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Abstract

We have demonstrated on-line concentration and separation of DNA in the presence of electroosmotic flow (EOF) using
poly(ethylene oxide) (PEO) solutions. After injecting large-volumes DNA samples, PEO solutions entered a capillary filled
with 400 mM Tris—borate (TB) buffers by EOF and acted as sieving matrices. DNA fragments stacked between the sample
zone and PEO solutions. Because sample matrixes affected PEO adsorption on the capillary wall, leading to changes in EOF,
migration time, concentration, and resolving power varied with the injection length. When injecting ®X174 RF DNA—Haelll
digest prepared in 5 mM Tris—HCI buffer, pH 7.0, at 250 V/cm, peak height increased linearly as a function of injection
volume up to 0.9 pl (injection time 150 s). The sensitivity improvement was 100-fold compare to that injected at 25 V/cm
for 10 s (0.006 pl). When injecting 1.54 pl of GeneScan 1000 ROX, the sensitivity improvement was 265-fold. The
sensitivity improvement was 40-fold when injecting 0.17 wl DNA sample containing pBR 322/Haelll, pBR 328/Bgll, and
pBR 328/Hinfl digests prepared in phosphate-buffered saline. This method allows the analysis of polymerase chain reaction
(PCR) products amplified after 17 cycles when injecting 0.32 pl (at 30 cm height for 300 s). The total analysis time was
shorter (91.6 min) than that (119.6 min) obtained from injecting PCR products after 32 cycles for 10 s. [0 2001 Published
by Elsevier Science BV.
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1. Introduction though it is sensitive for routine analysis, CE-LIF

associated with specia techniques, such as counting

Over the last few years, capillary electrophoresis
(CE) has emerged as an important technique for the
rapid and effective separation of DNA [1-6]. For
analysis of less than micromolar concentrations of
DNA, sensitive detection methods like laser-induced
fluorescence (LIF) are needed in CE [7-10Q]. Al-
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the fluorescence burst by confocal microscopy, are
sometimes employed for DNA segquences and single
molecules [11,12].

To improve the sensitivity in CE, a number of
on-line electrophoretic concentration techniques that
are easily performed in most laboratories have been
developed. Isotachophoretic (ITP) preconcentration
has been applied to concentrate about 20-50%
capillary volumes of DNA samples [13-15]. To
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maintain high-resolving power, the sample volume
(injection length) is limited [16]. Field amplification
in CE easily provides at least 100-fold improvement
in detection of analytes and has been widely ac-
cepted as a useful concentration technique [17-22].
When the sample matrix has a low conductivity
(usualy a diluted buffer or water) than that of the
buffers filled in the capillary, a relatively high
electric field distributes across the sample zone.
Consequently, analytes within the sample zone are
accelerated with a higher local velocity and stack at
the boundary of the buffer zone, in which their
velocities are low. For example, a method of inject-
ing a water plug prior to sample injection to create
low electric field strengths at the beginning of the
separation has been demonstrated for loading large
volumes of samples and obtaining sharper peaks
[23].

One common problem found is that the con-
centration factors of ITP and field amplification are
poor when high ionic strengths of samples [24] such
as polymerase chain reaction (PCR) product are
analyzed. Although salts can be removed by precipi-
tating DNA samples with cold ethanol [25] or
chromatography [26], these methods are not suitable
for high-throughput DNA analysis because of time-
consuming and laborious procedures. In principle,
the conductivity of the sample zone can be reduced if
the matrix is titrated by acids or bases under weakly
acidic or alkaline conditions, resulting in a highly
focusing electric field at the titration area and in turn
stacking dilute samples. For example, the conduc-
tivity of DNA samples [prepared in a buffer con-
taining tris(hydroxymethyl)aminomethane (Tris) cat-
ions] decreased when the Tris cations were titrated
by hydroxide ions [27]. Only minor loss of res-
olution observed when DNA samples were injected
at 50 V/cm for 360 s. Because of 1oss of resolution
by a shorter separation length and increases in band
broadening at low electric fields when injecting large
volumes of DNA samples, the sensitivity improve-
ment was only about 15-fold. More recently, a
similar idea by using a microporous membrane-
mediated loading has been developed for ultrathin
dlab gel electrophoresis [28]. The DNA molecules
stack up against the higher-conductivity sieving
matrices at the interface of the separation gel.

