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Abstract Aptamers are nucleic acid binding species ca-
pable of recognizing a wide variety of targets ranging from
small organic molecules to supramolecular structures, in-
cluding organisms. They are isolated from combinatorial
libraries of synthetic nucleic acid by an iterative process
referred to as SELEX (Systematic Evolution of Ligands by
Exponential Enrichment). Here we describe an automated
microfluidic, microline-based assembly that uses LabView-
controlled actuatable valves and a PCRmachine, and which
is capable of the selection and synthesis of an anti-lysozyme
aptamer as verified by sequence analysis. The microfluidic
prototype described is 1) a simple apparatus that is rela-
tively inexpensive to assemble, making automated aptamer
selection accessible to many investigators, and 2) useful for
the continued “morphing” of macro→meso→microfab-
ricated structures until a convergence to a few functional
systems evolves and emerges, partly or completely achiev-
ing simpler, smaller and more rapid SELEX applications.
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Introduction

Nucleic acid-binding species (aptamers) are proving in-
creasingly useful in therapeutic and diagnostic applications
[1–3]. They are isolated from combinatorial libraries of syn-

thetic nucleic acid by an iterative process referred to as
SELEX (Systematic Evolution of Ligands by Exponential
Enrichment), summarized in Fig. 1. Aptamers can be dis-
covered for any target protein using SELEX regardless of
the protein’s function [4, 5]. Recently, the SELEX process
used to isolate specific RNA aptamers was automated,
significantly reducing the time required for isolation and
amplification of oligonucleotide sequences capable of high-
affinity binding to specific target molecules of interest from
months/weeks to less than two days (∼42 hours for 12 rounds)
[6, 7]. However, if moved to a chip-based, microfluidic
environment, SELEX (as well as a variety of SELEX-
related chemistries) could potentially be standardized, giv-
ing significant advantages in terms of increased speed and
reduced costs. Furthermore, such automated devices would
pave the way for a variety of high-throughput applications.
Such advantages have been documented in connection with
chip-based enzymatic assays [8, 9], immunoassays [10, 11],
and nucleic acid detection [12, 13]. At the heart of the mi-
crofabrication process is the generation of precisely defined
wells, channels, valves and pumps onto silicon-based, glass
or polymeric substrates using a variety of techniques. There
are elegant examples of self-contained, fully integrated,
miniaturized devices [14, 15]. However, to date there have
been no such devices that are capable of carrying out SELEX,
primarily because of the required automated synergy of
SELEX system components (three different molecular bio-
logical methodologies), which significantly increases the
complexity of the structures to be fabricated.

The aim of the work detailed in this report was to develop
a microfluidic, microline-based assembly, capable of carry-
ing out automated SELEX which could also provide a way
to design and integrate microfabricated chip components.
Thus, keymicrochip issues that can affect the chemistries of
the respective SELEX processes could be logically ad-
dressed prior to microfabrication. Key questions to consider
are:

– Can this process be miniaturized; can one design a
workable, self-contained, microfabricated chip-based
SELEX platform?
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– What are the acceptable dimensions, volumes, and
flows?

– Which components are needed (such as valves,
chambers, channels, mixers)?

– How are the process logistics to be accommodated by
chip real estate?

– Are the respective materials comprising the chip
friendly to the required bioanalytical processes?

– If they are unfriendly, how do they influence the
biochemical reactions and their outcomes?

– How can the generation of product be optimized?

Using externally, microprocessor-controlled actuatable
valves connected “in line” to reagent-loaded microlines and
a microline reaction chamber, we report here on the au-
tomated conversion of (1) a specific, anti-lysozyme en-
coding DNA construct to its corresponding transcript, (2)
selection (capture) using a Streptavidin-derivatized silicon
microline, and (3) reverse transcription of thermally eluted
target-specific RNA back to DNA and amplification. The
automated microline assembly described constitutes a con-

Fig. 1 Overview of the SELEX process

Fig. 2 Operational diagram of
the microfluidic SELEX proto-
type device. Upper left: Selec-
tion and routing schematic
showing integration of the
three-, four-, six- and ten-port
valves with microlines (as des-
ignated 10P is in position 1).
Upper right: Pressurized reagent
reservoir manifold: A, In vitro
transcription master mix+dye;
B, RT/PCR master mix+dye;
C, high-salt solution; D, low-salt
solution; E, nuclease free water
+dye (selection release carrier
fluid); F, N2 (purge nitrogen);
G, nuclease-free water used as
pressure head. Bottom center:
System photo: 1, Pressurized
reagent reservoir manifold;
2, modified PCR top plate;
3, Ruler (12”); 4, PCR machine;
5, Actuatable valve
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siderably simpler, easily accessible, stand-alone apparatus
occupying a much reduced total footprint area than that of
the currently used robotic-based workstations. Equally
important, this microfluidic prototype can aid in the move-
ment of SELEX component processes to integrated, self-
contained, microfabricated platforms.

