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Modification of poly(methyl methacrylate) microchannels for highly
efficient and reproducible electrophoretic separations

of double-stranded DNA
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Abstract

This paper deals with dynamic coating of the microchannels fabricated on poly(methyl methacrylate) (PMMA) chips and DNA separation by
microchip electrophoresis (MCE). After testing a number of polymers, including 2-hydroxyethyl cellulose, hydroxypropylmethyl cellulose,
different sizes of poly(ethylene oxide) (PEO), and poly(vinyl pyrrolidone) (PVP), we found that coating of the PMMA microchannels
with PEO(Mr = 6.0 × 105 g/mol) on the first layer is essential to minimize the interaction of DNA with PMMA surface. To achieve high
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fficiency, multilayer coating of PMMA chips with PEO, PVP, and PEO containing gold nanoparticles [PEO(GNP)] is importa
PEO–PVP)–PEO(GNP) PMMA chip, which was repeatedly coated with 1.0% PEO and 5.0% PVP twice, and then coated w
EO(GNP) each for 30 min, provided a high efficiency (up to 1.7× 106 plates/m) for the separation of DNA markers V (pBR 322/HaeIII
igest) and VI (pBR 328/BglI digest and pBR 328/HinfI digest) when using 0.75% PEO(GNP). With such a high efficiency, we demons

he separation ofhsp65gene fragments ofMycobacterium HaeIII digests by MCE within 90 s. The advantages of this approach to D
nalysis include ease of filling the microchannel with 0.75% PEO(GNP), rapidity, and reproducibility.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Rapid, efficient, and sensitive separation methods are
ighly demanded after the post-genome era, in which di-
gnostic applications including genetic mutation detection
nd characterization of polymorphisms will continue playing
n important role[1–5]. Microchip capillary electrophoresis
MCE) using polymer solutions has shown powerful for DNA
nalysis because of its advantages of high resolving power,
apidity, minute sample requirement, and ease of integration
6–9]. Polymer solutions are advantageous over cross-linked
els, including relatively low viscosity, ease of preparation,
nd flexibility. Common polymer solutions used for DNA
equencing, forensic applications, and the analysis of poly-
erase chain reaction (PCR) products in MCE are prepared

rom linear polymers, including cellulose and its derivatives,

∗ Corresponding author. Tel.: +886 2 23621963; fax: +886 2 23621963.
E-mail address:changht@ntu.edu.tw (H.-T. Chang).

linear poly(acrylamide) (LPA), poly(ethylene oxide) (PE
or poly(vinyl pyrrolidone) (PVP)[8–12].

Microchips fabricated in a variety of substrates, includ
glass, quartz, and plastics, have been used for electroph
separations of DNA[13–18]. Polymer substrates such
polycarbonate[17] and poly(methyl methacrylate) (PMMA
[18] are particularly interesting because they offer a gre
potential for making disposable devices on a cost-effe
basis by printing, laser ablation, and plasma etching[18–21].
However, DNA tends to adsorb on the surface of the pl
substrates, leading to loss of resolution and variatio
electroosmotic flow (EOF). Thus, elimination of EOF a
prevention of analyte adsorption are important for achie
highly efficient and reproducible DNA separation by M
[22]. To achieve this goal, chemicals or polymers have b
used to modify the PMMA wall surface either through
valently bonding or through physically adsorbed (dynam
coating[23,24]. Because of its simplicity, possibility for a
tomatic coating and regeneration, and access to a priori k
ledge of polymer physical properties, dynamic coating

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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become more popular. Cellulose derivatives such as hydroxy-
propylmethyl cellulose-50 (HPMC-50) have been shown
effective to minimize DNA interaction with the channel wall
in PMMA chips[25]. Unfortunately, we have found that the
separation of DNA markers V (pBR 322/HaeIII digest) and
VI (pBR 328/BglI digest and pBR 328/HinfI digest) was not
quite successful (several unresolved peaks for the DNA frag-
ments less than 1033 bp) using the suggested conditions. Fur-
ther increasing the concentrations of HPMC-50 and/or poly-
hydroxy additives (mannitol, glucose, and glycerol) did not
improve resolution, but deteriorated it, probably due to poor
solubility of HPMC-50 and changes in the morphology of the
entangled solutions at high concentrations (with increasing
HPMC-50 concentration, the color changed from transparent
to pale yellow and eventually turns to opaque at 4.0%).