So far, deactivated capillaries are commonly used

for DNA concentration and separation in CE in order
to minimize the variation of electroosmotic flow
(EOF) and the interaction with DNA that leads to
irreproducibility and poor resolution [29,30]. In
contrast, we have developed DNA separations in the
presence of EOF using bare fused-silica capillaries
[31-33]. DNA fragments migrated against EOF and
thus back into the poly(ethylene oxide) (PEO) solu-
tions, wherein the DNA was separated according to
sieving mechanism. Thus, large DNA fragments
were detected earlier at the cathode end. To obtain
run-to-run reproducibility (RSD of the EOF <2.0%),
washing the capillary wall with 0.5 M NaOH at 25
V/cm for 10 min between runs is suggested when
PEO solutions are used. More recently, we aso
found that PEO adsorption on the capillary wall
during separations was small when the capillary was
filled with high ionic strengths of buffers, such as
400 mM Tris—borate (TB) buffers [34].

In our previous studies, we have shown that DNA
and proteins stack at the boundary between the
sample zone and PEO [35,36]. Although more than
66- and 1000-fold sensitivity improvement has been
demonstrated for DNA and protein samples prepared
in low-conductivity media, respectively, this method
till has shortages when analyzing high-conductivity
samples, presumably because of Joule heating and
greater differences in electric field strengths among
TB buffer, sample, and PEO solution. The use of
low-concentration of TB buffers to fill and prepare
PEO solutions also causes problems, such as poor
reproducibility and peak broadening, when injecting
a large-volume of samples. In this paper, we de-
scribed a modified method allowing analysis of low-
conductivity and high-conductivity DNA markers as
well as PCR products.

2. Materials and methods
2.1. Equipment

The basic design of the separation system has been
previously described [31]. Briefly, a high-voltage
power supply (Gamma High Voltage Research, Or-
mond Beach, FL, USA) was used to drive electro-
phoresis. The entire detection system was enclosed
in a black box with a high-voltage interlock. High-
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voltage end of the separation system was put in a
|aboratory-made plexiglass box for safety. A 1.5-mwW
He—Ne laser with 543.6 nm output from Melles
Griot (Irvine, CA, USA) was used for excitation. The
light was collected with a 10X objective (numeric
aperture=0.25). One RG 610 cutoff filter was used
to block scattered light before the emitted light
reaches the photomultiplier tube (Hamamatsu R928).
The amplified currents were transferred directly
through a 10-k() resistor to a 24-bit A/D interface at
10 Hz (Borwin, JMBS Developments, Le Fontanil,
France) and stored in a persona computer. Capil-
laries (Polymicro Technologies, Phoenix, AZ, USA),
75 pm 1.D.X365 pm O.D., were used for DNA
separations without any further coating process.The
capillary lengths were either 60 cm (50 cm effective
length) or 40 cm (30 cm effective length)