Experimental

Chemicals/components

An EZ-Link Sulfo-NHS-Biotinylation Kit was obtained
from Pierce Biotechnology (Rockford, IL, USA). Strepta-
vidin was obtained from Roche (Indianapolis, IN, USA).
An anti-lysozyme aptamer was obtained from Dr. Andrew
Ellington (University of Texas, Austin, TX, USA). Primers
used for amplification were GATAATACGACTCACTA
TAGGGAATGGATCCACATCTACGA (T7 RNA poly-
merase promoter underlined) and AAGCTTCGTCAAGT
CTGCAGTGAA. MEGAscript T7 Kits and SuperScript
One-Step RT-PCR System with Platinum Taq DNA Poly-
merase Kits were obtained from Ambion (Austin, TX,
USA). DNase and RNase treatment of SELEX products
was carried out using MasterPure Kit reagents (Epicentre,
Madison, WI, USA) per the manufacturer’s instructions. E-
gels and RNase Out were obtained from Invitrogen
(Carisbad, CA, USA). Blue dextran 2000 dye was obtained
from Sigma Chemical Co. (St. Louis, MO, USA). LabView
software was purchased from National Software (Austin,
TX, USA). Nitrogen gas (5.0 grade) was obtained from
Praxair (San Antonio, TX, USA). Microlines and actuat-
able valves were obtained from Upchurch Scientific (Oak
Harbor, WA, USA).

Target immobilization

Lysozyme was biotinylated using a Sulfo-NHS-Biotin
(spacer arm 13.5 Å) biotinylation reagent kit per the
manufacturer’s instructions. Biotinylated protein (∼10 μgm
dissolved in 0.02 M Tris buffer, pH 7.5 containing 0.10 M
NaCl and 0.005 M MgCl2) was incubated in a 150 μm
fused-silica microline previously coated with streptavidin.
Immobilization of FITC-labeled streptavidin to silicon mi-
crolines was carried out according to the procedure of
Soper and coworkers [16]. Fluorescence microscopy indi-
cated the presence of surface immobilized streptavidin
(data not shown).

Operational configuration of the microfluidic SELEX
prototype

Shown in Fig. 2 is an operational schematic of the mi-
crofluidic SELEX prototype, comprising reagent-loaded
microlines, pressurized reagent reservoir manifold, ther-
mocycler, and actuatable valves. Reference to valves, ports

and reagent/connecting microlines in the subsequent text is
made as follows: notation preceding brackets (for example
“10P[ ]”) indicates where in the system (the ten-port valve),
the function is occurring. Numbers within brackets (for
example [4→5]) indicate the respective valve ports through
which fluid is being moved as indicated by the arrows. The
notation “><” indicates the holding of fluid in a particular
loop as designated by the number (for example >2<
indicates loop 2).

The microfluidic SELEX prototype device employs two
types of valves: selection and routing. Selection valves
have a common port that can be directed to the “peripheral”
ports. For example, the six-port selection valve consists of
a center port (designated as C) that is common to the six
peripheral ports (designated as 1-6), allowing any one of
the peripheral ports to be common (“in line”) with the
center port. Two such valves are employed for reagent
selection. The three-port valve allows redirection from the
“0” position to that of positions 1 and 2 similar to the six-
port selection valve. The functioning of the routing valves
is not as intuitive. The four (S1), six (P2 and S2), and ten
(10P)-port valves have only two functionally actuable
positions, so only ports adjacent to one another may be
connected; for example, the ten-port valve in position 1
connects 1→2, 3→4, 5→6, 7→8, and 9→10 configurations.
Conversely, position 2 connects 2→3, 4→5, 6→7, 8→9,
and 10→1 configurations. The two six-port routing valve
positions are denoted “inject” and “load” by the manu-
facturer, a convention retained in this paper.

