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bstract

The genotyping of hepatitis B virus (HBV) has become recently a valuable tool not only for epidemiological reasons but also for the clinical
ractice. Conventional methods for HBV genotyping typically include amplification of the target DNA sequences with a two-round nested PCR
ollowed by separation of the amplified fragments by gel electrophoresis. A microfluidic chip that couples isotachophoresis (ITP) preconcentration
nd zone electrophoresis (ZE) separation may provide great advantages for sensitive, rapid and cost-effective clinical analysis. In this study, an HBV
enotyping method with only one amplification round was developed by the application of the ITP-ZE chip. All the analysis steps of the ITP-ZE
eparation including sample injection, stacking and separation were performed continuously, controlled by sequential high-voltage switching.

2.1 cm sample plug was preconcentrated between discontinuous buffers in ITP process, followed by ZE separation. Sensitivity enhancement
as obtained through the increase of sample loading volume. The average LOD value of the ITP-ZE microfluidic chip was determined to be
.0021 pg/�L. In a large-scale HBV genotyping test, single round PCR products were analyzed by ITP-ZE microfluidic chip, and the results were
ompared with that of the conventional method. Among the 200 cases studied, the classification rate obtained with microfluidic chip was 93%,

hich was 6% higher than that obtained with the conventional method. Method with ITP-ZE chip analysis provides HBV genotyping information

n reduced PCR amplification time with higher detection rate when compared with conventional method. This method holds great potential for
xtrapolation to the abundance of similar molecular biology-based techniques in clinical diagnosis.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hepatitis B virus (HBV) is one of the major causative agents
f acute and chronic liver disease worldwide. On the basis
f current estimates by the World Health Organization, about

50 million people are carriers of this virus [1]. Carriers of
BV are at an increased risk of developing hepatocirrhosis and
epatocellular carcinoma. HBV has been classified into eight

Abbreviations: HBV, hepatitis virus B; LE, leading electrolyte; TE, termi-
ating electrolyte; HPMC, hydroxyprolymethyl cellulose
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enotypes (A–H) based on the sequence divergence exceeding
% of the entire genome [2]. As the genotype examination is
stablished on the nucleotide sequence level, it can reflect the
eal situation of the genotype and genotype’s variance and pro-
ide more accurate results than serological type examination
oes, which was established on the protein level. The identifica-
ion of hepatitis virus genotype has become recently a valuable
ool not only for epidemiological reasons but also for the clinical
ractice. HBV genotype assessment is useful to trace routes of
nfection, predict disease progression, response to therapy and

mergence of antiviral resistance for patients with chronic hep-
titis [3–6]. Evidence available suggests that there are notable
istinctions in the virological and clinical characteristics of
atients infected with different HBV genotypes [7–9].

mailto:bclin@dicp.ac.cn
dx.doi.org/10.1016/j.jchromb.2006.06.041
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In recent years, measurement of the circulating HBV DNA
evel is regarded as the most direct and reliable means of moni-
oring HBV infection, and has been widely used in pre-treatment
valuation and clinical staging. Due to the varying levels of HBV
resent in blood, molecular assays for HBV DNA using PCR-
ased methods have been described in the past decade. Nested
CR was commonly used for genotyping of HBV with two-
ound amplification, which provided a high sensitivity for the
etermination of target DNA. However, the process of nested
CR is tedious and time-consuming and also requires an addi-

ional time for gel electrophoresis of PCR products.
Microfluidic technology has aroused increasing interest from

iological and medical sciences in recent years and revolution-
zing the methods for high throughput DNA genotyping and
rotein analyses as well as diagnostics by enabling the real-
zation of integrated, reliable, low-cost and high-performance
evices [10–12]. Rapid separations of DNA fragments have
een reported in microfluidic chips [13]. With the develop-
ent of chip integrated PCR, there is an increasing demand

or microfluidic chip-based methods for fast and sensitive DNA
nalysis [14]. Typical microfluidic chips with cross sampling
njectors (zone electrophoresis (ZE) microfluidic chip) were
esigned to load narrow sample plugs. The chip design pro-
ided high resolution, but negatively impacted detection sen-
itivity. Although detection sensitivity could be improved by
ncreased sample loading capacity, the separation efficiency of

icrochip with large sampling volumes is usually insufficient
15].

