


total analysis time of <20 min. This system was made by
coupling a 20 uL silicon reaction chamber to a glass
electrophoresis chip of ~50 nL total volume, representing a
400-fold volume mismatch and still requiring relatively large
amounts of expensive PCR reagents. This system was
improved by including microfabricated heaters and tempera-
ture sensors with 200 nL reaction chambers sealed by valves
and hydrophobic vents, resulting in PCR-ME integration in
under 15 min.’® Recent improvements to the system have
resulted in an integrated portable genetic analysis system with
typical total analysis times of 30 min, yet these systems are not
ideal for single use genetic analysis devices due to the complex
fabrication necessary for individual microchips. An integrated
system was also developed by Waters et al.l” to analyze
multiple PCR reactions with the same electrophoresis channel.
However, the PCR volumes were typically 12 plL. or more;
furthermore, thermal cycling was carried out using a conven-
tional PCR instrument, giving no improvement in reaction
time over conventional analysis. This system was also
improved by including on-chip heaters,*® reducing total
analysis times to <20 min, but the reaction was still
carried out in reservoirs with 6 pL volumes. Rodriguez
et al.’® have reported a functionally integrated system capable
of PCR-ME in ~16 min for the sex determination of avian
species. Reaction volumes used in this system were on the
order of 3-10 pL. Isothermal amplification was coupled with
ME in as little as 15 min,?® again with large reaction volumes
of 10 pL. Methods to reduce the cost of individual devices
include the use of polymer devices,*>?! but these typically have
solvent compatibility or light transmission issues. The use of
hybrid glass—polymer devices has gained popularity,?>=* and
this type of device is utilized in the current work. To the
knowledge of the authors, no group has reported the
integration of PCR-ME using a non-contact thermal cycling
system.

While valveless methods have been developed for integra-
tion of two processes, the goal of seamlessly coupling multiple
processes onto a microdevice makes small volume fluid
manipulation a key issue. ldeally, there will be zero dead
volume between processing and analysis domains on the
microchip to permit optimal transfer of sample. Since these
devices typically contain volumes of solution on the nanoliter
scale, highly precise methods are needed for fluid mobilization
and control. Successful methods have been developed by
several groups, utilizing soft lithography patterning of poly-
(dimethylsiloxane) (PDMS) that was first described by Duffy
et al.?’ Normally-open valves with essentially zero dead
volume were developed by Quake’s group®® using devices
made entirely of PDMS or with a glass cover layer. Mathies
and coworkers®? followed this with a normally-closed valve
design that utilized a thin PDMS membrane layer sandwiched
between patterned glass layers. Both types of valves were
shown to be useful for fluid gating and peristaltic or
diaphragm pumping, and the methods of fabrication were
consistent with typical microchip fabrication, adding little
overall cost to device production. Membrane-less phase
change valves were also developed by Burns and coworkers,?
in which a meltable piston is used in conjunction with
microfabricated heaters to create latchable, leakproof valves.

Although these valves were shown to be useful for microchip
PCR, the requirement of integrated heaters makes these valves
less applicable to the current work. Our group has recently
utilized the normally-closed valves developed by Grover et al.2
for on-chip pressure injections of sample into electrophoretic
separation.?® Multiple pressure injections from a 500 nL
sample volume were accomplished while maintaining sample
composition. In fact, it was shown that after 20 sequential
injections of fluorescein and ROX dyes, a change represented
by a coefficient of variance (%CV) of only 3.6% was
observed with the sample. In contrast, electrokinetic injection
yielded a 20% change in peak area ratio over the course of
20 runs.

In the current work, we apply the on-chip pressure injection
method®* to the integration of two important processes in
genetic analysis: DNA amplification via non-contact infrared-
mediated polymerase chain reaction (PCR)**~** and microchip
electrophoresis (ME) separation of the amplified products.
The integrated system was designed specifically for analysis
speed by dramatically decreasing the time required for
injection, via pressure mobilization of sample, and by
decreasing thermal cycling for PCR by thinning the thermal
mass (glass) surrounding the reaction chambers. Furthermore,
the non-contact nature of the system allows fabrication
complexity to be minimized, precluding the need to construct
heaters or sensors onto the device. The effects on the overall
PCR-ME process are demonstrated by a rapid amplification,
injection and electrophoretic sizing of a DNA fragment from
Salmonella typhimurium in ~12 min. This work represents the
first application of non-contact thermal cycling and pressure
injection to the integration of PCR-ME, resulting in the fastest
microscale PCR-ME integration achieved to date.