The microlines used in the microfluidic SELEX proto-
type are all 360 μm (outer diameter), but they have variable
inner diameters of 75, 100, and 150 μm which correspond
to miniscule volumes per unit length; a 10 cm length of
tubing with the previously mentioned inner diameters
corresponds to 0.44, 0.79, and 1.76 μL, respectively.
Reagent microlines were cut to accommodate prescribed
volumes. Preloading of reagents into respective microlines
was accomplished using a pressurized loading injection
chamber.

DNA pool sample loading Initial loading of the DNA-
containing pool (round 0) was achieved via the “sample
injection port” in the starting position (see Fig. 2, S1 [1]
and S2 [position: load]). The path of the DNA pool from
the pressurized (∼40 psi) injection loading chamber to its
final loading “hold” destination in the sample loop
(S2[>1→4<]) is as follows: sample (injection chamber)
→ S1[3→4] → S2[6→1→ >sample loop<4→5] →
discard (atmosphere). Movement of injection fluid was
monitored visually by addition of prefiltered dye. Isolation
of the loaded sample was accomplished by actuating S2
to “inject” contingent upon the pressure being “off” at S2
[2].

Reagent loading and storage Reagents are stored and/or
held in microlines between the two six-port selection
valves (A1 and A2, see Fig. 2). These reagents are readily
accessed by actuating the selection valve to positions 1
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through 6. Line number 6 serves as a bypass loop allowing
for flushing as well as continuity of pressure if needed.
The two 6-port selection valves are operated in concert in
order to place a respective reagent loop in line with the
active pressurized line.

The ten-port NanoPeak valve (10P) is also a crucial
reagent-loading component. As previously indicated, it can
be actuated to two positions (1 and 2). Position 1 allows for
the utilization of reagents stored in microlines between the
two six-port reagent selection valves (A1/A2). Position 2
allows for loading of reagents into the microlines residing
between A1 and A2. The ten-port valve has an internal dead
volume of approximately 20 nL between ports, thus making
the microlines and their respective fluids contained within
virtually continuous.

Loading of reagents into the respective microlines is
accomplished using a pressurized reagent delivery module
(see Fig. 2, upper right). This module consists of a
pressurized box (approximately 40 psi) with eight feed-
through lines connected to a six-port selection valve
(designated RL). The common central port of the six-port
valve is connected to the reagent injection port (10P [6]),
so any one of the six peripheral valve ports can access the
central port and consequently the reagent delivery port on
the ten-port valve. This configuration allows for bulk
storage of reagents used in the SELEX process and the
delivery of reagents to the respective microline reagent
loops of prescribed volumes. Reagents—in vitro tran-
scription (IVT) and reverse transcriptase (RT) polymerase
chain reaction (PCR) master mixes–as well as water for
the selection release step are all spiked with dye (Blue
Dextran 2000) which is detectable via sensors specifically
positioned in the system. Port number 5 (RL) is used to
flush the reagent delivery line with nuclease-free water,
while port number 6 (RL) is left unconnected, resulting in
reagent delivery being shut off due to removal of the
pressure head in the line. As configured, ports number 4
and 6 (RL) are currently unused. The path of the reagent(s)
to the reagent loop(s) is summarized as follows: RL [1–
6]→10P[position 2:6→7]→A1/A2[C→1–6/1–6→C]. The
path continues beyond the reagent/bypass loop arrange-
ment to 10P[position 2:4→5→10→1] to the discard.
Sensor A2 monitors the common exiting of reagent lines
and is instrumental in automated reagent loading.

In vitro transcription (IVT) All lines are purged with
diluted ELIMINase (Decon Laboratories) to remove
residual DNA and other potential contaminates. After
purging with ELIMINASE, lines are flushed with nucle-
ase-free water. A master mix comprised of MEGAscript
(Ambion) reagents was prepared and loaded into reagent
loop 1 via an “IVT load” LabView subroutine. In sum-
mary, the path utilized was (bulk Reagent A→RL[1→ C]
→10P [position 2:6→7]→A1/A2[C→1/1→C]), and it con-
tained the following reagents: UTP (2 μL), ATP (2 μL),
GTP (2 μL), CTP (2 μL), 10X Reaction Buffer (2 μL), T7
Enzyme Mix (2 μL), RNase Out (2 μL) and 2 μL filtered
dye dissolved in nuclease-free water. DNA template was
loaded into the sample loop (S2[1→4]) as previously

described. The sample loop was custom-cut to accommo-
date 2 μL when isolated by actuation of the required
valves. The volume of fluid (nuclease-free H2O) in the
connecting lines from the pressure head to the reaction
chamber (P1[0]→P2[3→2]→S2[2→3]→10P[8→7]→A1[C]
→A2[C]→10P[4→3]→R1[C]) was sized to contain 4 μL.
This volume plus that of the respective reagents moved to
the reaction chamber brings the reaction volume up to the
desired 20 μL.

