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Abstract

We are currently developing miniaturized, chip-based electrophoresis devices fabricated in plastics for the high-speed
separation of oligonucleotides. One of the principal advantages associated with these devices is their small sample
requirements, typically in the nanoliter to sub-nanoliter range. Unfortunately, most standard sample preparation protocols,
especially for oligonucleotides, are done off-chip on a microliter-scale. Our work has focused on the development of
capillary nanoreactors coupled to micro-separation platforms, such as micro-electrophoresis chips, for the preparation of
sequencing ladders and also polymerase chain reactions (PCRs). These nanoreactors consist of fused-silica capillary tubes
(10–20 cm320–50 mm I.D.) with fluid pumping accomplished using the electroosmotic flow generated by the tubes. These
reactors were situated in fast thermal cyclers to perform cycle sequencing or PCR amplification of the DNAs. The reactors
could be interfaced to either a micro-electrophoresis chips via capillary connectors micromachined in polymethyl-
methacrylate (PMMA) using deep X-ray etching (width 50 mm; depth 50 mm) or conventional capillary gel tubes using
zero-dead volume glass unions. For our chips, they also contained an injector, separation channel (length 6 cm; width 30
mm; depth 50 mm) and a dual fiber optic, near-infrared fluorescence detector. The sequencing nanoreactor used surface
immobilized templates attached to the wall via a biotin–streptavidin–biotin linkage. Sequencing tracks could be directly
injected into gel-filled capillary tubes with minimal degradation in the efficiency of the separation process. The nanoreactor
could also be configured to perform PCR reactions by filling the capillary tube with the PCR reagents and template. After
thermal cycling, the PCR cocktail could be pooled from multiple reactors and loaded onto a slab gel or injected into a
capillary tube or microchip device for fractionation.  1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction recently, microchip formats [5–10], they have out
paced the development of methodologies for prepar-

While advances in DNA separations have been ing DNA samples in a volume more commensurate
numerous, for example capillary gel [1–4] and with the micro-column separation techniques used to

fractionate the DNAs. Standard DNA preparation
protocols generate products in the ml range, there-*Corresponding author. Tel.: 11-504-3881-527; fax: 11-504-
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sumable costs, for example in sequencing protocols, efficiency separations due to the removal of excess
are of critical importance especially if it is to be template, primers and salts [13,14]. Solid-phase
financially feasible to sequence large genomes such sequencing protocols have typically employed the
as the human genome. For the human genome, |75 use of magnetic beads as the support media with
million sequencing reactions are required (assuming species attached to the support via a streptavidin–
a modest 400 base average read length per electro- biotin linkage [15–21]. The biotin–streptavidin link-
phoretic run and 103 redundancy typically required age is a suitable choice for sequencing applications

215 21for shotgun sequencing strategies) for complete due to the strength of the couple (K 510 M )d

coverage. At approximately US$5.00 per reaction, which can withstand the large and rapid temperature
6the cost of reagents alone would exceed US$375?10 changes necessary to perform thermal cycling.

using conventional sample preparation methodolo- The thermocycler constructed for this application
gies. consisted of a small chamber with heating and

The work presented herein describes techniques cooling accomplished using air. Due to the low
for performing several microbiological reactions on a thermal mass associated with the capillary tubes and
nanoliter scale using a dynamic air thermal cycler the rapid convection associated with moving air,
that can accommodate capillary tubes serving as efficient thermal equilibration was achieved in short
nanoreactors for applications such as PCR (poly- time periods allowing fast temperature transitions
merase chain reaction) and solid-phase DNA se- reducing the time necessary to prepare the PCR
quencing. The dynamic nature of the device is based products or DNA sequencing ladders [22–24].
upon the fact that reagents are pumped into and out
of the nanoreactor using electrokinetic pumping,
which is generated by the electroosmotic flow (EOF) 2. Experimental
associated with the capillary tube. The nanoreactor
can be directly coupled to a capillary gel for DNA 2.1. Preparation of biotinylated DNA using PCR
separation, providing on-line analysis of DNA frag- amplification
ments in an automated fashion and on a nanoliter
scale. In addition, the capillary nanoreactor could be A 900 base pair (bp) fragment of the actin gene
coupled to micromachined electrophoresis devices was obtained by PCR from rat brain RNA and
fabricated in plastics (polymethylmethacrylate, cloned into a carrier vector, pCRII [3.9 kilobase pairs
PMMA) using high-aspect ratio micromachining (kb)] (Invitrogen, San Diego, CA, USA) using
(HARM). Capillary connectors were directly ma- previously published procedures [25]. The DNA/
chined into the PMMA device to allow an interface pCRII construct was then amplified by PCR in a
between the nanoreactor and separation device. The Perkin-Elmer 2400 series thermocycler. The PCR
machining used deep X-ray etching or injection mixture contained 1 ml pCRII vector, 10 ml 1X PCR
molding, which allows the fabrication of deep chan- buffer (20 mM Tris–HCl, pH 8.4, 50 mM KCl), 2 ml
nels with narrow widths, appropriate for accom- dNTPs, 85 ml double-distilled water (ddH O), 1 ml2