Materials and methods
Reagents

Taq polymerase (5.0 units pL"%), buffers, dNTPs, and other
reagents for DNA amplification were purchased from Fisher
(Fairlawn, NJ, USA). pUC-18 DNA Hae 11l digest marker
solution was obtained from Sigma-Aldrich (St. Louis, MO,
USA), consisting of 11 DNA fragments of the following sizes:
11, 18, 80, 102, 174, 257, 267, 298, 434, 458, and 587 bp.
Sigmacote was also obtained from Sigma-Aldrich. 100 000 MW
hydroxypropylcellulose (HPC) was purchased from Acros
Organics (NJ, USA), and YOPRO-1-iodide intercalating dye
was obtained from Molecular Probes (Invitrogen Corporation,
Carlsbad, CA, USA). All solutions were prepared in Nanopure
water (Barnstead/Thermolyne, Dubuque, 1A, USA). Cultured
Salmonella typhimurium was obtained at a concentration
of approximately 7 x 10® colony forming units per mL
(cfu mL™1). S. typhimurium DNA (4.86 x 10° base pairs in
genome) was extracted and diluted to give a stock solution
with a concentration of 0.304 + 0.73 ng uL~* (~60 000 copies
uL~1). DNA concentration was determined in triplicate using
PicoGreen intercalating dye (Invitrogen Corporation,
Carlsbad, CA, USA) and a spectrofluorometric plate reader
(iQ@S Multicolor Real-Time PCR Detection System; Bio-Rad,
Hercules, CA, USA).
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Microchip fabrication

All glass microchips were fabricated as described previously®’
through standard photolithography, wet etching, and thermal
bonding (640 °C, 6 h); these methods are not described here.
Borofloat glass slides (127 mm x 127 mmx 0.7 mm) were
purchased from Telic (Valencia, CA, USA), precoated with
chrome and positive photoresist (AZ1500 resist, 5300 A).
Differential depths were achieved using HF-resistant dicing
tape (Semiconductor Equipment Corporation, Moorpark, CA,
USA) in a stepwise fashion, with the PCR domain typically
120 pum in depth, the separation domain 50 um in depth,
and the valve control lines 35 um in depth. The tape was
patterned manually with a razor blade. The separation domain
was 5.3/3.0 cm total/effective length, with a starting mask
width of 25 um; an alignment channel was etched adjacent to
the separation channel for ease of laser alignment. The sample
waste arm was tapered to 500 pum starting width, and the
buffer arm was similarly widened to 300 um. PCR and
reference chambers were elliptical with radii of 1.5 and
0.375 mm, resulting in a typical reaction volume of 280 nL.
Valve control lines had a starting width of 50 um, and all valve
seats were elliptical with radii of 1.0 and 0.25 mm, giving a
typical seat volume of 31 nL. Four-layer integrated devices
(30.0 mm x 63.5 mm) were assembled as follows. The bottom
two layers made up the glass fluidic layers, which were
fabricated as described above. Access holes were drilled into
the second, patterned layer using ‘‘triple ripple” diamond
tipped bits of 1.1-mm or 0.5-mm diameter (Abrasive
Technology, Lewis Center, OH, USA). The third layer
consisted of a commercially available PDMS membrane
(HT-6240, Bisco Silicones, Rogers Corp., Carol Stream, CT,
USA) with a thickness of 254 um to be used as the deflectable
valve layer. This unpatterned layer was irreversibly sealed via
plasma oxidation (PDC-32G plasma cleaner, Harrick
Scientific, Pleasantville, NY, USA) to a fourth glass layer,
which was patterned with the valve control channels and
drilled using the techniques above. These third and fourth
layers were aligned then pressed to seal against the thermally-
bonded glass microchip, with the third (PDMS) layer in
contact with the drilled access holes of the second layer to form
pneumatically-addressable valve seats in a normally-closed
configuration.?> The pressed seal was maintained without
leakage using a Plexiglass holder with stainless steel knurled
head screws and O-rings for fluidic and pneumatic interfacing.
Glass could be further removed from around the PCR
chamber by using HF-resistant tape as a mask and etching
with 49% HF post-bonding.

Temperature control instrumentation

The temperature-sensing and control apparatus was built in-
house, and all LabVIEW (National Instruments, Austin, TX,
USA) applications were written in-house as well. A miniature
Type-T copper-constantan thermocouple (model T-240C) was
obtained from Physitemp Instruments, Inc. (Clifton, NJ,
USA), with a temperature-dependent voltage sensitivity of
40.7 pv °C™ ! at 25 °C and low systematic errors.?® The
majority of these thermocouples required sanding at the
sensing end before insertion into the microchannels. A