The in vitro transcription LabView subroutine is engaged
once the reagents are loaded. Reagent loop 1 (loaded with
master mix as detailed above) is opened (10P position 1 as
diagrammed, Fig. 2, A1/A2 [C→1/1→C]), placing reagents
“in line”with the sample loop. The resulting microline path
(A1/A2 [C→1/1→C]) allows for delivery of the reagents,
nuclease-free water, and lastly the template into the reaction
chamber. Sensor R2 is triggered, with the LabView
programmed response resulting in a switch from reaction
chamber 1, i.e., R1[1]→R2[1] to the bypass loop R1[6]
→R2[6]. This configuration isolates IVT reactants within
the microline. The reaction microline (R1[1]→ R2[1]) was
incubated for two hours at 37 °C utilizing a Techne
Touchgene Thermocycler with customized heating block.
Pressurized water continues to flow via the bypass line
during in vitro transcription, flushing the lines and
therefore eliminating all trace of dye and reagents in the
system, with the exception of the reaction vessel containing
the IVT reaction mix. Dye flushing is vital to clear
signaling for subsequent movement of the reaction mix.
Following transcription, transcripts were transferred auto-
matically from the reaction chamber to the sample loop
(holding loop) via the following pathway: R2[1→C] →
S1[1→4] → S2[6→1→4→5] → discard (open to atmo-
sphere). Following the appearance of dye at sensor S2 near
the discard (Fig. 2), pressure is diverted by actuation of S1
to position 1, thus isolating the transcripts in S2[1→4].
Pressurized water was allowed to flow for an additional
minute in order to flush the remaining dye-colored solution
out of the system before switching P1 to port 1, cutting off
pressure to the system.

Selection Bulk quantities of high salt binding solution
(HSS, 20 mM Tris HCl, pH 7.5 containing 1 M LiCl and 2
mM EDTA) reside in the pressurized reagent loading
module. The large quantity of HSS in this vessel is sub-
stantially larger than that required for multiple rounds of
SELEX. The reagent line is connected to A2 [4], so when
engaged, it flushes the reaction chamber via the following
pathway (see Fig. 2): pressurized bulk HSS vessel A2

[4→C]→10P[position 1, 4→3] → R1[C→2] → selection
chamber. The contents (∼2 μl transcripts) of the storage
loop S2[1→4] are moved into the reaction chamber con-
taining the HSS and immobilized lysozyme via the follow-
ing pathway: S2[2→1→4→3]→ 10P[position 1, 8→7]→
A1/A2[C → bypass/bypass → C] → 10P[position 1, 4→3]
→R1[C→2] → reaction chamber (microline 2). Sensor R2

detects the presence of dye in transcript carrier fluid,
triggering isolation of the IVT products by switching to the
reaction chamber 1 loop. The contents isolated in selection
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chamber (microline 2) are allowed to sit for ten minutes at
room temperature in order to bind lysozyme-specific
aptamers.

Following binding of lysozyme-specific aptamers to
microline 2-immobilized lysozyme, the bound aptamers
were washed with low-salt solution (LSS, 10 mM Tris
HCl, pH 7.5 containing 0.15 M LiCl and 2 mM EDTA)
stored as a bulk reagent in almost identical fashion to that
described for HSS, the only exception being the bulk line
attachment to port A2 [5] instead of A2 [4]. To prepare the
system, the HSS residing within lines leading up to the
reaction chamber is flushed out of the system with LSS.
The pathway is as follows (see Fig. 2): pressurized bulk
LSS vessel A2[5→C]→10P[position 1, 4→3] →
R1[C→1] → reaction chamber (microline 1) →
R2[1→C] → to discard at S2. After ten minutes, R1 and
R2 were actuated to selection chamber (microline 2),
opening the selection chamber (microline 2) to the LSS
flush. LSS flushing is allowed to proceed for one minute.