2.2. Materials

PEO with molecular mass 8 000 000 and other
chemicals for preparing buffer solutions were from
Aldrich (Milwaukee, WI, USA). Ethidium bromide
(EtBr) was obtained from Molecular Probes (Eugene,
OR, USA). Please note that wearing gloves when
handling EtBr is required because it is a highly
carcinogenic compound. In order to minimize Joule
heat generated at high electric field strengths, EDTA
that was commonly added to prevent digestion of
DNA by enzymes was not added in the buffers used
in this study. TB buffers prepared from Tris were
adjusted with boric acid to pH 10.0 and 9.0, respec-
tively. Unless otherwise noted, a x mM (e.g. 400
mM) TB buffer herein means a buffer containing x
mM (eg. 400 mM) Tris adjusted with suitable
amounts of boric acid. Phosphate-buffered saline
(PBS) was prepared by dissolving 8.0 g of NaCl, 0.2
g of KH,PO,, 0.46 g of Na,HPO,, and 0.2 g of KCl
in 11 of water, pH 7.4. PEO solutions were prepared
from the TB buffers containing 5 pg/ml EtBr,
respectively. ®X174 RF DNA—-Haelll digest (500
pg/ml) was purchased from Pharmacia Biotech
(Uppsala, Sweden). DNA markers V (pBR 322/
Haelll digest) (250 pwg/ml) and VI (pBR 328/Bgl|
digest and pBR 328/Hinfl digest) (250 pwg/ml) were
from Boehringer Mannheim (Mannheim, Germany).
The DNA sample containing markersV and VI used
in this study was prepared by mixing equal volume

of the two DNA markers. GeneScan 1000 ROX (8
nM) was purchased from Perkin-Elmer (Foster City,
CA, USA). Herein, GeneScan 1000 ROX was diluted
100-fold with 25 mM TB buffers, pH 10.0. QIAamp
DNA blood mini kit was purchased from Qiagen
(Hilden, Germany). PCR kits were obtained from
Promega (Madison, WI, USA).

2.3 Preparation of PEO solutions

Certain amounts of PEO were gradually added
into the TB buffer, pH 9.0, in a beaker stirring in a
water bath at 85—90°C. During the addition of PEO,
a magnetic stirring rod was used at high speed to
produce a well homogeneous suspension. After
addition was complete, the suspension was stirred for
at least one more hour. Finally, polymer solutions
were degassed with a vacuum system in an ultrasonic
tank. Polymer solutions stored in a refrigerator at
4°C were usable for at least 3 days.

2.4. Sacking and separation

Prior to analysis, capillaries were treated with 0.5
M NaOH overnight. After each run, capillaries were
washed with 0.5 M NaOH at 25 V/cm for 10 min to
remove polymer solutions and refresh the capillary
wall. DNA samples were injected into the capillary
filled with TB buffers at 25 or 250 V/cm for certain
times. The sample volume was calculated from the
capillary radius and the injection length that was
determined by monitoring the baseline shift at sever-
a detection windows during sample injection. Dur-
ing the separation, PEO solution entered the capillary
by EOF and acted as sieving matrices.

2.5. DNA extraction

The blood sample was from a normal male.
Human genomic DNA from buffy coat was extracted
using the QlAamp DNA blood mini kit in accord-
ance with manufacturer’s instructions.

2.6. PCR products

Amplification of the DNA sample was conducted
as suggested by the manufacturers. Briefly, 22.5 pl
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PCR master mix component was prepared by mixing
17.45 pl sterile water, 250 pl STR 10X buffer,
250 wl  THO1 10X primer pars (5'-
GTGGGCTGAAAAGCTCCCGATTAT-3' and 5'-
ATTCAAAGGGTATCTGGGCTCTGG-3'),and0.05
wl Tag polymerase (5 U/ul). To the PCR master
mix, 2.5 pl of human genomic DNA (25 ng) was
added. PCR was conducted as: initial incubation at
96°C for 2 min; cycling for first 10 cycles at 94°C for
1 min, a 64°C for 1 min, and at 70°C for 1.5 min;
and cycling for the last 7 and 22 cycles, respectively,
at 90°C for 1 min, at 64°C for 1 min, and at 70°C for
1.5 min.