Based on our own experiences, among a number of poly-
mers commonly used to minimize DNA adsorption, we have
found that PEO and/or PVP dynamic coating of PMMA mi-
crochannels is acceptable when conducting the separation
using PEO solutions containing gold nanoparticles (GNPs)
[24]. This is partially because GNPs are more stable in the two
polymer solutions[26] when compared to others such as cel-
lulose derivatives and LPA. Using PVP–PEO–GNP PMMA
chips, we demonstrated the separation of DNA markers V
and VI ranging in size from 8 to 2176 bp by MCE[24]. With
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mers purchased from Aldrich (Milwaukee, WI, USA). The
molecular weights (g/mol) are 1 300 000 and 250 000 for
HEC, 1 000 000 for HPC, 8 000 000, 4 000 000, 2 000 000,
and 600 000 for PEO, and 1 300 000 for PVP. Ethidium bro-
mide (EtBr) was obtained from Molecular Probes (Eugene,
OR, USA). Sodium hydroxide was used to adjust the pH
value of 500 mM glycine solution to 9.1. The 56-nm GNPs
were synthesized according to a literature procedure[28]. The
concentration of thus made GNPs is denoted by 1X (about
4.93× 10−11 M) and their size is 55.6± 1.2 nm confirmed
by UV–vis absorption measurements and TEM images[29].
Glycine buffer (50 mM, pH 9.1) containing 0.3X GNP was
prepared by mixing 15 mL of thus prepared 56-nm GNPs
(a weakly acidic solution containing less than 0.1 mM citric
acid), 5 mL glycine (500 mM, pH 9.1), and 30 mL deion-
ized water. Different amounts of PEO(Mr = 8.0× 106 g/mol)
were gradually added to the above-prepared solutions while
stirring in a water bath at 85–90◦ C. After additions were
completed, the suspensions were stirred for at least one more
hour. Finally, polymer solutions were degassed with a vac-
uum system in an ultrasonic tank. The viscosity of the pre-
pared 0.75% PEO solutions was 158± 2 cP. For simplicity,
we used HEC(Mr), Mr = 2.5 × 105 and 1.3× 106 g/mol
as well as PEO(Mr), Mr = 0.6 × 106, 2.0 × 106, 4.0 ×
106, and 8.0× 106 g/mol to represent polymer solutions pre-
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comparable resolving power to that obtained by CE us
0-cm long capillary filled with 0.2% PEO(GNP) (viscos
15 cP)[27], 1.5% PEO(GNPs) was required when usin
VP–PEO–GNP PMMA chip with a 4-cm long separa
hannel. Hereafter, PEO(GNP) refers to PEO solutions
aining GNPs. A longer separation time (18 min versus 5
hows a drawback of MCE when using the PVP–PEO–G
MMA chip. Since the diffusion coefficient of DNA and d
ersion are both smaller in a high-viscosity solution, we
luded that the loss of efficiency is due to the interactio
NA with the PVP–PEO–GNP PMMA chip as a result
oor coating.

It needs high pressure to fill and flush the microcha
hen using a high viscosity of PEO(GNP) solution like 1.
EO(GNP). The aim of this study is to develop an effec
ay to coat the PMMA microchannel surface in orde
onduct DNA separation using low-viscosity PEO(GNP)
utions. Based on our previous results[12,24], we fabricated

ultilayer-coated PMMA chips. In this paper, we dem
trated reproducible, high-resolving, and high-speed D
eparations using a 2-(PEO–PVP)–PEO(GNP) PMMA
ith a 75�m channel filled with 0.75% PEO containing 5
m GNPs (viscosity = 158 cP).

. Materials and methods

.1. Chemicals

All polymer solutions used for dynamic coating of
MMA chips and plates were prepared from linear p
ared form different sizes of polymers. Polymer solut
sed for coating the microchannels of PMMA chips w
repared in a similar manner.�X 174 RF DNA-HaeIII di-
est was purchased from Pharmacia Biotech (Uppsala,
en). DNA markers V (pBR 322/HaeIII digest) and VI (pBR
28/BglI digest and pBR 328/HinfI digest) were purchase

rom Boehringer Mannheim (Mannheim, Germany). Eq
olumes of DNA markers V and VI were mixed and use
his study.

