 261:
′-ACTCGCCACTGCCTGGGTCTC-3′ (280–261); 5′-primer for anal-
sis of nucleotide position 526: 5′-GTGGCTTTCCTGAAGCTGTTC-3′

1290–1310); and 3′-primer for analysis of nucleotide position

ig. 3. Relationship between base pair-sizes and migration times of the DNA fragments.
oftware with the Hitachi SV1210. (B) Relationship between the base pair-sizes and migra
Biomedical Analysis 50 (2009) 947–953 949

526: 5′-GCCCACGTGGTCGCGGAACTC-3′ (1574–1554). The concen-
trations of purified DNA fragments were determined with a
NanoDrop ND-1000 (NanoDrop Technologies, Inc., Wilmington,
DE). A low molecular weight DNA ladder (NEB, Ipswich, MA)
was used for DNA sizing analysis on agarose gel electrophoresis.
NoLimit DNA Ladder 10 and 500 bp (Fermentas, Ontario, Canada)
were used as internal controls instead of the original internal con-
trol on microchip electrophoresis with the Hitachi SV1210. PCR
Marker (NEB) was used for examination of the relationship between
base pair-sizes and the migration times of the DNA fragments on
microchip electrophoresis.

2.2. RFLP analysis by agarose gel electrophoresis

Two separate amplification reactions followed by digestion with
diagnostic restriction enzymes, Kpn I and Ban I, are required for ABO
genotyping (Fig. 1). The primers used for analysis of nucleotide posi-
tion 261 generate a 236/237 bp PCR DNA product (Kpn I digest), and
those used for analysis of nucleotide position 526 generate a 285 bp
PCR DNA product (Ban I digest). As shown in Fig. 1, to differentiate
the O allele from the A and B ones, 236 or 237 bp PCR-amplified
DNA fragments (one nucleotide deletion in the O allele with the
appearance of a digestion site for Kpn I) including nucleotide posi-
tion 261 and Kpn I were employed for RFLP analysis. Also, 285 bp
PCR-amplified DNA fragments including nucleotide position 526
and Ban I were employed for RFLP to differentiate the B allele from
the A and O ones (appearance of a digestion site for Ban I in the
B allele). To examine the digestion of an amplified DNA with a
restriction enzyme by the conventional method, 5 �l of 10 ng/�l
amplified DNA fragment, 2 �l of 70 mM MgCl2, 2 �l of restriction
enzyme, and 11 �l of DDW were mixed in an Eppendorf tube. After
1 h incubation at 37 ◦C, 20 �l/well reaction mixture was subjected
to 4% agarose electrophoresis followed by staining with ethidium
bromide for visualization of the digestion products. The digested
product sizes were calculated from the standard curve obtained
with molecular weight markers on the same gel.

2.3. Microchip preparation

Disposable i-chips 12 (Hitachi Chemical Co., Ltd., Tokyo, Japan),
which are fabricated from PMMA, and comprise an interconnected
network of fluid reservoirs and microchannels, were used for all of
the separation experiments (Fig. 2A). Twelve samples can be ana-
lyzed on one of these chips at one time. For analysis of short length

DNA, an i-SDNA 12 Kit (Hitachi Chemical) including a gel, and inter-
nal controls (10 and 500 bp) were employed. Twenty microliters of
loading gel containing a fluorescent dye was infused from well G1
into the microchannels of an i-chip 12 by using a syringe, wells
G2 and G3 were filled with 20 �l of gel using a pipette, and wells

(A) Electrophoretic separation of the DNA fragments (10–766 bp) using the SV1210
tion times.



9 cal and

g
p
o
o
o
f
6

2

e
w
m
o
s
c
d
E
f
D
T
p
e
m

2

a
m
s

F
D
s
i
s

50 R. Akamine et al. / Journal of Pharmaceuti

1–g12 were filled with 10 �l of gel. Wells S1–S12 were the sam-
le wells, and a pipette was used to fill each well with 9.0 �l of the
riginal internal control, comprising 40 ng/�l of 10 bp and 2 ng/�l
f 500 bp dsDNA fragments as markers for DNA sizing, and 1.0 �l
f sample. Only a 500 bp dsDNA fragment was used as a reference
or quantification. The samples could be analyzed in parallel within
min.