Flexible microfluidic systems hold great promise for real-
zing multidimensional separations in a single integrated sys-
em. Several groups have developed microchip-based two-
imensional separation systems, which have integrated micellar
lectrokinetic chromatography (MEKC), isoelectric focusing
IEF) or isotachophoresis (ITP) with capillary electrophoresis
CE) [16–18]. One method to increase sample loading capacity,
n order to improve detection sensitivity without loss of peak
esolution, is to preconcentrate the sample by ITP, followed by
E separation. In ITP process for dsDNA analysis, a long sam-
le plug is injected between discontinuous buffers containing
eading electrolyte (LE) and terminating electrolyte (TE) solu-
ion. The LE solution contains ions of a higher effective mobility
han those of DNA fragments, whereas the TE solution contains
ons of lower effective mobility. The separation process of ITP
s based on various migration velocities of constituents in the

ixed zones, and stacking of DNA can result from a difference
n the field strength at different areas of the sample plug. The
esulting narrow sample plug was separated without resolution
oss in the followed ZE process. Thus, detection sensitivity can
e improved by increase of sample loading volume with the
ntegration of ITP and ZE. Analysis of dsDNA with the ITP
reconcentration integrated microfluidic chip has been reported
19], providing a desirable platform for highly sensitive clinical
NA analysis.

Microfluidic chips possessing integrated ITP preconcentra-

ion may provide great advantages for sensitive, rapid and
ost-effective clinical analysis. We describe here a novel, high
ensitive assay for HBV DNA genotyping, which combines sin-
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le round PCR and ITP integrated microfluidic chip analysis.
his assay was applied in a large-scale genotyping of HBV,
nd the results were compared with that of the conventional
ethod.

. Materials and methods

.1. Samples

Two hundred and twenty serum samples, collected from 107
symptomatic HBV carriers, 56 chronic hepatitis, 37 liver cir-
hosis patients and 20 healthy controls from Dalian, China,
ere analyzed. The patients were diagnosed using liver function

esting (alanine aminotransferase levels), serological markers
HBsAg, anti-HBs, HBeAg and anti-HBe) and ultrasonogra-
hy. All serum samples were stored at −80 ◦C until analy-
is. DNA was extracted with the phenol–chloroform method
20]. The copy number of HBV DNA was determined with
he LightCyclerTM real-time PCR amplifier (Roche, Boehringer

annheim, Germany), using universal commercially available
it (Daangene, Guangzhou, Guangdong, China). The level
f virus copy in serum ranged from below 10 copies/�L to
08 copies/�L.

.2. PCR amplification

HBV genotyping was determined with a multiplex PCR
echnique as previously reported, with which HBV can be
lassified into six genotypes (A to F) [21]. The sequences of
rimer are shown in Table 1. In this study, samples for ITP-
E microfluidic chip analysis were only amplified with the
enotype specific primers for 30 cycles. In parallel, conven-
ional methods were also carried out, namely, amplification
f the target DNA sequences with a nested PCR, followed
y separation of the amplified fragments by gel electrophore-
is. The nested PCR technique contains two PCR rounds. The
rst round amplification used universal outer primers for 30
ycles to generate a long amplicon which then served as tar-
et DNA in the second round of another 30 cycles. Negative
ontrols, positive control and standard HBV template were also
ested in each run. The PCR reactions were performed with

GeneAmp PCR System 2700 (Applied Biosystems, Singa-
ore). All reagents for PCR were purchased from Takara Biotech
Dalian) Ltd.