modating these capillary tubes [11,12]. SP6 biotinylated forward primer (1 mM) and 1 ml of
The reactor in our examples simply consisted of a T7 reverse primer (1 mM). PCR was performed

conventional fused-silica capillary tube (V|47 nl) under ‘‘hot start’’ conditions, which entailed addition
which was placed in a thermal oven for temperature of 1 ml of the Thermus aquaticus (Taq) DNA
cycling. For sequencing performed in the nanoreac- polymerase (Gibco-BRL, Gaithersburg, MD, USA)
tor, biotin was covalently attached to the wall with after the reaction temperature reached 808C which
the subsequent addition of streptavidin to provide an ensured high fidelity during DNA amplification.
anchoring point for a biotinylated DNA template Twenty-five PCR cycles were performed using the
prepared using PCR (solid-phase sequencing following program; (1) denature dsDNA at 948C for
strategy). DNA sequencing using a solid support is 45 s; (2) anneal primer at 558C for 30 s and; (3)
advantageous in that it affords an easy method by extend primer at 728C for 90 s. The reaction products
which the products can be purified leading to higher were separated by agarose gel electrophoresis (0.8%
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agarose, 1 mM EtBr, 25 V/cm) visualized under a paratus for evaluation and/or sequencing experi-
UV lamp and excised from the gel matrix using a ments.
scalpel. The DNA was removed from the agarose
using a gel removal centrifugation apparatus ob- 2.3. DNA thermocycler
tained from Amicon (Beverly, MA, USA) and stored
at 2208C. The capillary oven was designed to provide a

solution to three major problems: rapid thermal
cycling; good temperature accuracy and stability and;

2.2. Immobilization of DNA template to reactor the ability to accommodate capillary tubes and
wall dynamically move solution in and out using electro-

kinetic pumping. Since the working temperature
The DNA was immobilized to the wall of a range was typically between 55 and 958C, poly(vinyl

fused-silica capillary tube using a biotin–strep- chloride) (PVC) was chosen as the oven chamber
tavidin–biotin system following procedures similar material since it provided reasonable thermal insula-
to those outlined by Amankwa and Kuhr, but with tion, moderately low thermal capacity and was very
slight modifications to immobilize double-stranded machinable. The oven chamber measured |15 cm in
(ds) DNAs instead of trypsin proteins [26,27]. Fused- length and 1.25 cm in width. The capillary tubes
silica capillary tubes (20, 50 or 100 mm I.D.3360 were fed through the chamber via holes drilled into
mm O.D.) were cut into 50 cm lengths and rinsed two ends of the oven and could accommodate 12
successively with 1 M NaOH, ddH O, 1 M HCl for capillaries. Temperature-controlled air moved2

10 min each using a vacuum. The capillary was through the floor of the chamber through a 2.54 cm
purged with air (10 min) and oven baked at 808C for diameter hole. The chamber also contained two
10 min to remove any residual water. The capillary baffles on either side of the capillaries, which
was then filled with a 4% solution of 3-amino- allowed the air to circulate uniformly around the
propyltriethoxysilane (APTS) in acetone, which was capillaries. The air exited the chamber through 1/8-
purchased from Sigma (St. Louis, MO, USA), for 30 in. holes drilled on opposite sides of the baffles (1
min air purged for 5 min and finally incubated for 24 in.52.54 cm).
h at 458C. After incubation, the tube was filled with a To heat the incoming air, a low power hot air gun
hydrogencarbonate solution (50 mM, pH 8.3) con- heating element was used (Master Mite, 325 W).
taining 5.0 mg/ml of NHS-LC-biotin (Sigma) for 4 h The power to the element was controlled by varying
at room temperature. Following biotinylation, the the a.c. power proportionally. To move the air
reactor was exposed to a 4.0 mg/ml solution of through the chamber, a shaded pole, 12 CFM radial
streptavidin (Sigma) in 50 mM sodium phosphate blower was used (Grainger). The ambient air was
buffer (pH 7.3). The streptavidin solution was al- moved through the heating element mounted inside a
lowed to incubate for several hours at 48C followed PVC tube attached to the oven chamber entrance
by the removal of any free streptavidin by rinsing the hole on the floor of the oven. The temperature was
capillary tube with ddH O and stored in a re- sensed at the oven inlet with a miniature type K2