.4. Instrumentation

Experiments were performed with a Hitachi SV1210 microchip
lectrophoresis instrument (Hitachi Electronics Co., Tokyo, Japan)
ith a semiconductor laser CCD detector (excitation at 635 nm and
easurement of fluorescence at 660 nm). The instrument consists

f a bench-top device (chip reader) that is connected with a per-
onal computer. The SV1210 software (version 1.6.1) includes data
ollection, presentation, and interpretation functions. The data are
isplayed as both simulated gel images and electropherograms.
lectropherograms of the internal controls, i.e., 10 and 500 bp DNA
ragments, are shown in Fig. 2B. The sizing and quantification of
NA fragments can also be presented in tabular form (Fig. 2C).
he chip reader includes programmable high voltage power sup-
lies, each of which is connected to a platinum electrode. These
lectrodes can be used for multiple injections and other fluid
anipulations from specific sample wells.

.5. Microfluidic separation
All chips, except those used for analysis of RFLP, were used
ccording to the manufacturer’s instructions with the supplied
aterials (gel and internal controls). To examine variations in DNA

ize after sequential electrophoresis in different channels and in

ig. 4. Effects of the DNA concentration on the accuracy of DNA sizing and quantification
NA fragment with different DNA concentrations. In all cases, the peak corresponding to

ize of the 237 bp DNA fragment is very close to the predicted sizes for all concentrations. (
ndicate the estimated DNA concentrations of the samples, and the dashed line indicates t
ample concentrations. The error in DNA quantification increases in a dose-dependent m
Biomedical Analysis 50 (2009) 947–953

a single channel, 9.0 �l of an internal control comprising 10 and
500 bp DNA fragments, and 1.0 �l of TE buffer instead of a sample
were added to the sample well. The sample well was connected
through a network of channels to the separation line, which was
used to perform the DNA separation. For analysis of a DNA ladder
consisting of 10–766 bp fragments, 1.0 �l of 300 ng/�l DNA lad-
der, 1.0 �l of 100 ng/�l of 10 bp DNA fragment and 8.0 �l of TE
buffer were added to the sample well, followed by analysis. The
ABO genotyping protocol requires two separate amplification reac-
tions followed by digestion with restriction enzymes Kpn I and Ban I.
For analysis of on-chip RFLP, 2.0 �l of 10 ng/�l amplified DNA frag-
ments, 1.0 �l of 70 mM MgCl2, 4.0 �l of DDW, and 1.0 �l each of
20 ng/�l 10 bp DNA and 10 ng/�l 500 bp DNA instead of the orig-
inal internal control were added to the sample well, followed by
analysis on the microchip. Then, 1.0 �l of restriction enzyme was
added to this well, and analysis was performed by just pushing the
start button after 20 min incubation of the microchip in the Hitachi
SV1210.

3. Results and discussion

The Hitachi SV1210 performs capillary electrophoresis in each
of 12 different channels, and thus 12 samples can be analyzed on
one chip. To determine the reproducibility of electrophoresis in the
different channels, the migration times in individual channels were
examined in comparison with those of internal controls, i.e., 10 and
500 bp DNA fragments. The relative standard deviations (RSD) in

60 different channels for the migration times of the 10 and 500 bp
fragments were 0.98 and 1.11%, respectively, indicating the repro-
ducibility of the electrophoresis even in different channels (data not
shown). Sequential electrophoresis in one channel was performed
three times at 7 min intervals. Although there was a tendency of an

with the Hitachi SV1210. (A) Electropherograms obtained on analysis of the 237 bp
the 237 bp DNA fragment appeared at a similar migration time. (B) The estimated
C) Plots of DNA concentrations estimated with the Hitachi SV1210. The filled circles
he precise relationship between the estimated DNA concentrations and the applied
anner.
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Fig. 5. RFLP analysis of ABO genotypes by conventional 4% agarose gel electrophoresis for genotypes AA (A), AO (B), BB (C), BO (D), OO (E), and AB (F). The 236 or 237 bp DNA
fragment was amplified from codon 87 and digested with Kpn I, and the 285 bp DNA fragment was amplified from codon 175 and digested with Ban I, respectively. The DNA
sizes are indicated on the right.