.3. Instrumentation

An in-house developed confocal, single-point laser-induced
uorescence (LIF) detection system was applied to the elec-

rophoresis microchip. An air-cooled laser diode (LD)-pumped
olid laser (473 nm; Bangshou, Beijing, China), operating at
0 mW, was used as the excitation source. The beam of the LD
olid laser passed through a band pass filter (473 nm; Omega

ptical, Brattleboro, VT, USA) and was reflected off a dichroic
irror (505 DRLP 02; Omega Optical) set at 45◦ to the incident

eam and focused into the center of the microchannel by a 20×
icroscope objective (0.4 numerical aperture). The emitted fluo-
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Table 1
Primer sequences used for HBV genotyping

Primer Sequence Position Specificity

First round (universal)
P1b 5′-TCA CCA TAT TCT TGG GAA CAA GA-3′ nt 2823–2845 Universal, sense
S1-2 5′-CGA ACC ACT GAA CAA ATG GC-3′ nt 685–704 Universal, antisense

Second PCR (genotype specific)
Mix A

B2 5′-GGC TCM AGT TCM GGA ACA GT-3′ nt 67–86 Types A to E specific, sense
BA1R 5′-CTC GCG GAG ATT GAC GAG ATG T-3′ nt 113–134 Type A specific, antisense
BB1R 5′-CAG GTT GGT GAG TGA CTG GAG A-3′ nt 324–345 Type B specific, antisense
BC1R 5′-GGT CCT AGG AAT CCT GAT GTT G-3′ nt 165–186 Type C specific, antisense

Mix B
BD1 5′-GCC AAC AAG GTA GGA GCT-3′ nt 2979–2996 Type D specific, sense
BE1 5′-CAC CAG AAA TCC AGA TTG GGA CCA-3′ nt 2955–2978 Type E specific, sense
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Unless otherwise noted, all chemicals were purchased from
Sigma (St. Louis, MO, USA) and all the buffers were prepared
with double distilled water (ddH2O). The surface of micoflu-
BF1 5′-GYT ACG GTC CAG GGT TAC CA-3′
B2R 5′-GGA GGC GGA TYT GCT GGC AA-3′

escent light from the sample was collected and collimated by the
ame microscope objective and focused by a 200 mm lens onto
spatial pinhole filter (400 mm). The fluorescence wavelength
as spectrally filtered by a 520 nm band pass filter (Omega Opti-

al), and detected by a photomultiplier tube (PMT; Model R212;
amamatsu, Japan). An image Charge Coupled Device (CCD,
anou, Shenzhen, China) was installed for observing the chan-
els. Data acquisition and processing were carried out using an
nalog/digital (A/D) converter and a laptop computer. The step-
er motors were responsible for positioning the detector head,
llowing detection at selected channel location. The computer
ontrolled high voltage power supply provided sequential volt-
ge supply. The detection system and the high-voltage system
ere synchronized by the operation software, which also dis-
layed electropherograms, identified peaks and calculated peak
eights.

.4. Fabrication of microchip

The layouts of the glass microfluidic chip developed for ITP-
E separation are shown in Fig. 1. The method for fabrication
f the glass chip has been described previously [22]. Channel
esign of the microfluidic chip was drawn with a Macrome-
ia Freehand software. The film mask containing the channel
esign was prepared on a negative film using an image setter
nd was then transferred onto a 6.5 cm × 6.5 cm glass wafer
Changsha, Hunan, China) with positive photoresist by UV
xposure. The photoresist was then developed to reveal the trans-
erred image. The area defining the channels was exposed in
his step. After serially rinsing with distilled water and acetone,
he exposed area was etched with a dilute, stirred HF/HNO3
olution at 0 ◦C to form channels. The etched plate was ther-
ally bonded to a cover plate in a programmable furnace

Zhonghuan Test Elec-trical Furnace, Tianjin, China). The size
f separation channel was 30 �m deep and 80 �m wide. Sample

njection segment of the chip was 2.1 cm, corresponding to an
pproximate sample volume of 40 nL. Holes of 2 mm diame-
er were made at the end of channels to form sample or buffer
ools.