model TAC-386-T thermocouple-to-analog converter (Omega
Engineering, Stamford, CT, USA) powered by a 9-V alkaline
battery, amplified the signal 25-fold. This signal was further
amplified 75-fold using a difference amplifier circuit, and an
RC low-pass filter (f, = 42 Hz) was included to remove 60 Hz
line noise. The total 1875-fold amplified thermocouple signal
(giving 75.0 mV °C ') was then fed into a laptop computer
containing a data acquisition card (6024-E, National
Instruments, Austin, TX). A LabVIEW application was
written to collect the thermocouple signal in order to control
the tungsten IR heating lamp (CXR, 8 V, 50 W, General
Electric, Cleveland, OH, USA) and the simple electronic
cooling fan through solid state relays using a proportional-
integral-derivative (PID) feedback control algorithm. The
lamp and fan were powered by a 5 V/12 V power supply
(HCBB-75W-A, Power-One, Camarillo, CA, USA), and the
amplification circuitry was powered by 9 V batteries. A gold
mirror positioned above the microchip promoted efficient
heating during PCR. Precise and accurate temperature control
was possible without recalibration of individual thermocou-
ples. To test this setup, the control program was set to 72 °C,
and the system was able to hold the temperature constant at
72.18 + 0.05 °C.

Valving instrumentation

An oil-less diaphragm vacuum pump/compressor (Gast
Manufacturing, Inc., Carlstadt, NJ, USA) was used to control
the pneumatic valve lines by application of pressure (15 kPa)
to keep valves closed or vacuum (60 kPa) to open them.
Actuation of these valves was accomplished using 12 V
solenoid valves and corresponding manifold (Parker
Pneumatic, Richland, MI, USA). A valve controller was built
in-house using quad high side drivers as digital switches to
route the 12 V power source to the solenoid valves, which was
controlled using an in-house written LabVIEW application.
The controller was also equipped with manual switches.

Non-contact DNA amplification

Glass microchips were cleaned post-bonding with MeOH/HCI
(1 : 1) for 30 min, rinsed extensively with water, then cleaned
with concentrated H,SO, for 30 min, and finally rinsed with
water to regenerate the glass surface.?’ The PCR and reference
chambers were then dried extensively under a stream of
nitrogen, then silanized using Sigmacote. The HCI by-products
were washed away with water, at which point the chips were
ready for PCR. Extraction of DNA from the S. typhimurium
culture, a commercial ion-exchange based purification method
(Qiagen, Valencia, CA, USA), was carried out in a micro-
centrifuge tube according to the manufacturer’s instructions.
For amplification of a 278-bp fragment of the invA gene of the
purified S. typhimurium DNA*® a master mixture of PCR
reagents was made into a 18.5 uL stock consisting of the
following: 5.0 uL 10 x PCR buffer, 6.0 uL MgCl,, 1.0 pL
dNTPs (dATP, dTTP, dGTP, dCTP; 10 mM each), 1.0 puL
forward primer (5'-ATT ATC GCC ACG TTC GGG CAA,
10 uM), 1.0 pL reverse primer (5'-ATC GCA CCG TCA AAG
GAA CC, 10 uM), 2.0 pL purified salmonella DNA, 2.5 uL
bovine serum albumin (2 mg mL™Y). 6.15 pL of this master
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Table 1 Pumping protocols for mobilization of sample or marker
into the injection cross-T. Typical actuation times were 20, 50, 20, 20,
20, 20 ms for Direct and Laminar and 20, 20, 20, 50, 20, 20, 20, 20 ms
for Biased Laminar

Injection protocol®

Valve

number® Direct® Laminar Biased laminar

1 110000 110000 11000000
2 011100 011100 00011100
3 000110 000110 00000110
4 000000 110000 01110000
5 000000 000000 00000O0O0O
2 Valve numbers are labeled in Fig. 1. ® Normally-closed valves are

labeled with ‘0’ when closed and ‘1’ when opened via applied
vacuum. © Direct from the PCR domain; valves 1 and 4 are switched
for Direct from marker well.

mixture was then mixed with 8.55 pL distilled autoclaved
water and 0.3 L Taq DNA polymerase into a total volume of
15 pL. Within the 280-nL volume of the PCR chamber, these
values correspond to 760 + 180 starting copies of template
DNA and 2.8 x 1072 units of Tagq polymerase. Single
reactions typically required approximately 1-2 uL to fill the
access reservoirs, channels, and PCR chamber. A miniature
thermocouple was then inserted into the reference chamber
filled with 1 x PCR buffer for feedback control of temperature
(described above) during infrared-mediated, non-contact
PCR.™™ Approximately 1 pL of light mineral oil was added
to prevent evaporation of the aqueous solutions in the PCR
and reference chamber reservoirs. PCR was then initiated
using the LabVIEW control program, with a temperature
program as follows: initial denaturation for 15 s at 95 °C;
(denaturation for 2 s at 95 °C, annealing for 1 s at 58 °C,
extension for 5 s at 72 °C) x 30 cycles; final extension for 10 s
at 72 °C.