Fig. 6. Electropherograms on RFLP analysis for genotypes AA (A), AO (B), BB (C), BO (D), OO (E), and AB (F). The 236 or 237 bp DNA fragment was amplified from codon 87
and digested with Kpn I, and the 285 bp DNA fragment was amplified from codon 175 and digested with Ban I, respectively. The two peaks corresponding to 10 and 500 bp
DNA in each column are internal controls.
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Table 2
Analysis of Kpn I digestion of 236/237 bp DNA fragments by microchip
electrophoresis.

Sample no. Before digestion After digestion

Peak no. Migration
time (s)

Size (bp) Peak no. Migration
time (s)

Size (bp)

1 1 97.0 10 1 100.0 10
2 167.6 230 2 175.0 227
3 217.0 500 3 228.6 500

2 1 96.0 10 1 99.4 10
2 165.4 231 2 128.4 72
3 213.6 500 3 154.0 152

4 174.4 231
5 226.2 500

3 1 94.6 10 1 96.8 10
2 161.8 230 2 167.4 227
3 212.2 500 3 217.6 500

4 1 94.0 10 1 96.6 10
2 162.0 231 2 124.8 73
3 209.0 500 3 149.4 155

4 169.8 236
5 218.4 500

5 1 95.2 10 1 98.4 10
2 163.4 231 2 127.6 73
3 211.8 500 3 151.8 152

4 222.2 500

6 1 96.2 10 1 99.6 10
2 165.2 229 2 173.0 226
3 213.6 500 3 225.6 500

Table 3
Analysis of Ban I digestion of 285 bp DNA fragments by microchip electrophoresis.

Sample no. Before digestion After digestion

Peak no. Migration
time (s)

Size (bp) Peak no. Migration
time (s)

Size (bp)

1 1 96.4 10 1 99.6 10
2 177.0 282 2 137.2 96
3 217.0 500 3 162.4 182

4 228.6 500

2 1 95.4 10 1 99.8 10
2 175.6 284 2 134.6 96
3 213.6 500 3 159.2 182

4 221.8 500

3 1 94.0 10 1 96.2 10
2 172.4 284 2 115.4 50
3 208.2 500 3 132.4 96

4 143.2 133
5 217.2 500

4 1 94.6 10 1 97.6 10
2 173.0 283 2 117.0 50
3 209.0 500 3 133.8 96

4 145.0 133
5 158.6 183
6 220.0 500

5 1 95.8 10 1 98.4 10
2 175.8 283 2 136.8 96
3 211.8 500 3 161.8 181

4 225.8 500

6 1 96.2 10 1 99.4 10
52 R. Akamine et al. / Journal of Pharmaceuti

ncrease in the migration time on sequential electrophoresis, only
light variation of the migration times of the 10 and 500 bp frag-
ents was observed, the RSD for the fragments being 2.2 and 1.5%,

espectively (Table 1). These results demonstrated the possibility of
erforming successive electrophoresis for the sequential analysis of
DNA sample in one channel.

An electropherogram of DNA 10–766 bp fragments is shown
n Fig. 3A. Six peaks corresponding to the 10–766 bp fragments

ere separated clearly. A calibration curve was constructed by
lotting each migration time against the DNA size, a linear relation-
hip being obtained for fragment sizes of 50–300 bp (Fig. 3B). The
ecreased mobility of a large DNA fragment may be due to the load-

ng gel containing a fluorescent dye employed for this microchip
lectrophoresis [17].

To examine the effects of the DNA concentration on the accuracy
f sizing and quantification of amplified DNA fragments, samples
ontaining 0.2, 0.4, 1.0, 2.0, 4.0, 6.0, and 8.0 ng/�l of the 237 bp
mplified fragment, which was within the range of DNA sizing with
his chip, were analyzed with the Hitachi SV1210 (Fig. 4A). As shown
n Fig. 4B, the estimated DNA size was very close to the predicted
ize of the 237 bp fragment for all concentrations, and the DNA siz-
ng results were found to be independent of the DNA concentration.
imilar results have been obtained with other commercial instru-
ents [18]. The accuracy of quantification of the 237 bp fragment
as <2.0 ng/�l DNA (Fig. 4C). Similar tendencies as to DNA sizing

nd quantification were observed using the 285 bp DNA fragment.
hese results indicate that the accuracy of quantification and sizing
as as expected, <2.0 ng/�l (20 ng/sample well), on DNA analysis,

o we employed 2.0 ng/�l of each of the 236/237 bp and 285 bp
mplified DNA fragments for direct endonuclease digestion on a
icrochip for RFLP analysis.