F
d
s
b

nt 3032–3051 Type F specific, sense
nt 3078–3097 Types D to F specific, antisense

.5. Microchip electrophoresis
ig. 1. (a) Layout of the ITP-ZE integrated micofluidic chip; (b) glass chip
eveloped for ITP-ZE incorporated separation. The middle channel with a 2.1 cm
ample injection segment was used in this study. Well 1–5 are reservoirs for LE
uffer, sample waste (SW), sample, TE buffer and buffer waste (BW).
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Fig. 2. Sequential steps for the ITP-ZE microfluidic chip analysis: (i) sample injection-3 at ground; 2 at high voltage, (ii) TE migration to sample-4 at ground; 2 at
h groun
s
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igh voltage, (iii) stacking-4 at ground; 1 at high voltage and (iv) separation-1 at
ample, TE buffer and buffer waste (BW).

dic channel was pretreated by a previous reported method
23] with some modification to reduce adsorption. The chan-
els were first conditioned with 10 mol/L HNO3, deionized
ater, 1 mol/L NaOH and ethanol each for 30 min, followed
y successively flushing with silanization solution (50 �LH2O,
�L acetic acid, 30 �L 3-methacryloylpropylmethoxysilane in
50 �L methanol) for 1 h, ethanol for 10 min and polymerized
etwork solution (75 mg acrylamide, 15 mg ammonium persul-
ate and 1 �L N,N,N′,N′-tetramethylethylenediamine in 2 mL
eionized water) for 4 h.

The LE buffer was 15 mM HCl/36 mM imidazole, pH7.0, and
he TE buffer was 20 mM HEPES/40 mM imidazole, pH7.2.
he LE buffer contained 1× GeneFinderTM (Biovision, Xia-
en, Fujian, China) as intercalating DNA dye and a sieving

olymer solution of 2% hydroxyprolymethyl cellulose (HPMC).
ower pH values could decrease the efficiency of the fluo-

escence detection and higher buffer pH may jeopardize the
tacking efficiency because of the increase in the terminating ion
obility. Higher polymer concentration facilitated high resolu-

ion but resulted in lower DNA net-mobilities, which negatively
mpacted the stacking efficiency. For instance, the stacking effi-
iency was insufficient when LE buffer contained 2.5% HPMC
as used.
In the analysis of clinical samples, single round PCR prod-

cts, 0.5 �L diluted in 4.5 �L sterile ddH2O, were analyzed
ith the ITP-ZE microfluidic chip. Before each run, separa-

ion channels of the microfluidic chip were washed with ddH2O

nd infused with LE buffer from the buffer reservoir with a vac-
um pump. According to the well number showed in Fig. 1a,
he sequential steps were as follows: (i) sample injection—well

(sample) at ground; well 2 (sample waste, SW) at high volt-

a
r
t
F

d; 5 at high voltage. Well 1–5 are reservoirs for LE buffer, sample waste (SW),

ge, (ii) TE migration to sample—well 4 (TE buffer) at ground;
ell 2 at high voltage, (iii) stacking—well 4 at ground; well
(LE buffer) at high voltage and (iv) separation—well 1 at

round; well 5 (buffer waste, BW) at high voltage (Fig. 2). The
ffective separation length was set to 40 mm. Stacking time was
etermined by monitoring the ITP stack plug reaching to the
tacking detection point, and the determined time was added to
he program for continuous operation.

In parallel tests with the conventional method, 9 �L of
ested PCR product mixed with 1 �L 10× loading buffer
as applied for electrophoresis on 2% slab agarose gel

6 cm × 5.6 cm × 0.8 cm), followed by 30 min separation in TAE
uffer (40 mM Tris-acetate, 1 mM EDTA) under 110 V, and
iewed under UV light with ethidium bromide staining.