3. Results and discussion
3.1. Sacking evolution
Since PEO adsorption on the capillary wall is

marked at low ionic strengths, leading to decrease in
EOF and irreproducible results, injection of a long

+

plug of DNA sample prepared in water is not proper.
In this study, 5 mM Tris—HCI buffers, pH 7.0, PBS,
or 25 mM TB buffer, pH 10.0, were used to prepare
DNA samples. As suggested in our previous study,
reproducibility and resolution were optimized when
using a capillary filled with high-concentration TB
buffer [34]. In order to alow injection of a large
volume of DNA sample prepared in low or high-
conductivity media, the capillaries were filled with
400 mM TB buffers, pH 10.0, and PEO solutions
were prepared in either 100 or 200 mM TB, pH 9.0.
To clearly show evolution of concentration and
separation, Fig. 1 was depicted. With negative
charges, DNA fragments migrated against EOF and
entered PEO (neutral) solution, wherein their electro-
phoretic mobilities decreased mainly due to increases
in viscosity and sieving. As a result, the DNA
fragments stacked at the boundary between the
sample zone and PEO. Because large DNA frag-
ments migrated slowly against EOF in PEO matrices,
the large ones were detected earlier at the cathode
end.

Detection

v

— Ly ———> 4,

oo ¥
A 99) 99) ——» DNA motion TB
oD
Linj

Fig. 1. Evolution of analyte zones in the separation of DNA under stacking conditions. (A) A plug of DNA sample was injected to the
capillary filled with a 400 mM TB buffer. (B) PEO solutions containing 5 .g/ml EtBr from the anodic via entered the capillary by EOF
and the DNA fragments were subjected to stacking when migrating into the PEO solution. (C) Separation of the stacked DNA was based on
the sieving mechanism in CE. L, ,,, and u,, represents the injection length, the EOF mobility and the electrophoretic mobilities of the

DNA fragments, respectively.
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3.2, Sacking efficiency

The separation length, which relies on the in-
jection length and the relative migration mobility of
the concentrated DNA fragments and PEO matrices,
isimportant for optimizing resolution. The longer the
injection length, the greater distance between the two
ends of the sample zones is, resulting in a shorter
separation length. On the other hand, the separation
length for concentrated DNA fragments is greater
when PEO migrates much faster than DNA frag-
ments. In other words, the small concentrated DNA
fragment has a greater separation length. The elec-
tropherograms in Fig. 2A show the separation of
DNA fragments injected at 25 V/cm for 10 s (in the
upper panel) and at 250 V/cm for 150 s, respective-
ly. The limit of detection for the DNA sample was
10.0 pg/ pl [signal-to-noise ratio (S/N)=3 based on
the peak height corresponding to the 72-base pair
(bp) fragment] when injecting at 250 VV/cm for 150
s. The improvement in sensitivity was about 100-fold
compared to that obtained when injecting at 25 V/cm
for 10 s (0.006 p.l). Because of dlight increases in the
bulk EOF during the injection of DNA sample
(lower ionic strengths) and decreases in the bulk
EOF during the separation, the injected volume
could not be precisely calculated from the migration
times shown in Fig. 2A. In order to estimate the
injection volume, the detection windows at different
places of the capillary were created for observing the
DNA zones during injections at 250 V/cm for
different times (data not shown). The estimated
injection length at 250 V/cm for 150 s was about 20
cm, corresponding to 0.9 wl.

The peak heights for al DNA fragments were
proportional to injection volumes from 0.006 to 0.9
wl, with linear regression (R”) values ranging from
0.930 to 0.995. For example, R* values of the two
linear plots corresponding to the 603- and 118-bp
fragments shown in Fig. 2B were 0.995 and 0.930,
respectively. The result of a steeper plot corre-
sponding to the 603-bp fragment is due to the extra
amount of intercalators complexed. Fig. 2C shows
that widths at half the net peak height for all peaks
were less than 1.2 s and kept fairly constant,
suggesting that al the DNA fragments stacked. As a
result of decreases in EOF with increasing the
injection length, the peaks corresponding to the small

DNA fragments became wider. Thus dight variations
of the peak width due to diffusion were possible if a
longer sample plug was injected. The problem was
more serious when injecting DNA prepared in 10
mM  N-(2-acetamido)-2-aminoethanesulfonic  acid
(pK,=6.8), pH 7.0 (adjusted with Tris), because of
more pronounced PEO adsorption. As a result, the
injection time was limited to less than 50 s (result
not shown). Moreover, the peaks corresponding to
the DNA fragments when injecting for 30 s were
wider compared to that shown in Fig. 2A, suggesting
that pH changes should contribute for DNA stacking.