Regarding the endonuclease digestion of DNA fragments, a
0 mM MgCl2 solution was used instead of the original 10× buffer
ecause the Mg ion is required for the endonuclease reaction [19].
he signal intensity on microchip electrophoresis decreased with
igh salt concentrations [18,20]. Each of endonucleases Kpn I and
an I was able to act effectively under low salt conditions (0 mM
aCl), so we employed only MgCl2. An endonuclease-treated DNA

ample was subjected to 4% agarose gel electrophoresis followed
y staining with ethidium bromide for visualization for ABO geno-
yping (Fig. 5). The AA allele (Fig. 5A), AO allele (Fig. 5B), BB allele
Fig. 5C), BO allele (Fig. 5D), OO allele (Fig. 5E), and AB allele
Fig. 5F) were determined from the endonuclease digested pat-
ern. These conventional methods are manual and time-consuming,
ach endonuclease treatment and run on an agarose gel requiring
h, and consuming microgram amounts of DNA samples. Further-
ore, only rough estimation was possible for DNA sizing using

he DNA ladder as a reference. The electropherograms obtained
n ABO genotyping are shown in Fig. 6. After 20 min incubation
f a DNA with an endonuclease on a microchip, the peaks corre-
ponding to the expected DNA fragment and internal control were
learly separated. On sequential microchip electrophoresis analy-
is, the migration times of the 10 and 500 bp internal controls were
ncreased in all cases. This phenomenon is also shown in Table 1.
lthough the migration time of each internal control was obvi-
usly increased, its size could be estimated exactly (Tables 2 and 3).

n all cases, the estimated DNA size with or without endonucle-
se treatment differed from each predicted size by less than 10 bp
Tables 2 and 3). On 236/237 bp DNA digestion with Kpn I, DNA
ragments corresponding to 78 and 158 bp originating from the

allele were clearly observed on electropherograms, and these

izes could be estimated more precisely than in the case of the
onventional method. Similar precise sizing was also observed for
85 bp DNA digestion with Ban I, and the estimated sizes of DNA
ragments corresponding to 52 and 137 bp originating from the B
llele differing from each predicted size by only several bp (Table 3).

2 176.4 283 2 119.4 50
3 213.6 500 3 136.8 96

4 148.2 133
5 161.8 183
6 225.2 500
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he RSD in three different experiments for the migration times of
ndonuclease-digested DNA fragments on the microchip ranged
rom 0.88 to 1.89% (data not shown). Twenty-seven minutes was
equired to obtain these results, 20 min for endonuclease treat-

ent on a microchip, and 7 min for electrophoresis and analysis.
or analysis after endonuclease treatment of DNA by a conventional
ethod, several hours are required, and microgram levels of sample

re needed.
Microchip electrophoresis is being developed predominantly

or the sizing and quantification of DNA, RNA, proteins and
etabolites. Microchip electrophoresis for the sizing of restriction

ndonuclease-digested DNA has been applied for RFLP analy-
is [12–16]. Xie et al. [16] reported the potential of microchip
lectrophoresis combined with restriction endonuclease diges-
ion of DNA on a microchip for RFLP analysis. They used a
ybrid glass–PDMS microchip with combined heaters, resistance
emperature detectors, a temperature-controlled reactor, chip elec-
rophoresis, and pneumatic valves/pumps. A dynamic coating
rocedure for hybrid glass–PDMS microchips was employed for
NA separation. Furthermore, 45 min was required for the enzyme

eaction on a microchip. We had already reported the feasibility
f endonuclease digestion of plasmid DNA in the sample well on
microchip and subsequent analysis by microchip electrophoresis

or DNA sizing [18]. In the present study, we showed the poten-
ial of microchip electrophoresis for multi-analysis of RFLP with
simple method involving direct endonuclease digestion of DNA

n the sample well on a microchip by 20 min incubation without
ny heat treatment, and just pushing of the start button for DNA

izing using a commercial instrument. Genetic variations including
FLP are known to contribute to acquired and inherited human dis-
ases, and DNA analysis is becoming a standard method for clinical
iagnosis [21–23]. We believe that this method has considerable
dvantages, such as the accuracy of evaluation of DNA sizes, high

[

[
[
[
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efficiency, easy operation, low amounts of samples needed, and
suitability for multi-analysis of RFLP.
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