63.5 mm

Pressure injection

The injection protocols are described in Table 1, with reference
to valves labeled 1-5 in Fig. 1B. The chip design made it
possible for a direct injection from the PCR chamber or
marker reservoir, a laminar injection from both, or a biased
laminar injection from both. In Table 1, a closed valve
(atmospheric or positive pressure applied) is indicated by a ‘0’,
and an open valve (vacuum applied) is indicated by a ‘1’. The
table shows the direct mode from the PCR domain. To inject
directly from the marker reservoir, the program for valves 1
and 4 should be switched. Actuation times, controlled by an
in-house written LabVIEW application, were as follows: 20,
50, 20, 20, 20, 20 ms for direct or laminar injections (total of
150 ms); 20, 20, 20, 50, 20, 20, 20, 20 ms for biased laminar
(total of 190 ms). A 250 ms delay was also typically included
between injection and applied voltage (separation).

Microchip electrophoresis (ME)

Glass microchips were cleaned as described in the ‘DNA
amplification’ section.?® The separation channels were not
allowed to dry after this cleaning procedure. During PCR, the
separation domain was filled with 1.0 M HNO;. Following
PCR, the separation channels were rinsed with distilled water
and filled with the sieving matrix, 3.5% HPC in 80/40 mM
MES/Tris®® with 1.0 M YOPRO DNA intercalating dye.
Following pressure injection, separation was achieved by
application of —200 V to the buffer reservoir and 1050 V to
the buffer waste (236 V cm™?%) using a dual polarity high-
voltage power supply built in-house using two Spellman high-
voltage sources (Hauppauge, NY, USA). Laser-induced
fluorescence detection was accomplished using the 488-nm
line of an argon ion laser (Model LS200, Dynamic Laser, Salt

Injection
Domain

PCR
Chamber

’

-~
s

v

Cover Slide (glass)

Fluidic Layer (glass)

Cross-T

, P Separation
Injector

Domain

Fig. 1 Schematic of the 4-layer, 3-domain microchip used for PCR-ME. (A) The entire microdevice is 30.0 x 63.5 mm and is predominantly
comprised of a simple two-layer glass microchip, with 7.9% of the total chip area including the two valve layers (PDMS and glass). (B) The injection
domain is shown with the valve layers attached and with valves numbered 1-5. (C) The same view is shown without the valve layers attached, with
labels for the PCR and separation domains. Also labeled are the channels with different flow resistances used for flow and electric field shaping.
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Lake City, UT, USA) for excitation with a conventional
confocal detection setup (16 x objective, 1-mm pinhole).
Emission was collected with a PMT (Hamamatsu,
Bridgewater, CT, USA) through a 515-nm bandpass filter
(Omega Optical, Brattleboro, NY, USA). The instrument
control and data acquisition were controlled through a
LabVIEW application, and separation data were processed
and analyzed using the LabVIEW application Cutter 7,
developed by Shackman et al.*

Flow visualization and image analysis

Pressure injections were evaluated by visualizing the flow of
either fluorescent dye or green food coloring. Volumetric
displacement was also visualized by introduction of a small
air bubble into the separation channel and tracking the
air-to-water interface. The visualization was carried out
using a fluorescence microscope (CKX41, Olympus,
Melville, NY, USA) equipped with a CCD color camera
(KP-D20BU, Hitachi, Woodbury, NY, USA). Image analysis
was done using either ImageJ software (NIH shareware,
http://rsh.info.nih.gov/ij/index.html) or in-house written
LabVIEW applications.

Results and discussion

With the advent of microfabricated devices came the promise
of not only providing faster analysis, but also the capability to
have multiple processes fluidically connected in a parallel or
sequential manner on the same device. While integration of
sample processing and analysis steps has been achieved
without the use of valving technology,® the precise volume
control possible with elastomeric valves?*®® has proven to be
an important component as microchips evolve into increas-
ingly complex systems.®*34 Advances in valving and on-chip,
valve-based pumping capabilities present the possibility to not
only allow for more precise fluidic control, but also to create
the ‘pressure-based’ mode of injection that has been prevalent
in the capillary electrophoresis for almost two decades. The
ability to inject PCR product directly from a chip-based PCR
chamber into a separation channel using pressure is advanta-
geous because it can significantly reduce the total injection
time in comparison with an electrokinetic-based method,
especially with the high ionic strength environment typically
present in the PCR chamber.

Microchip design

Based upon the 4-layer valving system developed by Mathies
and coworkers,? a 4-layer, 3-domain microchip was designed
for PCR-ME and is depicted in Fig. 1. The bottom layer
consists of a sheet of unmodified borofloat glass for enclosing
the fluid channels. This layer is bonded to the second layer
which contains the etched fluidic channels and drilled access
holes. A PDMS membrane (254-um thickness) serves as the
third layer, which isolates the three domains of the chip using
valves that must be externally actuated. Finally, the fourth
layer is comprised of etched channels in borofloat glass which
serve to define the valve control lines (Fig. 1A). The
combination of these layers yields a chip design with three

functional domains: the PCR domain, the injection domain,
and the separation domain. The PCR and separation domains
are confined to the bottom two layers (fluid layers). The
injection domain includes 5 valves and control lines (labeled in
Fig. 1B) arranged into a high density pattern to minimize the
size of the third and fourth layers. These layers are much
smaller in area (150 mm?) than the fluid layer (1905 mm?). The
chip is, therefore, predominantly comprised of a two-layer
glass microchip with a small region (7.9% of total chip area)
including the two added layers for valving.