frigerator until required for use. The column, when thermocouple. Due to the transport lag of the system,
required for use, was cut to the desired length and a proportional-plus-derivative control was used to
filled with a 1 mM solution of the biotinylated prevent temperature overshoot and ringing. The
template and incubated at 48C for |30 min. In some resulting system could cycle through a 408C tem-
cases, biotinylated single-stranded (ss) DNAs were perature range in |10 s (48C/s) to within 18C and
immobilized to the wall of the nanoreactor by less than 18C overshoot.
quickly heating the dsPCR product to 958C for
several minutes followed by rapid cooling and 2.4. Nanoreactor operation
immediately inserting the solution into the reactor.
Excess template was removed by rinsing with For the PCR reactions, the capillary nanoreactor
ddH O and then inserted into the appropriate ap- (uncoated) was filled with the PCR cocktail and the2
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template to be amplified (l-DNA) by inserting one (CGE) experiments, the temperature of the reactor
end of the capillary (25 cm320 or 50 mm I.D.) into was cycled 10 times with each cycle consisting of;
the PCR mix and applying a high voltage (anode, 928C for 5 s; 558C for 10 s and; 728C for 30 s.
positive voltage) and grounding the opposite end of The matrix used for separation in the capillary was
the capillary. Since the thermal chamber was 15 cm a 3% T /3% C polyacrylamide gel containing 7 M

1in length, the volume of the PCR reaction amplified urea as the denaturant . The field strength was set to
ranged from 47 to 294 nl. After filling, the applied 200 V/cm during electrophoresis and the running
voltage was removed and the thermal cycling com- buffer consisted of 13 TBE (pH 8.6). The capillary
menced. Following the thermal cycling, the PCR gel column possessed a total length of 70 cm, with
reaction mix from all capillaries (12) was pooled to an effective length of 40 cm (injection to detection).
produce a reasonable volume for loading onto a gel
for analysis. The PCR reactions were analyzed on an
agarose gel (1%) containing ethidium bromide for 2.6. CGE–laser-induced fluorescence (LIF) system
visualization.

For the sequencing experiments, the biotinylated- The DNA fragments separated by capillary elec-
DNA template was immobilized to the wall of the trophoresis were detected using a custom built near-
nanoreactor and the sequencing primer electroinject- IR LIF apparatus, which was similar in design to that
ed into the reactor followed by rinsing and then reported earlier by our group [28]. Basically, the
injecting the sequencing reagents. For these experi- system consisted of a GaAlAs diode laser producing
ments, the nanoreactor was |20 cm in length (20 mm 20 mW of laser light at 780 nm, which was focused
I.D.) and in order to allow electrical connection to onto the capillary using a singlet lens to a spot size

2the reactor, flanking capillaries were connected to the of approximately 10 mm (1/e ). The fluorescence
nanoreactor. The flanking capillaries were linear was collected from the capillary with a 603 micro-
polyacrylamide (LPA)-coated using standard proce- scope objective (NA50.85) and imaged onto a
dures to minimize the EOF. After primer extension, spatial filter with a slit width set to 0.6 mm which
the gel-filled separation column was attached directly produced a sampling volume in the gel column of
to the reactor using a zero dead volume connector |0.78 pl. After spatial filtering, the emission was
(MicroQuartz, Phoenix, AZ, USA) with the removal spectrally filtered with an eight-cavity bandpass filter
of one of the flanking LPA-coated tubes. The se- (CWL5820 nm; HBW530 nm; Omega Optical,
quencing fragments generated in the nanoreactor Brattleboro, VT, USA) and focused onto the face of
were then injected into the gel column for separation the photodetector using a 203 microscope objective.
by applying a negative potential to the cathodic end The photodetector was a single photon avalanche
of the LPA-coated flanking capillary. diode (SPAD, EG&G Optoelectronics, Vadrieulle,