. Results and discussion

.1. Effect of applied electric field strength on stacking
fficiency

Stacking plugs were monitored at the stacking detection point
ith a series of applied electric field strengths ranging from
80 V/cm to 500 V/cm (Fig. 3a). Higher field strength facil-
tates fast and highly efficient stacking. In the discontinuous
TP buffer, difference in field strength exists at different areas
f the sample plug. Suppose �v and �t denote the difference
f migration velocities and retention time of DNA molecules

t the beginning and the ending point of the stacking plug,
espectively. If L is the effective ITP separation distance (in
his test the value of L was 2.2 cm), �v = L/�t. As shown in
ig. 3b, �v increase with applied field strength within the tested
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Fig. 3. Stacked plug obtained under different applied electric field strengths. (a)
The applied field strength between well 1 and 4 was adjusted to 280, 380, 450,
475 and 500 V/cm, respectively. The sequential steps were as follow: 600 V/cm
between well 2 and 3, 30 s for sample injection; 400 V/cm between well 3 and 4,
10 s for terminating electrolyte migration, and desired field strength was applied
between well 1 and 4 for stacking. Signals were detected at the stacking detection
point. (b) �v and �t denote the difference of migration velocities and retention
t
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ime of DNA molecules at the beginning and ending points of sample zone,
espectively. Within the tested voltage range, �v increase with applied field
trength.

oltage range. Higher applied field strength increased the dif-
erence of the migration velocities, which contributed to higher

tacking efficiency. In this test, satisfactory stacking efficiency
ould be obtained with applied electric field strength higher than
75 V/cm, and 500 V/cm applied field strength was used for sam-
le stacking in subsequent tests.

s
(

a

able 2
omparison of the genotyping results of 200 HBV carriers obtained with the ITP-ZE

ethod Genotyping res

Classified

icrofluidic chip coupled with single round PCR 186 (93%)

el electrophoresis coupled with nested PCR 174 (87%)
. B 844 (2006) 32–38

.2. Determination of LOD of the ITP-ZE microfluidic chip

The limit of detection (LOD) of the ITP-chip was esti-
ated prior to the analysis of clinical samples. φ × 174-HaeIII

igest (Takara Biotechnology, Dalian) with known concentra-
ion was analyzed with the ITP-ZE microfluidic chip. The orig-
nal 50 ng/�L � × 174-HaeIII digest was diluted to 2.5 pg/�L
ith 0.1× PCR buffer. The average value of LOD of digested
NA on the ITP-ZE microfluidic chip was calculated to be
.0021 pg/�L (S/N = 3). In comparison with a ZE glass chip
ith the same channel size, the LOD was decreased by 300-fold

0.0021 pg/�L versus 0.65 pg/�L).
In the polymeric sieving buffer, net-mobility of dsDNA frag-

ents was lower than that of the leading ion—Cl− and higher
han that of the terminating ion—HEPES. The long sample zone
as stacked into narrow plug between the leading ion and the

erminating ion in the ITP process, followed by ZE separation.
hus, sensitivity enhancement could be achieved through the

ncrease of sample loading volume without resolution loss.

.3. Determination of clinical samples

The sequence of voltages applied for the analysis of clinical
amples was: (i) 600 V/cm between well 2 and 3, 30 s for sample
njection; (ii) 400 V/cm between well 3 and 4, 10 s for TE migra-
ion; (iii) 500 V/cm between well 1 and 4, 61 s for stacking; and
iv) 200 V/cm between well 5 and 1, 250 s for separation.

Expected PCR product was detected from standard HBV tem-
late and no PCR product was detected from the healthy controls
n the microfluidic chip and on agarose gel electrophoresis.
mong the 200 cases, the distribution of HBV genotype identi-
ed by ITP-ZE microfluidic chip was: genotype A, 2%; genotype
, 8.5%; genotype B and C, 5.5%; genotype C, 77%; unclassi-
ed 7%.

Our results show that genotypes A, B and C exist in Dalian,
hina. Genotype C is the major genotype in this area, which is

imilar to the result from other reports [24], while genotype B is
he next major genotype and genotype A is rare. Mixed infection
f genotype B and C also exist in this area. Genotypes D, E and
were not found in this study. The pattern of HBV genotype

istribution is also in agreement with the distribution pattern of

erological types in China, where the HBV adr serological type
a serological type related to genotype C) has high prevalence.