.2. Instrumentation

The separation of DNA was performed on a labora
ade MCE system in an epi-fluorescence configura
s shown inFig. 1. In the system, a 4.0 mW He–Ne la
t 543.6 nm from Uniphase (1676, Mantence, CA, U
as used to excite ethidium bromide intercalated D
omplexes and two laboratory-made high-voltage po
upplies (C4710-40, Hamamatsu Photonics, Shizuoka
apan) was used to drive electrophoresis. The entire det
ystem was enclosed in a black box with a high-vol
nterlock. The light was reflected from a dichroic mir
XF2017, Omega Optical, VT, USA) and focused wit
0× objective (numerical aperture = 0.25). The dich
irror, a laboratory-made slit (2 mm in diameter), and a
10 cut-off filter were used to block scattered light be

he emitted light that was focused with the same 20× ob-
ective reached the photomultiplier tube (R928, Hamam
hotonics). The amplified currents were transferred dir

hrough a 10 k� resistor to a 24-bit LabView I/O interfac
ard at 10 Hz (6024E, National Instruments, USA) that
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Fig. 1. Schematic diagrams of a MCE separation and detection system (A)
and a representative PMMA microchip (B). Representative injection and
separation voltages were listed in the table under (B).

stored in a personal computer. A LabView program was
used for voltage control and data acquisition. A viscometer
(DV-E, Brookfield Engineering Labs., MA, USA) was
used to conduct the viscosity measurements of PEO(8.0×
106 g/mol) and PEO(GNP) solutions at 25◦C. The UV–vis
spectra of the coated PMMA plates were conducted using a
UV–vis spectrometer (Cintra 10e, GBC Victoria, Australia).

2.3. Microfabrication

The wires (75 and 50�m in diameter) used to fabricate mi-
crochannels according to a wire imprinting method[30] were
obtained from Omega Engineering (Stanford, CT, USA). A
piece of 40.0-mm wire and a PMMA plastic plate clamped be-
tween two clean glass slides were placed in an oven at 110◦C
for 10 min. Then, the assembly was put aside at room temper-
ature in the course of forming the microchannel (separation
channel). Another piece of wire was used to make a 10.0-mm
long channel orthogonal to the separation channel on another
PMMA plate in a similar manner. Prior to sealing, four holes
of 3.0 mm in diameter used as buffer and sample reservoirs
were drilled on the PMMA plate with a 10.0-mm long chan-
nel with a power screw driver. The two pieces of PMMA
plastics were then sealed in the oven at 110◦C for 8 min. The
total and effective lengths of the separation channel with the
s ly.
T ffer),
r rvoir
4

2

for
1

(PEO–PVP)–PEO(GNP) were made and tested for DNA sep-
arations, in whichX = 1–10. The coating procedures forX-
(PEO–PVP)–PEO(GNP) PMMA chips are: the channel was
equilibrated with 1.0% PEO(6.0× 105 g/mol) at room tem-
perature for 30 min; PEO was flushed out with water and then
the channel was filled and equilibrated with PVP at room
temperature for 30 min; PVP was flushed out with water; the
sequence was repeated to obtain the desired number of layers
(X); finally, the channel was subjected to final coating with
0.75% PEO(GNP) for 30 min. Owing to a difficulty of mon-
itoring the coating on the PMMA channel surface using a
commercial spectrometer, we used PMMA plates that were
coated in a similar manner.

2.5. DNA extraction and PCR products

A loop of mycobacteria grown on solid medium was
suspended in 500�L of TE buffer (10 mM Tris, 1 mM
EDTA, pH 8) and inactivated by boiling for 30 min. Tem-
plate DNA was extracted by Puregene DNA purifica-
tion kit (Gentra Systems, MN, USA) according to the
manufacture’s instructions. A pair of unlabeled primers
Tb11 (5′-ACCAACGATGGTGTGTCCAT) and Tb12 (5′-
CTTGTCGAACCGCATACCCT) were used in PCR to am-
plify the hsp65gene which was a 439-bp fragment between
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ize of 75�m × 75�m are 40.0 and 30.0 mm, respective
he distances from the cross-section to reservoir 1 (bu
eservoir 3 (buffer), reservoir 2 (sample waste), and rese
(sample) are 5.0, 35, 5.0, and 5.0 mm, respectively.