Canada) that was passively quenched and interfaced
2.5. Solid phase nano-scale sequencing reactions to a personal computer which contained a counting

board (CT101, Cyber Research, Bradford, CT, USA)
The extension of the immobilized ssDNA was with the data acquisition software written using

7performed directly inside the nanoreactor. The reac- LabTech Notebook (Cyber Research). For the mi-
26tor was filled with a 1?10 M solution of IRD800- crochip fluorescence, the laser was coupled to a

labeled T7 primer (Li-COR, Lincoln, NE, USA) and single mode fiber, which was then spliced into
the temperature raised to 958C followed by cooling another fiber inserted and sealed into the microchip.
to 558C to allow annealing of dye-primer to the A multimode fiber, inserted into the opposite channel
surface-immobilized template. The primer solution of the chip, was situated directly in front of the
also contained 0.01 units of a thermophilic DNA SPAD.
polymerase (Taq), the four deoxynucleotides and a
single dideoxynucleotide (ddCTP). In order to build

1a sufficient population of extension fragments to aid C5g N,N9-methylenebisacrylamide (Bis) /% T; T5(g
in detection for the capillary gel electrophoresis acrylamide1 g Bis) /100 ml solution.
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2.7. Fabrication of PMMA devices contained the biotin linkage at the 59 terminus and
was bound to the wall-immobilized streptavidin

PMMA micro-devices were fabricated using tech- species. The amount of activity generated from the
niques previously outlined [11,12]. The device reactor was then measured by submerging the entire
topography is shown in Fig. 1 (top). It basically reactor into a vial containing a scintillation cocktail
consisted of a capillary /chip connector, a fixed and monitoring the activity using the scintillation
volume injector (V 5100 pl), a separation channel counter. The theoretical scintillation intensity forinj

(L56 cm) and two channels to accommodate optical complete monolayer coverage was determined by
fibers for delivering the laser light to the device and calculating the surface area available for immobiliza-
also collecting the emission and directing it to the tion inside the reactor and assuming that the degree
photon transducer. In Fig. 1 (bottom) is shown a of coverage was restricted by the area occupied by

2˚scanning electron microscopy (SEM) image of the the streptavidin protein (2000 A ) [26,27]. The
dual fiber detector fabricated in PMMA. coupling ratio of biotinylated DNA to the strep-

tavidin anchor was assumed to be 1:1 due to steric
interactions that would result when multiple 1 kbp

3. Results and discussion templates would bind to a single immobilization site.
Based on these assumptions, the efficiency of tem-

3.1. PCR amplification in nanoreactor plate immobilization to the interior reactor wall was
determined to be 77% (610%). From the physical

Our initial investigations focused on evaluating the dimensions of this reactor (5 cm length3100 mm)
performance of the nano-PCR reactor. For these the average amount of DNA immobilized in this

212investigations, we used 50 mm I.D. capillaries filled system was |1?10 mol yielding an effective DNA
26with the PCR cocktail and template. Following concentration of 2.6?10 M in this 390 nl volume.

amplification, the PCR mixes from the 12 capillaries Integration of the nanoreactor directly to a capil-
were pooled. Fig. 2 shows the electropherogram of lary gel column for sequencing requires careful
the amplicons obtained from the nano-thermal cycler consideration to zone broadening due to extra-col-
and a conventional thermal cycler. The PCR product umn effects because of the stringent requirements on
generated in the nanoreactor co-migrated with the separation efficiency in sequencing applications in
conventional PCR product, both matching the appro- order to achieve single-base resolution. In the present
priate DNA size marker (603 bp fragment of Hae III case, the finite volume of the reactor (injection
digest of FX174), confirming the molecular mass of volume, V , for a 15 cm320 mm I.D. column,inj

the amplicon. Monitoring the nano-oven temperature V 547 nl) and the dead volume associated with theinj

profile during thermal cycling indicated little evi- connector can potentially result in the reduction in
dence of overshoot, except at 728C, where the the plate numbers. In order to assess the contribu-
temperature overshot by |28C, but still within a tions of these two variances to the total variance,
reasonable temperature range to get efficient exten- experiments were carried out to evaluate the relative

2sion. In addition, the temperature was found to be contribution from the connector (s ) and reactorcon
2 2very stable (61.08C). volume (s ). This extra column variance (s ) caninj xc

be calculated from the following expression, assum-
3.2. DNA sequencing in nanoreactor ing that the zone variance from the finite injection