Bound aptamers were released from immobilized lyso-
zyme target as follows: the HSS and LSS flushes
completely remove any trace of dye, so the carrier fluid
for the aptamers (the nuclease-free water), must be spiked
with dye in order to be sensed. This carrier fluid is stored
in reservoir E. Water containing dye is pumped to the
reaction vessel following a one-minute LSS flushing. The
dye is detected at sensor R2, triggering isolation of the
selection chamber (microline 2) by actuating R1 and R2.
The thermal block is remotely cued to heat the microline
(65 °C for three minutes), releasing bound aptamers into
the dye-containing water. Valves R1 and R2 are actuated
placing the released aptamers and solution back in line
with the system’s pressurized line. Dye-labeled aptamer
solution moves to the sample storage loop and is detected
at sensor S2, diverting pressure to P2, resulting in the
storage of the selected aptamers for future steps. The
fluidic diversion occurs for an additional minute in order
to ensure that the working lines are cleared of any residual
reaction mix.

RT/PCR Loading and delivery of the RT/PCR reaction mix
is accomplished in a similar fashion to that described for in
vitro transcription. Master mix (2 μL) residing in the re-
agent delivery module is delivered to reagent Loop 2 (A1

[2]→A2 [2]) and isolated. Themaster mix stock contains the
following components: 2X Reaction Mix (11 μL), forward
primer 10μM (0.5 μL), reverse primer 10μM (0.5 μL), and
RT/Platinum Taq Mix (0.2 μL). The master mix and tran-
scripts are delivered and isolated in the reaction microline in
similar fashion to that described for the in vitro transcription
step. The amplification parameters are as follows: 50 °C
(15 min); 94 °C (2 min); 40 cycles (94 °C for 15 s and 61 °C
for 45 s). As with the in vitro transcription step, the product
is automatically transferred to the holding loop. Once sen-
sor number 1 detects the presence of the dye, S1 diverts
pressure and the system is ready to begin SELEX round n+1.

Agarose gel electrophoresis

Electrophoretic examination of SELEX products (DNA→
in vitro transcripts→selection→RT-PCR DNA product)
was carried out using 4% (w/v) agarose E-gels (Invitro-
gen). Reaction products (2 μL) were brought to 20 μL with
the addition of nuclease-free water and 2 μL aliquots of in
machina-generated reaction products were incubated with/
without DNAse/RNAse per the manufacturer’s instruc-
tions, loaded onto gels, and electrophoresis was carried out
for 30 minutes at 70 volts using an E-Gel (BioRad) elec-
trophoresis apparatus. Bands were visualized by ethidium
bromide staining.

Cloning and sequencing

PCR products (on bench and in machina) were cloned into a
pCR2.1 vector using a TA Cloning kit (InVitrogen)
according to the manufacturer’s instructions. Briefly, trans-
formation of INVαF′ competent E. coli cells was accom-
plished using 2 μL of pCR2.1 vector insert construct and
50 μL of E. coli cells in a one-shot transformation protocol.
Cells were plated on LB agar plates containing X-gal and
50 μg/ml Kanamycin and incubated overnight at 37 °C.
Transformed INVαF′ cells (20 white colonies) were ran-
domly picked and grown in LB broth containing 50 μg/ml
Kanamycin overnight in a shaker incubator at 37 °C.

PlasmidDNAwas extracted using a PlasmidMiniprep kit
(Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions. Linearization was achieved by restric-
tion enzyme digestion. Bst restriction enzyme digestion
reaction mixtures contained the following components in a
final volume of 50 μL: plasmid DNA (17 μL), 10X Buffer
(5 μL), Bst X 1 (2.5 μL, 25 Units) and nuclease-free water
(25.5 μL). These were incubated at 55 °C for two hours
followed by 20 minutes at 65 °C for enzyme inactivation.
Kpn 1 restriction enzyme digestion was carried out in
similar fashion to that described above except that incuba-
tion was carried out at 27 °C for one hour followed by 20
minutes at 65 °C.