3.3. Resolution

As soon as PEO solutions (more viscous) entered
the capillary filled with 400 mM TB buffer, the bulk
EOF mobility decreased. The decreases in bulk EOF
were related to the fractions of local EOF mobilities
of the capillary filled with PEO solutions and TB
buffers [17,37]. In addition to the viscosity depen-
dence, the bulk EOF decreased as a result of PEO
adsorption. PEO adsorption increased with increas-
ing the plug length of low-conductivity DNA sam-
ples. Consequently, the migration times increased
with increasing the injection length (volume) shown
in Table 1. Although, the bulk EOF temporarily
decreased, the RSD values for the bulk EOF were
less than 2.0%, indicating that the adsorbed PEO
molecules were easily removed by washing with 0.5
M NaOH at 25 V/cm for 10 min prior to sample
injections. This is likely due to decreases in hydro-
gen bonding between PEO molecules and the capil-
lary wall at high pH and in presence of greater
amounts of sodium ions.

34. DNA in high-conductivity media

It has been known that electrokinetic injection is
biased toward high electrophoretic mobility ions,
such as chlorides, relative to the DNA fragments
[38,39]. The separation of large-volumes DNA sam-
ple prepared in high-conductivity media could be
problematic (poor resolution and irreproducibility)
because of excessive Joule heat generated at high
electric field strengths. Besides, DNA prepared in
high-conductivity media could not stack effectively
when conventional on-line concentration techniques
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Fig. 2. Effect of the injection length on separation of 100 pg/ .l ®X174 RF DNA—-Haelll digest in the presence of the EOF at 375 VV/cm
using 2.0% PEO solutions prepared in 100 mM TB solutions, pH 9.0, containing 5 wg/ml EtBr. Capillary: 40 cm (30 cm effective length),
filled with @400 mM TB, pH 10.0. (A) Injection volume: 0.9 and 0.006 w! (upper panel), (B) peak height against injection volume, (C) peak
width against injection volume.
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Table 1

Effect of injection length on resolution and separation window in the presence of the EOF

Injection Resolution Separation

13591078 1078/872 8720603 603/310 310271 27281 281234 24/1e4  doauts  agze ineow (i

A 27 29 52 235 136 67 168 207 45 ND 77-102

B 24 20 37 200 96 30 17 244 294 645 91-128

c 26 26 52 40 203 69 213 268 555 699 120-188

D 25 45 126 434 147 50 162 23 468 452 194-238

E 19 45 100 375 153 44 122 191 509 594 194-251

A: Injection at 25 V/cm for 10 s (6 nl). B: injection a 250 V/cm for 10 s (60 nl). C: injection at 250 V/cm for 60 s (0.36 p.l). D:
injection at 250 V/cm for 120 s (0.72 pl). E: injection at 250 V/cm for 150 s (0.90 pl)

were employed [13—24]. Although dispersion might
occur during injection because the electrophoretic
mobilities of DNA fragments in PBS were lower
than that in TB buffer, stacking did not diminish
because they migrated much slowly in PEO solution.
Because chloride ions are much smaller, they should
not stack as effectively as DNA did. Fig. 3 shows the
separation of a 50 pg/wl DNA sample (containing
markersV and V1) prepared in PBS after injecting at
250 V/cm for 30 s. The detection limit (based on the
peak corresponding to the 57-bp) for the DNA
sample was 25 pg/wl. The sensitivity improvement
was about 40-fold compared to that injecting at 25
V/cm for 10 s. Because of high conductivity and
relatively small electrophoretic mobilities of the
DNA fragments in PBS, the maximum injection
volume (0.17 pl) was smaller than that in TB
matrices (0.90 pl). As we know, this is the largest
volume of DNA sample in PBS demonstrated in CE
without desalting procedures. Importantly to note
that the peaks were generally sharper when injecting
same amounts of DNA samples prepared in salts
compared to those in TB matrices. This is most
likely because DNA fragments became more com-
pact under high-salt conditions [40].