.4. Dynamic coating

The microchannels were cleaned with fresh water
0 min prior to dynamic coating. PMMA chips, namedX-
ositions 398 and 836 as published[31]. PCR mixture
ontained 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 m
gCl2, 10% glycerol, 0.4�M (each) primer, 200�M of each
f four dNTPs, 1.25 units of Taq polymerase (Qiagen, Hild
ermany), and 3�L of the DNA template in a final volum
f 50�L. Thermocycling of the reaction mixture was p

ormed in a Thermocycler (2700, Applied Biosystem, Fo
ity, USA) programmed for 35 cycles (60 s at 94◦C, 60 s
t 60◦C, 60 s at 72◦C) followed by a 10-min incubation
2◦C. The amplified products were then digested with
triction endonucleaseHaeIII (New England Biolabs, MA
SA): 10�L of the amplified reaction solution was add

o a mixture containing 1�L of enzyme (5 units), 5�L of
estriction buffer (10×), and 34�L of autoclaved distilled
ater; the mixtures were incubated for 60 min at 37◦C for
aeIII digestion.

.6. Electrophoretic procedure

Unless otherwise noted, the injection and separation
ges were applied as addressed further. The DNA samp

he concentrations ranging from 2.5 to 10�g/mL were elec
rokinetically injected to the channels (75�m× 75�m) from
ample reservoir 4 by applying 600 V at sample waste r
oir 2 for 10 s, while the other three reservoirs were grou
ng. Sample separation was accomplished by applying 7
electric field strength of 187.5 V/cm) at the analysis rese
, 250 V at sample and sample waste reservoirs 2 and 4
rounding buffer reservoir 1 (Fig. 1B). When PMMA chips
ith different sizes of microchannels were used, the s

ations were conducted at the same electric field stren
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After each run, a 50-mL syringe positioned on reservoir 3
was used to suck out the used PEO(GNP); reservoir 1 was
filled with fresh PEO(GNP) that was filled to the channel
by suction using another 50-mL syringe positioned on reser-
voir 3. In this study, PEO(GNP) represents the PEO solution
containing 56-nm GNPs.

3. Results and discussion

3.1. Dynamic coating and separation of�X 174 RF
DNA-HaeIII digest

In our previous report[27], we demonstrated highly effi-
cient DNA separation by CE using low-viscosity PEO(GNP)
solutions and suggested that the change of the morphology
of PEO matrices and effective coating of PVP and/or PEO on
the capillary wall in the presence of GNPs are two main con-
tributors for improved resolution. We note that the viscosity
of PEO changes less than 0.2% in the presence of 1XGNPs.
However, such low-viscosity PEO(GNP) solutions could not
provide a high resolving power for DNA in MCE when us-
ing a PVP–PEO–GNP chip, mainly because of poor coating.
In order to achieve comparable resolution obtained by CE,
1.5% PEO(GNP) solution (1680 cP) was required in MCE.
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polymers is ineffective.Fig. 2B shows that a chip coated with
1.0% PEO(6.0× 105 g/mol) and then 0.75% PEO(GNP)
provided an acceptable resolution, with total resolved peaks
of 11 in 4 min. We note that there were only 1, 2, and 4 peaks
obtained when using PEO(8.0× 106 g/mol), PEO(4.0×
106 g/mol), and PEO(2.0× 106 g/mol) instead of PEO(6.0
× 105 g/mol) to coat the PMMA chips, respectively. The
results reveal that coating of PMMA chips with small PEO
is definitely advantageous over larger ones and PVP.Fig. 2C
shows that the separation of the same DNA sample using
a PEO–PVP–PEO(GNP) PMMA chip, with the relative
standard deviations (n = 3) less than 1.3% and 3.3% for
migration times and peak areas for all DNA fragments,
respectively. The advantage of the PEO–PVP–PEO(GNP)
PMMA chip over that of PEO–PEO(GNP) chip is further
listed in Table 1; PEO–PVP–PEO(GNP) PMMA chip
provided a greater resolving power for the small DNA
fragments (<603 bp). This is mainly because small DNA
fragments have less access to the microchannel surface
in a PEO–PVP–PEO(GNP) PMMA chip as a result of
thicker and more complete coating. A sandwiched PVP
layer minimizes direct interactions between two different
PEO molecules (Mr = 0.6 × 106 and 8.0× 106 g/mol),
which ensure the formation of multilayer coating (discussed
later). We note that the separation is also faster using the
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wing to its high viscosity, it is extremely difficult to fi
he sieving matrix to the small PMMA microchannels. I
hus important to minimize DNA adsorption on the PMM
urface, allowing use of low concentrations of PEO(G
olutions. To achieve this goal, we tested different coa
trategies based on the following facts: (1) the surface c
ge is generally more completed with small molecules
s amines and surfactants; (2) multilayer coating prov
reater efficiency as a result of weaker interactions bet