Since Harrison and coworkers had demonstrated that flow
resistance could be exploited to control fluid flow in
microfluidic systems,®® the injection paths from both the
PCR chamber and the marker reservoir were designed to have
essentially equal flow resistances (R;) by balancing the lengths
of the smallest channel segments (Fig. 1C). Additionally, the
sample waste channel was designed to be less resistant to flow
(Rsw) than the buffer (Ry,) or buffer waste channels (Ryy). By
calculation, flow from the diaphragm pump and into the
injection cross-t (right to left in Fig. 1C) would result in 27% of
the flow to buffer reservoir, 68% of the flow to the sample
waste, and 5% into buffer waste (separation channel). This
flow was measured by pumping 10 uM fluorescein (in 10 mM
borate buffer, pH 9.5) from the PCR chamber into the
injection cross-t while monitoring fluorescence during pump-
ing with a CCD camera connected to a fluorescence micro-
scope at 4x magnification as described in detail in the
Materials and methods section. By image analysis of the flow,
the position of the fluorescein-water interface could be
observed in each channel and the volume pumped into each
channel calculated. The measured flow was determined to have
32% of the flow directed into the buffer reservoir, 64% of the
flow to sample waste, and 4% into buffer waste (separation
channel). These values were in good correlation with the
calculated flow splitting, with differences most likely due to the
fact that the channel cross-section was estimated as rectan-
gular (instead of a hemisphere with a flat bottom) in the flow
resistance calculations.®® Therefore, with this design, the plug
width was kept at a minimum, and the HPC sieving matrix in
the separation channel was displaced very little during pressure
injections. Finally, it should be noted that the resistance of the
buffer channel (Ry) was reduced not for flow control, but to
force the majority of the voltage to be dropped across the
effective length of the separation channel between the injection
cross-t and detection point where it is most useful. While this
increased the plug size during injections, the time enhancement
in the separation step was considered more valuable.

The simplicity of elastomeric valving technology, whether
normally open valves®® or normally closed ones,?* has proven
to be of great importance in the pursuit of lab-on-a-chip or
pu-TAS devices. One major advantage of using the normally-
closed elastomeric valves®® for this process integration design
was the complete isolation of individual regions of the chip
either before or after attaching the valve layers. For example,
prior to attaching the PDMS membrane and valve control
layer, the PCR chamber could be selectively silanized without
disturbing the reservoirs or the separation domain. Also,
following integration of PCR and ME, the precise fluidic
control by valves provided the opportunity to take amplified
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products from the device for off-chip analysis by conventional
methods for the sole purpose of confirmation. In this work, the
valve actuation channels were arranged in a trifurcated pattern
at the point of connection to the valve seats, allowing for more
even actuation of the valve seats when compared to simple
one-channel actuators. In addition to fluidic isolation and
gating, the valves included in this design were arranged to
allow diaphragm pumping from the PCR chamber, the marker
reservoir, or from both into the separation domain as a
pressure injection (see Table 1). The design, however, was not
limited to forward pumping from the PCR domain or marker
reservoir; reverse pumping or other valving programs could be
used if necessary.

In order to achieve the low volume pumping necessary for
injection, the valve seat volumes were reduced from previous
designs® to a volume of approximately 17 nL each at full
actuation, and the pump cycles were carried out at high
enough frequencies (5-7 Hz) to avoid full actuation of the
valves. Additionally, the diaphragm valve was designed to be
the same volume as the gate valves. The volumetric displace-
ment profile was measured using microscopy and video
analysis with a CCD camera (Fig. 2A). This was accomplished
by tracking the position of an air bubble being pumped
through the separation channel (see Fig. 2A, upper inset
image). After adjusting for splitting of flow into other paths
using flow resistance ratios,® an average flow rate of 64.4 nL
s~ was deduced using the slope of the volumetric displace-
ment profile over 16 pumping cycles. This rate corresponded to
12.2 nL per pump cycle (biased laminar co-injection, 190-ms
cycles or 5.3 Hz), indicating that 72% of the 17 nL diaphragm
valve volume was utilized for pumping. The flow rate profile
(Fig. 2A, inset) was calculated by differentiating the volumetric
displacement profile over time. Further inspection of these
curves revealed significant flow reversal, referred to as “‘pull-
back,” with each pumping cycle. This phenomenon is clarified
visually in Fig. 2B, where the valve configuration at each step
of a single pump cycle is assigned to a region of the flow rate
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profile (biased laminar co-injection, 190-ms cycles or 5.3 Hz).
This figure illustrates that the pullback occurs just before the
pumping portion of each cycle with the opening of the output
gate valve next to the injection cross-t, while pumping occurs
with the closing of both the diaphragm and output gate valves.
The volumetric displacement profile revealed that the pullback
volume was 6.6 + 1.1 nL (n = 16), predictably corresponding
to about half of the measured effective valve seat volume
(12.2 nL).