2volume could be calculated from l /12 [29], where l
The efficiency of DNA immobilization onto the is the length of the injection plug;

capillary wall was initially studied using a large
2 4m rdiameter nanoreactor (5 cm length3100 mm I.D.) gel nr2 2 2]] ]s 5 ? ? l 1 s (1)F Gxc 2 4 nr conwhich generated sufficient product volumes allowing 12m rfs sc

off-line analysis using scintillation counting. The
degree of surface coverage was determined by where m is the electrophoretic mobility of thegel

32incorporating a P label into the template, which oligonucleotide in the gel column; m is the freefs
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Fig. 1. Topographical layout of the micro-electrophoresis chip fabricated in PMMA (top). The channels were 50 mm in depth and varied in
width (20 mm or 50 mm). The injector contained a volume of 100 pl. (Bottom) SEM image of dual fiber-optic component micromachined in
PMMA.
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Fig. 2. Image of agarose gel (1%) electropherogram of l-DNA amplified in both a conventional thermal cycler (PE 2400, Applied
Biosystems) (lane 1) and the dynamic nano-thermal cycler (lane 2). The PCR mix contained AmpliTaq DNA polymerase, Tris–HCl (100
mM, pH 8.3), KCl (500 mM), MgCl (15 mM) and the following primers: (1) 59-GATGAGTTCGTGTCCGTACAACTGG-39; (2)2

59-GGTTATCGAAATCAGCCACAGCGCC-39. These primers produced a 500 bp amplicon. The thermal cycle consisted of 958C 15 s;
558C 15 s; 728C 60 s; 30 cycles followed by a final extension for 5 min at 728C. Lane (3) contains a marker ladder (Hae III digest of
FX174).
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24solution mobility of the oligonucleotide (4.0?10 The nanoreactor used in our sequencing experi-
2cm /V s) [30]; r is the radius of the nanoreactor; ments was selected to have a length of 15 cm (l )nr nr

r is the radius of the separation capillary and l is and radius of 10 mm (r ), yielding a total volume ofsc nr nr

the length of the nanoreactor. The term in parenthe- 47 nl. From previous measurements, we found that
ses represents the zone variance arising from the the mobility of a 150mer in a 3% T /3% C poly-

2finite injection volume (s ) and assumes that acrylamide gel with a near-IR primer was 6.1?inj
25 2complete radial diffusion occurs when injecting into 10 cm /V s [31]. Using these numbers as well as

a column with a larger radius. As can be seen from the free solution mobility of an oligonucleotide with
2 23 2 2this expression, in order to minimize s , it is .20 bases yielded a value of 3.4?10 cm for s .inj nr

2necessary to use a highly crosslinked gel or high % T The total variance (s ) for this 150mer near-IRtot

linear gel (small m ) and also a small diameter labeled single stranded oligonucleotide using directgel

nanoreactor and larger diameter separation column. injection onto a cross-linked gel column was found
23 2 25It should also be noticed from Eq. (1) that the zone to be 1.3?10 cm (H 52.5?10 cm, where H istot

2variance from s will be highly dependent upon the the height equivalent of a theoretical plate) and theinj
6number of bases comprising the oligonucleotide, plate number was 2.0?10 [31]. Adding the zone

since the longer oligonucleotides have a smaller m . variance contributions from the connector and thegel

In the present case, m ,m and r ,r , and injection volume produced by the nanoreactor wouldgel fs nr sc

therefore, zone compression should result when give an estimate on the efficiency of this injection
23 2injecting the contents of the nanoreactor directly into system, which yielded a value of 4.8?10 cm

25 5the gel column. (H 58.6?10 cm) and a plate number of 5.8?10 .tot

The zone variance from the connector was de- Therefore, one could expect an approximate 65%
termined by loading the nanoreactor with dye-labeled reduction in separation efficiency using the injection
primer and interfacing it via the glass connector to a system as configured above compared to direct
gel-filled column followed by electrokinetically in- injection.
jecting the dye-primer onto the gel column. The Fig. 3 shows the capillary electropherogram for
electropherogram generated using this arrangement C-terminated fragments generated in the nanoreactor
was compared to one generated after performing a with subsequent separation in a 3% T /3% C cross-
direct injection of near-IR dye-primer onto the CGE linked polyacrylamide gel column (75 mm I.D.).
column under similar electrokinetic injection con- From this electropherogram, we estimated an effec-
ditions. In both cases, the injection volume was kept tive read length of approximately 450 bases, which
constant, which was accomplished, in the case of the was determined by peak counting and then multiply-
connector experiment, by removing the separation ing by 4 to a point in the electropherogram where
capillary and placing it in 1X TBE once the appro- resolution permitted single base identification (R.