he wall and the migrating analytes because of less ac
3) the stability of GNPs is greater in PVP than in PEO;
4) the interaction of PMMA with PVP is weaker than t
ith PEO (our own experience)[22,32–36].
Amines from monoamines (triethylamine,

thanolamine and ethylamine) to oligoamines (spermi
permine and tetraethylenepentamine) have been us
inimize analyte adsorption[32,37], but they are not suitab

n this study because they significantly induce aggregati
NPs. We then turned our strategy to coat the PMMA c
sing different polymers, including PEO with theMr values
f 0.6–8.0× 106 g/mol, PVP with theMr values of 1.3×
06 g/mol, HEC with theMr values of 0.25× 106 and 1.3×
06 g/mol, and HPC with theMr values of 1.0× 106 g/mol.
hen conducting the separation of�X 174 RF DNA-HaeIII

igest using 0.75% PEO(GNP), the chip firstly coated
.0% PVP and then with 0.75% PEO(GNP) provided s
road peaks as shown inFig. 2A. Using the same separati
ondition, only one broad peak with poor irreproducibi
as detected when using HEC or HPC to coat the PM
hips before being subjected to coating with PEO(GN
he results reveal that coating of PMMA chips with th
EO–PVP–PEO(GNP) PMMA chip, mainly because
maller EOF (against DNA migration) and weaker inte
ions of DNA with the channel wall. Since there are e
roups and carboxylic groups in PMMA surface, suppo
ith the existence of small EOF (2.1× 10−4 cm2 s−1 V−1)

n 10 mM triethylamonium acetate (pH 7.0)[38], we strongly
elieve that the suppression of EOF is due to the interac
etween PMMA and PEO through hydrogen bonding
ydrophobic patches. Decreases in the surface charge d
ue likely to the interactions of cationic PVP polymers w
nionic PMMA surface and with GNPs should also t
ccount for small EOF mobility. The existence of small E

oward the anodic end in the presence of PVP is ruled
s suggested in our previous studies[12,39]. Table 1also
resents that PEO(GNP) provides higher resolving p

or DNA than does PEO solution, mainly due to change
EO morphology[27].

.2. Separation of DNA markers V and VI

Although the PEO–PVP–PEO(GNP) PMMA chip is u
ul for separating DNA, at least 0.75% PEO(GNP) is
uired, which is higher than 0.2% PEO(GNP) used in
fused silica). This suggests that the interaction betw
he PMMA microchannel wall and DNA still exists. O
easoning is further supported by the result presente
ig. 3A, which shows that the separation of a mixture
NA markers V and VI using the PEO–PVP–PEO(GN
hip (75-�m channel) was not quite successful. Our
oning is further supported by a relatively worse res
ion of the DNA using a PEO–PVP–PEO(GNP) PMM
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Fig. 2. Comparison of the separation of 10�g/mL �X 174 RF DNA-HaeIII digest using three differently coated PMMA chips. The 0.75% PEO(GNPs) was
prepared in 50 mM glycine containing 2.5�g/mL EtBr, pH 9.1. The numbers in the electropherograms denote the DNA sizes (bp). Injection and separation
voltages were as shown inFig. 1B.Arbitrary unit was denoted by a.u.

chip with a channel size of 50�m × 50�m. A poor res-
olution is because DNA is relatively accessible to the wall
and interacts with PMMA wall in a small channel if the
coating is not completed. To further improve the resolving
power by suppressing DNA adsorption, we fabricatedX-
(PEO–PVP)–PEO(GNP) PMMA chips, in whichX = 2–10.
Fig. 3B and C show two representative electropherograms,

usingX-(PEO–PVP)–PEO(GNP) PMMA chips, whereX= 2
and 5, respectively. The two electropherograms both present
significant improvements in resolution and speed when com-
pared to those using a PVP–PEO–GNP PMMA chip[24].
The separation is highly efficient (up to 1.7× 106 plates/m)
when using the 2-(PEO–PVP)–PEO(GNP) PMMA chips.
One reason for faster separation results obtained in this study
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Table 1
Comparison of the theoretical plates (N) and resolution (R) using different PMMA chips