3.5. Sacking of GeneScan 1000 ROX

To further test the feasibility of this new tech-
nique, we performed on-line concentration and sepa-
ration of GeneScan 1000 ROX, which is a common
DNA size ladder labeled with fluorophores, ROX
(derivatives of carboxy-X-rhodamine). Fig. 4 depicts
the separation of 1.54 pl of 100-fold diluted Gene-
Scan 1000 ROX in 1.5% PEO solutions without
containing EtBr using a 60-cm capillary at 334

V/cm. To the best of our knowledge, 1.54 pl is the
largest volume injected for on-line concentration and
separation of DNA samples in CE. Based on the
intensity of the peak corresponding to the 55-bp
fragment, the sensitivity enhancement was 265-fold
compared to that injected at 25 VV/cm for 10 s. These
results associated with those shown above clearly
show the potential of this method for analysis of
PCR products. Together with the results shown in
Figs. 2A and 3A, we have proved that this method
alows stacking DNA fragments whether prepared in
buffers with high or low buffer capacity. Apparently,
pH changes during concentration and separation
should not play a major role in determining stacking
efficiency.

3.6. PCR products

In order to detect small amounts of DNA samples,
PCR amplification cycle is generaly set up 20-30
cycles [41-43]. Longer amplification time and large
amounts of primers and reagents are generally
needed when performing more PCR cycles. To
minimize these problems, a more sensitive detection
method is generally needed. As shown above that
our proposed method allows stacking large volumes
of DNA in PBS without any sample pretreatment, we
tested on-line concentration and separation of PCR
products. Fig. 5A shows the electropherogram when
injecting PCR products amplified after 17 cycles at
30-cm height for 300 s (0.32 pl). To identify the two
peaks shown in Fig. 5A, we spiked ®X174 RF
DNA—-Haelll digest into the PCR product and
performed the analysis (result not shown). From the
migration times for these two peaks and 194 and
234-bp fragments from the standard, we assigned
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Fig. 3. Separation of 50 pg/wl DNA markersV and VI prepared in PBS in the presence of the EOF at 375/V/cm using 1.5% PEO solutions
containing 5 pg/ml EtBr. DNA injection was performed at 250 V/cm for 30 s (0.17 pl). Panels A, B, and C represent electropherograms
from 18 to 19.5, 19.5 to 25.5, and 25.5 to 35.5 min, respectively. Other conditions were as in Fig. 2.
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Fig. 4. Separation of a 100-fold diluted GeneScan 1000 ROX sample in the presence of the EOF at 334 V/cm using 1.5% PEO prepared in
200 mM TB buffers, pH 9.0. Capillary: 60 cm (50 cm effective length). DNA prepared in 25 mM TB buffers, pH 10.0, was injected at 250

V/cm for 300 s (1.54 wl).

these two peaks as corresponding to THO1 (9, 8)
alele, containing 191 and 195-bp fragments. For
comparison, PCR products amplified after 32 cycles
were also injected at 30-cm height for 10 s and were
analyzed under the same condition. Unlike Fig. 5A,
Fig. 5B shows two more peaks that are likely due to
byproducts. Table 2 shows the comparison between
these two methods. Clearly, the total analysis time
was shortened from 119.5 to 91.3 min. In addition,
this method aso provided better resolution. The
result indicated the potential of this method for
on-line analysis of PCR products [44].