Sequencing reactions consisted of 4 ul Big Dye Ter-
minator v3.1 Cycle Sequencing RR-100 (Applied Biosys-
tems Foster City, CA, USA), 3.5 μl nuclease-free water,
500 nM primer and 2 μl template. Cycle conditions were
96 °C for one minute followed by 25 cycles at 96 °C for ten
seconds, 50 °C for five seconds and 60 °C for four minutes.
Excess dye terminator was removed using a DyeEx 2.0 Spin
Kit (Qiagen Valencia, CA, USA) per the manufacturer’s
instructions. All centrifugation steps were carried out using
an Eppendorf centrifuge at a speed of 2,700 rpm. Respec-
tive spin column eluates were dehydrated using a vacuum
centrifuge followed by resuspension in 10 μl formamide.
All samples were sequenced using an ABI-Systems 3100
automated sequenator (Applied Biosystems, Foster City,
CA, USA).
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Results

The microfluidic SELEX prototype carries out automated
SELEX. Shown in Fig. 3 is a gel analysis of automated
SELEX [DNA→RNA (in vitro transcripts)→target se-
lected (lysozyme) transcripts→reverse transcribed-PCR-
amplified DNA] product (99 bp) generated on bench (lane
3) and in machina (lane 6) using the microfluidic SELEX
prototype, starting with a DNA construct coding for a
well-characterized anti-lysozyme aptamer. DNase 1 treatment
of the 99 bp product generated on bench and in machina
resulted in complete digestion of the 99 bp SELEX prod-
uct, as evidenced by the absence of an ethidium bromide
staining band (lanes 4 and 7, respectively). DNase 1 treat-
ment of in vitro transcripts generated both on bench and in
machina and subsequently selected and thermally eluted
prior to RT-PCR exhibited the expected 99 bp band, in-
dicating that the SELEX product produced occurred via
reverse transcription of on bench- and inmachina-generated
RNA and not simple amplification of starting DNA
template (lanes 5 and 8, respectively). Sequence analyses
of aptamers made on bench and in machina were identical
(5′-ATCAGGGCTAAAGAGTGCAGAGTTACTTAG-3′).

Discussion

Due to the fact that aptamers can be generated against any
protein target using SELEX, they are extremely versatile
reagents and appear to be alternative candidates to the
antibodies and antibody fragments used universally. In
many cases, aptamers offer considerable advantages when
used in analytical devices, proteomic microarrays and as
therapeutic agents [1, 17–19]. The SELEX process has
been recently automated with the development of macro-
robotic systems consisting of a PCR machine and a robotic
manipulator to move reagents to multiple workstations on
the worksurface where the individual steps of the SELEX
process are performed [6, 7].

In contrast to these complex systems, the microfluidic
prototype described here comprises reagent-loaded micro-
lines in lieu of a robotic manipulator, multiple cassettes and
microliter plates. A major aspect of microfluidics involves
the manipulation of fluid flows on various platforms by
differential pressure [20, 21]. The microfluidic SELEX
prototype described in this report utilizes a simple fluidic
pressure gradient for the loading and movement of reagents
through the microlines. Reagents are moved from a small,
pressurized reservoir manifold and moved into specific
microlines by actuation of valves via dye sensing sensors.
Thus the automated microfluidic SELEX prototype de-
scribed here is considerably smaller and simpler than cur-
rent robotic workstations.

With the exception of initial sample loading, the appa-
ratus is capable of automated “start to finish” SELEX (DNA
pool→in vitro transcription→selection→RT-PCR→DNA
amplicon) aptamer synthesis. Furthermore, the aptamer
generated using the established automated robot and that
generated using the microfluidic prototype are identical in
sequence, validating the fidelity of the integrated process
carried out by the prototype apparatus.

The microfluidic prototype can be used in a “snap-on”
modular fashion to evaluate individual processes and/or
run in sequences, affording an empirical basis for design
changes from which external functions, such as PCR and

Fig. 3 Agarose gel electrophoresis. Electrophoresis was carried out
using a 4 % (w/v) agarose gel as described under Experimental/
Components: Agarose gel electrophoresis. Lane 2, 20 bp ladder;
lane 3, SELEX product generated on bench; lane 4, SELEX product
generated on bench plus DNAse 1; lane 5, on bench-generated in
vitro transcripts+DNase 1 treatment prior to RT-PCR; lane 6,
SELEX product generated in machina; lane 7, SELEX product
generated in machina +DNase 1; lane 8, in machina-generated in
vitro transcripts+DNase 1 treatment prior to RT-PCR; lane 9, 20
base pair ladder. Sequence analysis of aptamers derived on bench
and in machina was carried out as described in Experimental/
Components: Cloning and sequencing