DNA (bp) Aa Ba Ca

Nb (×104) Rc N (×105) R GNPs No GNPsd

N (×105) R N(×105) R

51(/72) 9.7 0.7 1.8 1.8 3.0 1.8 1.3 1.5
72(/118) 7.0 1.1 2.5 2.7 4.0 3.7 1.6 2.5
118(/197) 7.5 0.3 1.8 1.3 3.0 2.4 2.1 1.3
194(/281) 3.0 0.4 2.3 1.3 14.0 2.5 2.4 1.0
281(/271) 3.3 0 3.5 0.4 15.0 1.2 1.1 0
271(/310) NDe 0 2.5 1.3 7.0 1.7 ND 0
310(/603) 2.3 1.8 2.8 7.8 8.0 13 2.1 7.2
603(/872) 3.5 1.2 3.0 3.3 14.0 5.0 3.0 3.7
872(/1078) 4.3 0.4 6.8 0.8 17.0 0.6 4.0 0.2
1078(/1353) 2.8 0 2.5 0.5 4.0 0.3 1.3 0
1353 ND – 9.0 – 6.0 0 ND –
Time window (s)f 66–141 87–221 73–170 92–242

a The data in A–C were calculated from the results shown inFig. 2A–C, respectively.
b The unit forN is plates/m.
c R = 1.178(t2 − t1)/(w1 + w2); t1 andt2 are the migration times for any two adjacent peaks;w1 andw2 are their bandwidths at the half heights, respectively.
d The conditions were the same as inFig. 2C, but no GNPs in 0.75% PEO.
e Not determined.
f Time between the first and last peaks.

is that the electrophoretic mobility of DNA is greater in
0.75% PEO(GNP) solution (lower viscosity) than in 1.5%
PEO(GNP). It is also interesting to note that the migration
times slightly increased with increasing coating layers as a
result of small EOF. With increasing the number of layers,
greater coverage of the PMMA surface, leading to higher re-
solving power, and less negatively charged density (good cov-
erage and greater amounts of PVP) in the surface, resulting
in small EOF. In comparison ofFig. 3B and C, we realize that
the 5-(PEO–PVP)–PEO(GNP) PMMA chip did not provide
any significant advantages over 2-(PEO–PVP)–PEO(GNP)
PMMA chip in terms of resolution and separation time. In
contrast, the loss of resolution for small DNA fragments
(< 298 bp), a slightly higher fluorescence background, and
a relatively unstable baseline are problematic when using the
5-(PEO–PVP)–PEO(GNP) PMMA chip. Similar problems
were all found when using theX-(PEO–PVP)–PEO(GNP)
PMMA chips, in whichX > 4.

To reveal the optical problems, we measured the UV–vis
absorption of theX-(PEO–PVP)–PEO(GNP) PMMA plates.
The UV–vis absorbance in the range of 300–900 nm (spec-
tra a–h inFig. 4) increases with increasing number ofX
(sequence), indicating the formation of multilayer-coated
PMMA plates. The increase in absorbance (a–g) is mainly
due to increased thickness of the coating layer and the
c ases
i nce o
G oeffi-
c d
P (a–g)
i that
t result
p ra-

tion is relatively poor when usingX-(PEO–PVP)–PEO(GNP)
PMMA chips, in whichX> 3. Increases in absorbance (thick-
ness of coating layer) support that a higher fluorescence
background observed inFig. 3C is mainly due to scatter-
ing. We point out that similar UV–vis absorption measure-
ments (not shown) revealed that multilayer-coated PMMA
plates did not form if there was no PVP coating between
PEO(6.0× 105 g/mol) and PEO(8.0× 106 g/mol) coatings.
This is because of strong interactions between two differ-
ent sizes of PEO molecules. Owing to lack of forming mul-
tilayer coating, the loss of resolution and irreproducibility
for DNA separation is problematic when usingX-[PEO(6.0
× 105 g/mol)–PEO(8.0× 106 g/mol)]–PEO(GNP) PMMA
chips orX-[PEO–PEO(GNP)] PMMA chips.