The genotyping results by microfluidic chip-based method
nd conventional method are compared in Table 2. The classifi-

chip-based method and the conventional method

ults

Non-classified

14 (7%)
10 (5%) <10 copy/�L
4 (2%) >103 copy/�L

26 (13%)
10 (5%) <10 copy/�L
12 (6%) 10–103 copy/�L
4 (2%) >103 copy/�L
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Fig. 4. Electropherograms of one case obtained with gel electrophoresis and micofluidic chip single round and two-round PCR products of a sample with
1.16 × 10 copy/�L HBV were analyzed with ITP-ZE chip and gel electrophoresis, respectively. The case was identified as genotype C (122 bp) with the ITP-
ZE microfluidic chip but not detected with gel electrophoresis. Sample was analyzed against DL2000 DNA marker, numbers on the electropherograms corresponded
the size of DNA fragments in bp.

Fig. 5. Phylogenetic analysis of the case showed in Fig. 4. Genome sequenced of sample shown in Fig. 4 was aligned with HBV sequences of known genotype for
phylogenetic analysis. As displayed with the treeview software, the case (marked “untyped” in the figure) was verified to be genotype C on the basis of phylogenetic
analysis of pre-S region.
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ation rate obtained by ITP-ZE microfluidic chip-based method
as 93% (186/200), which was six percentage points higher

han that obtained by the conventional method. Of the 14 cases
hat were not detected with the ITP-ZE microfluidic chip, 10
amples had HBV less than 10 copy per �L; the remaining four
amples that had HBV copy number more than 103/�L, were
ot detected by either microfluidic chip or gel electrophoresis.
his could be explained by the fact that our genotyping system

s unavailable for these four cases, as the multiplex PCR-based
enotyping method cannot classify all cases. Besides these 14
ases, another 12 cases with HBV copy number ranging from
0 to 103/�L were also not classified with the conventional
ethod.
For HBV template higher than 103 copy/�L, detection rate

f the microfluidic chip-based method and the conventional one
s equivalent. The microfluidic chip-based method had higher
etection rate for HBV template lower than 103 copy/�L. In
symptomatic HBV carriers or in chronic hepatitis patients
eceiving antivirus therapy, the level of hepatitis B virus in
lood could be as low as 10 copy/�L. Genotyping method with
TP-ZE chip analysis showed the ability to detect single round
mplification fragments of target HBV DNA ranging from 10
o 108 copy/�L. Thus, the applicability of PCR-based HBV
enotyping method was enhanced using the ITP-ZE chip. For
xample, the electropherogram of a sample with low HBV copy
1.16 × 10 copy/�L) is shown in Fig. 4. The case was identified
s genotype C (122 bp) by the microfluidic chip-based method
ut not detected with the conventional method. Genotype of the
ase was verified by sequencing. Multiple sequence alignment
as performed to align the sequence with other HBV sequences
f known genotype [25] using CLUSTAL W software [26]. The
ase was verified to be genotype C on the basis of phylogenetic
nalysis of pre-S region (Fig. 5).

. Concluding remarks

Perhaps the greatest advantage of the microfluidic chip
latform over the slab gel and the capillary formats is the
otential for function integration. In this study, the ITP-ZE
ntegrated microfluidic chip was used in large-scale genotyping
f HBV and showed higher detection sensitivity than the gel
lectrophoresis with one PCR round fewer. In comparison
ith the conventional method, the microfluidic chip-based

ethod simplified the operation with reduced amplification

ime and reagent consumption. Decreasing the time needed
or PCR amplification has obvious implications for clinical
iagnostic testing. In addition, the experiments became more

[

[
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onvenient with fast separation and simple operation. These
esults, although preliminary in nature, illustrate the feasibility
or this methodology in clinical diagnosis.
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