3.7. Comparison of this proposed method with
existing techniques

The comparison of this method and other on-line
concentration techniques for the analysis of DNA in
CE is summarized in Table 3. Because DNA stacks
at the boundary between sample zone and PEO
solution, on-line concentration of small analytes (in

preparation) and/or macromolecules prepared in
either low-conductivity or high-conductivity media
are achieved by this proposed method. Another
advantage of this approach over others is that a
greater injection volume (up to 1.54 pl) can be
analyzed in CE. This feature indicates that this
method may be applied to recovery of DNA frag-
ments, which can be used for further study in
molecular biology such as gene expression [45].
Also note that this method allows the on-line con-
centration and separation of DNA samples in PBS
(the concentration of NaCl is above 130 mM) and
PCR products without desalting, implying that this
approach should be suitable for analysis of different
biological samples. Unlike other methods, resolution
is not critically limited by injection length because
DNA migrated against the EOF. More importantly,
resolution, migration time and stacking efficiency
can be further optimized by regulation of EOF,
possibly through changes in buffer electrolytes,
polymer species and concentration, and so on. Thus
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Fig. 5. Separation of PCR products. (A) PCR products amplified after 17 cycles were hydrodynamically injected at 30-cm height for 300 s
(0.32 pl). (B) PCR products amplified after 32 cycles were hydrodynamically injected at 30 cm for 10 s. Other conditions as in Fig. 4.

we should be able to apply stepwise techniques for
concentration of a number of analytes, such as DNA
and proteins with significantly differential sizes.

4. Conclusions

The on-line concentration and separation of DNA
samples prepared in low and high-conductivity
media has been achieved in the presence of EOF.
DNA stacking was caused by the difference in the

Table 2
Comparison of analysis of PCR products amplified by 17 and 32
cycles

32 Cycles 17 Cycles

PCR running time (min) 112 59.5
Injection time () 10 300
Separation time (min) 7.6 271

Total time (min) 119.6 91.6
Injection volume (p.l) 0.01 0.32

Peak area (% RSD) (n=4) 250 000 (4.2) 11 000 (1.9)
Resolution 7.2 8.7

mobility of the DNA fragments in the sample
matrices and PEO. Because DNA samples were
injected into the capillary filled with 400 mM TB
buffer, sample bias is less serious using this method
compared to conventional ones (capillary filled with
polymer solutions). As a result, concentration of
DNA in high salts was more effectively. We have
also shown results of greater than 256-fold improve-
ment in sensitivity, up to 1.54 pl injection volume,
and elimination of time-consuming preconcentration
and desalting procedures for DNA anaysis. By
performing this method, the PCR amplification cycle
was shortened to 17 cycles. As expected, we should
be able to perform PCR amplification with small
amounts of reagents and DNA sample, leading to
less expense. As shown that concentration, migration
time, and resolution can be optimized by regulation
of EOF, we are now focusing on searching for more
suitable polymer solutions and electrolytes, and
developing multiple-step stacking techniques. With
the ability to improve concentration efficiency and
resolution, many problems in the analysis of bio-
logical and chemical samples may be overcome and
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Table 3
Comparison of on-line concentration techniques for DNA analysis
Preconcentration mode Separation buffer Sample matrix EOF Injection volume Ref.
Membrane-mediated® 1X TB, pH 8.3 83% formamide No 1.0 pl [28]
sample stacking containing 3.5 mM EDTA
I sotachophoresis 50 mM TB, pH 8.3 50 mM KCI, 10 mM No 0.7 pl [15]
Tris-HCI, and 1.5 mM MgCl,
Field amplification 100 mM TB, pH 85 Water No 202 V/iem, 1.5 s [19]
50 mM HEPES, 60 mM Water No 0.5 pl [22]
borate, pH 8.1
100 mM Tris—=TAPS Water No 91 Viem, 7 s [20]
Base stacking 50 mM Tris—HCI 50 mM Tris—HCI No 50 V/em, 360 s [27]
pH 8.0
Polymer stacking 100 mM TB, pH 9.0 5 mM Tris—HCI, pH 7.0 Yes 0.67 pl [35]
5 mM Tris-HCl, pH 7.0 Yes 0.9 pl This work
PBS Yes 0.17 pl This work
200 mM TB, pH 9.0 25 mM TB, pH 10.0 Yes 1.54 pl This work

®Thin dab-gel electrophoresis. HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, TAPS, N-tris(hydroxymethyl)methyl-3-

aminopropanesulfonic acid.

the role of CE in the analysis of biopolymers such as
DNA and proteins is given a new significance.
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