3.3. Advantage and reproducibility

There are several advantages of conducting DNA separa-
tion by MCE using 2-(PEO–PVP)–PEO(GNP) PMMA chips.
Low-viscosity PEO(GNP) can be used as a sieving matrix,
allowing one easily to fill and replace the sieving matrix by
syringe suction. This simplifies our MCE system because a
high pressure means for filling high-viscosity PEO(GNP) and
PEO solutions to microchannels is no longer needed. Dete-
rioration of the coating due to high pressure is prevented. As
a after
s hip
c el is
fi d in
r D.)
f tive
r .7%
w runs
hanges in refractive index of the surface, while the incre
n absorbance between g and h is also due to the prese
NP that possesses a greater absorption extinction c
ient (� ∼ 1010 cm−1 M−1 at λ = 532 nm) than do PEO an
VP in the visible range. The increase in absorbance

s not proportional to the number of layers, suggesting
he thickness of each layer is not always the same. The
artially explain why reproducibility for the DNA sepa
f
result, the chip can be reused for more than 30 runs

imple filling of the channel with fresh PEO(GNP). The c
an be used for more than 3 months if the microchann
lled with PEO(GNPs) and the chip is sealed and store
efrigerator at 4◦C. The relative standard deviation (R.S.
or the migration time is less than 1.3% for five consecu
uns. It is important to note that the R.S.D. is about 2
hen 0.75% PEO(GNP) was used for four consecutive
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Fig. 3. Separations of a mixture containing 2.5�g/mL DNA markers V and VI usingX-(PEO–PVP)–PEO(GNP) PMMA chips. Other conditions were the
same as inFig. 2.

(without refilling). AlthoughFig. 4reveals that the variation
of coating occurred among different layers, the chip-to-chip
reproducibility is less than 3.0%.

3.4. Separation of PCR products

Antibiotic treatment varies according to the species of my-
cobacteria[40,41]. Therefore, it is particularly important to

diagnoseMycobacteriumspecies as rapidly as possible. Tra-
ditional identification method of tuberculosis used to take
several weeks because of the slow growth rate of mycobacte-
ria and a slow separation process of slab gel electrophoresis
[42]. Recently, integrated microfluidic devices that incorpo-
rate with sample preparation, PCR, and CE separation in a
small chip have been applied to many fields such as diag-
noses, forensics, and so on[1,6,43]. To test the potential of
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Fig. 4. UV–vis spectra forX-(PEO–PVP)–PEO(GNP) PMMA plates. Spec-
tra a–h were for the plates withX= 1–10, respectively. Absorbance unit was
denoted by a.u.

the 2-(PEO–PVP)–PEO(GNP) PMMA chip for diagnostic
purposes, thehsp65gene fragments ofMycobacteriumafter
HaeIII digestion were tested.Fig. 5 shows that the separa-
tion of the digested PCR products (21–152 bp) was accom-
plished in 90 s. The R.S.D. values (n = 3) of the migration
times for all the fragments are all less than 1.5%, show-
ing good reproducibility of this method. We note that the
chip was used for more than 30 runs, without degradation.
The chip-to-chip reproducibility is also reasonable (R.S.D. <
4.6%). A greater R.S.D. value compared to those obtained in
separating standard DNA markers is because the PCR sam-
ple was prepared in a much higher concentration salt me-
dia. The result indicates the possibility of rapidly detecting
different species of mycobacteria from a greater number of
samples if a multiplexed system in a microchip format is
applied. Although the integration of a chip system has not
been developed in this lab yet, the result shows potential of
the 2-(PEO–PVP)–PEO(GNP) PMMA chip for identification
of a numbers of species of mycobacteria, in an inexpensive
cost.

F
g

4. Conclusions

The progress in conducting dynamic coating of the sep-
aration channels fabricated on PMMA chips is described.
To prevent DNA adsorption on the channel wall of PMMA
chips, it is important to coat the separation channel with
small sizes of PEO molecules. In order to form multilayer
coating of PMMA chips, PVP coating is required between
PEO and PEO(GNPs). Using a 2-(PEO–PVP)–PEO(GNP)
PMMA chip, the separation of DNA markers V and VI by
MCE using 0.75% PEO(GNP) was accomplished in 3 min.
The separation ofhsp65gene fragments ofMycobacterium
HaeIII digests was completed in 90 s, showing the potential of
this technique for diagnosis ofMycobacteriumspecies. Ow-
ing to a low viscosity of 0.75% PEO(GNP) solution, filling
the microchannels is no longer a problem. As a result, small
channels (e.g. 25�m) might be used to further improved res-
olution if needed.
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