On-chip pressure injections using elastomeric valves

Previous work from our group demonstrated that on-chip
pressure injections were feasible using the elastomeric valving
system originally described by Grover et al.,'* and that the
technique provided more representative sampling than electro-
kinetic injections.®* This work set the precedent for an ideal
interface between infrared-mediated PCR and electrophoretic
sizing, where sampling is often difficult on microchips due to
the combined effects of EOF reduction from high salt content
and the relatively large distances needed for thermal isolation
of PCR and separation domains. As described above, the valve
seat volumes were reduced, and the channel resistances were
balanced to give more defined injection plugs. During
evaluation, it was realized that the diaphragm pumping
possessed an inherent pullback with each pump cycle (see
Fig. 2B). Therefore, when pumping was immediately followed
by applied voltage, injections were irreproducible and often led
to injection artifacts in the form of peak doublets. To visualize
the injection, 10 uM fluorescein (in 10 mM borate buffer, pH
9.5) was mobilized from the PCR domain into the HPC-filled
separation domain, then injected down the separation domain
at 380 V cm™ . From the lower profiles (labeled “Without
Delay”) in Fig. 3A, which show the fluorescent intensity along
the length of the separation channel, it was clear that the
pullback was interrupting the injection and distorting the plug
shape. This problem was eliminated by including a 250 ms
delay between pressure injection and applied voltage using the
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Fig. 2 Volumetric displacement and flow rate profiles of the on-chip diaphragm pumping. (A) Flow visualization and video analysis at an air—
water interface (inset image) allowed the volumetric displacement profile to be deduced from channel dimensions. The slope of this curve represents
the average flow rate (Qayg) Of 64.4 nL s, or 12.2 nL cycle ™ . A pullback (negative volume displacement) was inherent to each cycle, and is further
exemplified in the inset flow rate profile (time derivative of volumetric displacement). (B) A single pump cycle of the flow rate profile was used to
assign flow behavior to the biased laminar pumping program. The valve configuration is shown for each step, where a black valve seat indicates an
opened valve. The pullback occurred at the reopening of the exit gate valve in each cycle, while pumping occurred with the close of both the

diaphragm and exit gate valves.
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Image analysis of pressure injections. (A) The plug shape was improved by inclusion of a 250 ms time delay between pumping and

separation voltage, eliminating peak doubling and reducing peak variance by 5.5-fold. The profiles represent pixel intensity vs. distance along the
separation channel at times t = 0.7 s (black trace), 1.4 s (dark gray trace), and 2.1 s (light gray trace) after injection. (B) Laminar injections (gray
trace) provided a 1 : 1 dilution of products, while biased laminar injections (black trace) gave an approximately 8 : 1 dilution. The profiles represent
relative pixel intensity across the injection channel and were taken from the inset images at the boxed regions (injecting right to left).

LabVIEW control program. This delay represented the
minimum time required for the equilibration of the PDMS
valve membrane from the final pump cycle before applying
voltage, and any further delay was found to be unnecessary.
Fig. 3A shows the comparison of injections with (upper
profiles) and without (lower profiles) the 250 ms delay
included in the injection program. Note that the peak doubling
effect was clearly seen when the delay was not included. The
final peak variance (at t = 2.1 s) was reduced 5.5-fold by
including the delay, and the peak doubling was eliminated.
To complement a simple direct injection, the microdevice
shown in Fig. 1 was designed to allow a laminar co-injection of
dilute DNA marker along with the PCR products in equal
volumes. This was accomplished by using two different
entrance gate valves (Fig. 1B, valves 1 and 4) with common
diaphragm and exit gate valves (valves 2 and 3)—the details
associated with valve actuation are provided in Table 1. The
laminar co-injection protocol was, therefore, designed to pump
at half the maximum flow rate from two different locations
(PCR chamber and marker reservoir). By keeping the salt
concentration of the marker solution relatively low—or by
simply using water in its place—this laminar co-injection
provides the ability to dilute the high-salt PCR product
solutions 1 : 1 to invoke sample stacking. To confirm that the
dilution was near 1 : 1 and that the flow resistances were,
indeed, balanced, a green dye was simultaneously injected
from the marker reservoir with distilled water from the PCR
domain. Flow visualizations for the laminar injection are
shown in Fig. 3B (gray profile and rightmost image). The
intensity profile was taken across the 120-um wide channel
(boxed regions in images correspond to the x-axis), where the
highest intensity represents 100% water and the lowest one
represents 100% green dye solution. As shown, during the
pumping segments of the cycle, essentially equal volumes of
green dye and water were pumped toward the separation
domain (gray trace, right image). Image analysis revealed the
percentages as 49% green dye to 51% water over 15 injections.
Since laminar flow was well-defined entering the diaphragm
valve (valve 2), diffusion was ignored in these calculations.
However, after passing through valve 2, the solutions were
slightly mixed, and upon passing through the exit gate valve
(valve 3), they were completely mixed. The extent of mixing