priate injection volume had been reached. The plate 0.7). However, it should be noted that since only the
5numbers (data not shown) were found to be 2.49?10 C-track was analyzed, the stated read length will

5plates for direct injection and 2.45?10 plates when most likely be reduced when the system is trans-
injection occurred across the zero dead volume ferred to a single lane, four base protocol. Calcula-
connector. Since the only additional contribution to tion of the plate number for the near-IR dye-labeled
the zone variance was that arising from the connector 160mer depicted in the figure inset yielded a value of

6 6between these two cases, the difference in the total 2.05?10 plates compared to 4.51?10 plates for
zone variance calculated from the electropherograms direct injection (data not shown), in fair agreement to

2 24yielded s , which was determined to be 1.5?10 the efficiency loss calculated above. An interestingcon
2cm . Even though the connector is stated as posses- feature of this injection format is the fact that biases

sing zero dead volume, the loss in efficiency in this due to electrokinetic injection are absent, since in the
case is most likely due to the inability to polish the present case we are injecting onto the gel column a
capillary ends correctly, producing a void volume at fixed volume, which is defined by the physical
the interface. dimensions of the capillary nanoreactor.
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Fig. 3. Capillary gel electropherogram of C-terminated Sanger sequencing fragments produced in the nanoreactor possessing an
approximate volume of 47 nl. The fluorescence of the labeling dye was excited with 4.5 mW of laser power at 780 nm. The column length,
injector to detector, was 40 cm with a total length of 70 cm. The electrophoresis was carried out using a field strength of 200 V/cm. The
graph inset shows an expanded view with the 160mer labeled with the plate numbers calculated for this peak. In the figure, only 5000 s of
data are shown.

3.3. Microchip separations and interconnection to lary which was modified with a 1% LPA coated wall.
capillaries The results are shown in Fig. 4. As can be seen, the

primer migrated through the fused-silica capillary
In order to investigate the ability to carry out high column in approximately 1720 s, while for the

resolution separations of oligonucleotides using our PMMA-based device, the migration time was only
PMMA-based micro-device with no wall coatings, 194 s, an approximate 10-fold decrease in migration
we electrophoresed a near-IR labeled primer using a time. For the fused-silica case, the apparent mobility
4% LPA sieving matrix in both a PMMA-based of the dye-labeled primer in this gel matrix was

25 2micro-device and a conventional fused-silica capil- found to be 8.46?10 cm /V s, while in the case of
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Fig. 4. Electrophoretic separations of near-IR dye-labeled sequencing primers in a conventional capillary tube (A) or PMMA-based
microchip (B). The labeling dye was NN382 (Li-COR, Lincoln, NE, USA) and the primer was an M13 (-21) primer. The sieving matrix was
a 4% LPA solution containing 7 M urea as the denaturant. For the capillary gel separation, the wall was coated with a 1% LPA solution
while for the microchip separation, the device walls were not modified.

the PMMA-based device, the apparent mobility was the dye-labeled oligonucleotide, in the PMMA de-
25 2determined to be 7.44?10 cm /V s. The lower vice is larger than for the wall-coated fused-silica

mobility observed in the case of the PMMA-based tube. We also calculated the plate numbers generated
device most likely resulted from the fact that the from these two separations and found that the plate
EOF, which opposes the electrophoretic mobility of numbers in the fused-silica case was 836 000 plates /
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m, while for the PMMA device, the plate numbers cess for our device indicated significant leakage of
were 722 000 plates /m. The slight loss in efficiency sample into the separation channel during injection.
may arise from either the turns used to increase the Therefore, the 100 mm plug length used in these
channel length or the finite length of the injection calculations should be considered provisional. Use of
plug or a combination of both. Recently, a model has a pinched injection mode should alleviate this artifact
been formulated to account for dispersion effects and improve the plate numbers [34]. These calcula-
introduced by turns in the separation channel of tions demonstrate the need for the fabrication of
microchips [32]. The important conclusion from this channels with narrow widths and deep depths to
model was that narrow channels were critical so as to minimize zone variances caused by turns and also to
reduce path differences taken by individual mole- produce a channel with a reasonable volume to allow
cules. sample loading levels to aid in detection.