Fig. 4 Grafted chip component. 1, 100 μm (inside diameter) HPFA
tubing; 2, PEEK NanoPort ferrule; 3, 100 μm channel; 4, 20 μL
reaction chamber
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valving/pumping, can be easily modified. The microlines
allow simple, low-volume interconnections that can pro-
vide robust, leakage-free connections with low-to-negli-
gible dead volumes between grafted chip components, as
shown in Fig. 4. For example, the PCR component of the
SELEX process is a mature technique. However, adapta-
tion of PCR to a microchip platform is an evolving tech-
nology [22]. Many of the analytical challenges associated
with performing efficient, fast, low volume PCR in micro-
fabricated structures are yet to be completely addressed,
much less solved. The evolution of such structures involves
optimizing both “off line” as a stand-alone process and “in
line” as a system component of multiple parameters; for
example PCR chamber design, means of temperature cy-
cling, fluid flow and temperature sensing, to mention a few.

If decreased thermocycling time is sought in order to
further reduce the time required per round of SELEX,
smaller PCR reaction volumes are required (at least one,
possibly two orders of magnitude). The microline (254 mm
in length, 0.1 mm or 100 micron inside diameter) acco-
mmodates 2 μl RT-PCR reaction mixture with a surface
area-to-volume ratio (SA/V) of 40 mm2/mm3. Increased
thermal management efficiency resulting from increased
surface area could be achieved by increasing the SA/V
ratio, for example to 80 mm2/mm3 using a 0.05 mm (50
micron) line (100 mm in length) accommodating 200 nl
RT-PCR reaction mix; thus enhancing the PCR speed, or
decreasing the time per PCR cycle via reduction of reaction
mixture volume (one order of magnitude) and microline
inside diameter (two-fold). This can be empirically deter-
mined prior to microfabrication by repeating 50 micron
channels of required length in various substrates and chip
surface real estate can be assigned accordingly. Adsorption
of products as well as reactants using different SA/V ratios
could also be evaluated prior to microfabrication using a
variety of commercially available microlines made of dif-
ferent materials.

Currently, the microfluidic prototype is operated at 40 psi
(∼3 bar), resulting in a flow rate of ∼100 nl/sec. However,
reducing the microline diameter will result in a correspond-
ing pressure increase that is required tomove the contents of
the microline at a similar rate. Importantly, the microlines
and chip substrate surface ferrules shown in Fig. 4 (neg-
ligible dead volume) all have pressure tolerances far in
excess (137.9 bars, 2000 psi) of the 50–100 bars required
for laminar flow in microfabricated structures if desired.

In addition to platform development, a very attractive
feature of the microfluidic SELEX prototype as configured
here is the possible grafting of existing miniaturized plat-
forms; for example, integration of high-throughput “on-
chip” generation of temperature gradients [23]. On-chip
generation of temperature gradients could be very useful in
gradient elution (selection of weak vs. high affinity binding
aptamers), significantly reducing the time and number of
SELEX rounds required for picking out aptamers of in-
terest. Thus far, very few chemical functions have been
integrated because of the difficulties imposed by current
fabrication methods of the on-chip valve. Valving is one of
the most important microfluidic functions, because flow

control in microfluidic structures becomes much more
complicated with the system integration that a process such
as automated SELEX demands. Recently, Koh and co-
workers have reported PCR valving in a plastic device uti-
lizing gel valves that can withstand hydrostatic pressures up
to 100 psi, which is considerably higher than the pressures
encountered with the prototype [24]. These kinds of grafted,
miniaturized platforms and functionalities will decrease
both the analysis time and the size of the apparatus.

Conclusion

The prototype described in this report is smaller, simpler
and relatively inexpensive compared to current robotic
workstations, making automated SELEX and generation of
aptamers more accessible. It can be argued that the advan-
tage derived from instrumentation miniaturization has in
some instances been overstated due to a variety of technical
and economic restrictions. However, the microfluidic pro-
totype apparatus may be useful in the continued “morph-
ing” of macro→meso→microfabricated structures until the
convergence to a few functional systems evolves and
emerges, achieving simpler, smaller andmore rapid SELEX
applications.
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