was not surprising due to the turbulent nature of the flow
through the valves during actuation. In theory, with the
average volume pumped per cycle at 12.2 nL (see Fig. 2A), it
should take twice as long to empty the 280-nL PCR chamber
when using the laminar co-injection mode. While a direct
injection should empty the PCR chamber in only 23 pump
cycles, the laminar co-injection would require 45 pump cycles
(ignoring diffusion).

In addition to the laminar injection mode (1 : 1 dilution), a
third injection mode was devised without altering the
microchip design. The flow visualizations for this injection
mode, referred to as a ‘‘biased laminar injection,” are also
shown in Fig. 3B (black profile and left image). By alternating
both input gates (20 ms each) before beginning each pump
cycle, it was possible to preferentially inject approximately
8-fold more solution from one source than the other. Fig. 3B
shows the intensity profile across the 120-um wide channel
(black trace, boxed region in image designates channel width in
micrometers represented on the x-axis). The injection was
biased toward the pumping of green dye, with a much smaller
amount of water being injected compared to the laminar co-
injection. Image analysis revealed the percentages as 88% green
dye to 12% water over 15 injections. This way, the PCR
products could be diluted 8 : 1 with distilled water, and the
high salt effects could be greatly reduced for enhanced sample
stacking.*® In theory, emptying the 280-nL PCR chamber
using this injection mode would require 191 pumping cycles
(ignoring diffusion), while still providing sharp and intense
peaks due to enhanced stacking effects. Although this type of
injection required an extra 40 ms per pumping cycle, the ability
to dilute 8 : 1 provided the possibility of more runs on the same
sample without a loss in signal. Therefore, the biased laminar
injection mode was utilized for most of the studies carried out
here. As an added benefit of the design, both co-injection
modes (laminar and biased laminar) could be used to co-inject
DNA marker along with the PCR products for product sizing
purposes

DNA separations using on-chip pressure injection

The biased laminar co-injection was used to inject pUC-18
DNA marker solution in 1X PCR buffer from the PCR
domain along with distilled water from the marker reservoir to

This journal is © The Royal Society of Chemistry 2006
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Fig. 4 Size-based ME separation of pUC-18 DNA marker injected
from the PCR chamber using the biased-laminar co-injection
mode. The 80- and 102-bp peaks were completely resolved (Res =
2.11), while the 257- and 267-bp peaks were distinguishable but
unresolved (Res = 0.56), providing more than adequate resolution for
the amplicon separation in this work. Furthermore, the inverse
migration time vs. log(base pair) plot was linear as expected (inset
figure), with R? = 0.998.

test the resolution possible with a short (3-cm effective length)
separation channel (containing 3.5% HPC in 80/40 mM MES/
Tris®! with 1.0 pM YOPRO DNA intercalating dye). Fig. 4
shows the size-based separations of pUC-18 standard using the
biased laminar pressure injection mode along with an inset of
the expected linear inverse migration time vs. log(bp) plot. It is
noteworthy that the direct EK injection required an average of
120 s for suitable injections, while any of the pressure injection
modes required 0.2 to 10 s, representing 12- to 600-fold time
enhancements in the injection step and yielding a reduction of
the injection time by two orders of magnitude on average.
Since the injection plug size was predominantly defined by the
number of pumping cycles used to mobilize sample, the
resolution was inversely proportional to the number of
injection pump cycles using any pressure injection mode. The
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Fig. 5

maximum resolution obtained at 236 VV cm ™! for the 80-bp and
102-bp peaks was calculated to be 2.11 with only a 3.0 cm
effective length of separation, and the 257-bp and 267-bp
fragments were seen as distinct but unresolved peaks (Res =
0.56). It is possible that better resolution could be obtained by
reducing the field strength significantly, but the purpose of the
design for this particular integrated system was speed of
analysis. At 236 V cm ™%, all peaks in the pUC-18 standard (up
to 587 bp) routinely migrated past the detector in approxi-
mately 150 s, and separations of the 278-bp salmonella PCR
product typically required less than 120 s. This balance of
resolution and time enhancement was deemed adequate for
sizing of the PCR products tested in this work.