In order to estimate the zone variance introduced The limit of detection of our fluorescence system
2by the turns (s ) in our device, we calculated the was estimated by calculating the S /N of the electro-t

diffusion coefficient (D) of the dye-labeled primer phoretic peak shown in Fig. 4B, which was de-
from the capillary gel electropherogram, since the termined by calculating the area under this peak and
major contribution to the total variance is longi- dividing by the square root of the number of

2tudinal diffusion (s ) in this case. Since the diffu- background counts integrated over the time width ofD

sion coefficient has been shown to depend on the this peak. Calculation of the S /N was found to be
applied electric field [33], the same field strength 250 for an injection of 100 pl of a 1.0 nM solution of
was used in the microchip as that in the capillary gel the dye-primer, which represents 0.1 amol. At a
electrophoresis case. After obtaining D and using the S /N53, our detector possesses a mass detection
physical dimensions of our micro-device, we could limit of 1.2 zmol, which compares favorably to our

2calculate s . From the electropherogram depicted in detection limits determined for a capillary-basedt

Fig. 4A, the total variance was determined to be system using near-IR fluorescence [28].
23 2 264.79?10 cm , which yielded a value of 1.39?10 For connecting the capillary nanoreactor to the

2cm /s for the diffusion coefficient. The total zone microchip, we have machined guide channels to hold
variance for the electrophoretic peak shown in Fig. the capillary tubes. Since the capillary wall is several

24 24B was determined to be 5.54?10 cm . Insertion microns thick and we needed to reduce unswept
of the value calculated for the diffusion coefficient volumes (void volumes) at the interface of the chip
into the expression, to the capillary, the guide channel was 50 mm in

width and abruptly reduced to 20 mm in width since
2DL the capillary inserted into the device had an internal2 ]]s 5 (2)D diameter of 20 mm. Fig. 5 shows an optical mi-nave

crograph of a 20 mm I.D. capillary inserted into the
where L is the effective length of the separation PMMA-based device. The capillary possessed an
channel and n is the average linear velocity, O.D. of |55 mm and therefore, did not requireave

2allowed the determination of s which was found to etching to reduce its outer diameter so as to fit intoD
24 2be 5.14?10 cm , comprising approximately 93% this narrow channel. The capillary was positioned

of the total variance. Insertion of the appropriate into the guide channel using a micro-translational
values into Eq. (14) found in Ref. [32], yielded a stage while observing the movement under an optical

26 2 2value of 8.66?10 cm for s , or a total turn microscope. After insertion, the capillary was simplyt
26 2variance per device (three turns) of 2.60?10 cm . glued (using epoxy) to the PMMA-micro-device.

From the 100 mm injection plug length used for
2sample injection, we could also calculate s , whichinj

26 2was determined to be 8.31?10 cm . As can be 4. Conclusions
seen, the injection plug variance is nearly four-fold
greater than the variance per turn. It should be noted We have demonstrated the ability to effectively
that microscopic visualization of the injection pro- produce PCR reactions and sequencing ladders on a
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Fig. 5. Optical micrograph of a fused-silica capillary inserted into a micro-channel fabricated in PMMA. The capillary possessed an O.D. of
55 mm and an I.D. of 20 mm.

nanoliter-scale, a volume which exploits the small large-scale DNA sequencing applications using stan-
sample requirements associated with micro-column dard protocols and the DNA nanoreactor system
separation techniques. The system uses nano-fluidics indicated that reagent costs could run as high as
for dynamically moving reagents and sample into the US$12 750 per day when performing 2500 sequenc-
reactor (electrokinetic pumping). The volume used in ing reactions (for an average read length of 400
the present system for preparing sequencing ladders bases per electrophoretic run, this corresponds to

6(|47 nl) represents an approximate 300-fold reduc- 1?10 bases of raw sequencing data per day) com-
tion in sample size typically used in Sanger chain- pared to only US$40.65 per day when using the
termination protocols. The net result is a significant nanoreactor. Another attractive feature of this system
reduction in the amount of consumables required for is the ability to perform solid-phase sequencing in
generation of sequencing ladders. A cost analysis for ultra-small volumes with its incumbent advantages,
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