Integration of PCR and ME

As described above, the level of control provided by microchip
elastomeric valving technology®®?® proved to be a key
component in the reproducibility of PCR-ME integration.
Reaction products could be precisely guided from the PCR
domain, through the injection domain, and into the separation
domain with little difficulty. Using this valve-based fluidic
control along with the biased laminar pressure injection
technique, infrared-mediated microchip PCR was integrated
with ME of the reaction products on a single device. Fig. 5
shows a representative run using this technique. A 278-bp
fragment from the S. typhimurium invA gene was amplified
from <1000 starting copies of purified DNA (760 +
180 copies). Using the selective heating from infrared-mediated
non-contact PCR,**™*® the DNA was amplified in 30 cycles
(94 °C denaturation, 1 s; 58 °C annealing, 2 s; 72 °C extension,
5 s), with dominant cycling rates of 4.8 and 7.8 °C s~ * heating
(for two heating regions) and —5.0 °C s~ cooling resulting in
average PCR times of 12.7 + 1.7 min (n = 3). Utilizing the
scoring method proposed by Roper et al.,” this PCR portion
received an average score of 1.70 x 10 2 bp uL " *s * copy %
Fig. 5A illustrates the PCR cycling from a representative run,

Separation Time (min)

1.1 15 1.9 23
8 T T i r:‘ T T
primer- { ‘ ‘ R? = 0.990
T ettmeE pUC-18 standard E BE\E‘E
6 Pl'imer | ! Log(bp)
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=

PMT Signal (V)

13.0 13.4 13.8 142
D Total Analysis Time (min)

Integrated genetic analysis from <1000 template copies of Salmonella typhimurium DNA was accomplished in only 13.7 min. (A) Non-

contact, infrared-mediated PCR was complete in only 11.8 min, with (B) cycling rates of 4.8 and 7.8 °C s~ * heating and —5.0 °C s~ * cooling shown
by the cycling rate histogram. (C) Also shown is the reproducibility of the PID temperature control, with overlays of cycles 5 and 25. (D) Integrated
microchip electrophoresis (ME) was achieved by reproducible sub-second pressure injections (black traces) from the PCR chamber using valve-
based diaphragm pumping. Co-injection of pUC-18 marker was also possible (gray trace) for product sizing, confirming the presence of the 278-bp
product with an inverse migration time vs. log(base pair) plot (inset figure).
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showing the temperature profile that was completed in 11.8 min
(22 s per cycle). Fig. 5B shows the cycling rate histogram,
which was used to determine the predominant cycling rates of
the system; the centroids of the histogram peaks were taken as
the cycling rates. It is noteworthy that the peak widths in the
histogram were relatively large, indicating a broad distribution
of cycling rates on these devices. The thermal insulation and
trapping of heated air by the Plexiglas interface was considered
the most probable cause of this broad distribution, but
additional optimization of the design was not conducted here.
Fig. 4C then shows the reproducibility of the PID temperature
control by overlaying cycles 5 and 25. Following amplification,
the products were injected from the PCR chamber using the
biased laminar pressure injection and were separated using
3.5% HPC in 80/40 mM MES/Tris buffers as the sieving
matrix,! resulting in average separation times of 2.3 + 0.3 min
(n = 3). Note that the “total analysis time” is defined here as
the sum of times required for PCR, injection, separation by
ME, and laser-induced fluorescence detection of the product
peak. Using the integrated system, the 278-bp product could
be amplified, injected, separated, and detected with an average
total analysis time of 14.9 + 1.9 min, with the fastest analysis
time being 13.7 min (Fig. 5D). Even though 30 cycles were
carried out, this PCR-ME integration was still faster than
previous reports of PCR-ME which were completed in 15 min
with a reduced number of cycles.*®

In contrast to EK injections, each pressure injection was
capable of delivering a small amount of sample from the PCR
domain without altering the ionic character of the remaining
sample (i.e., minimizing sample depletion).?* This way,
representative sampling was possible with injection times of
only 190 ms. Furthermore, the microchip design allowed a co-
injection of sizing standard along with the PCR products to
confirm the success and efficiency of the PCR amplification.
Fig. 5D outlines a single, representative integration run with
four consecutive electrophoretic separations of the products
along with a follow-up of a pUC-18 DNA marker co-injection
for sizing. As shown by the inset plot of inverse migration
time vs. log(bp), this marker co-injection (open squares)
was used to size the product peak (filled diamond) as
approximately 272-bp, confirming the presence of the 278-bp
product.

Enhanced cycling rates through thermal isolation

It was addressed above that the cycling rates achieved here
were relatively high for glass devices due to the fact that
0.7-mm glass were used to fabricate the microchips instead of
the typical 1.1-mm glass. With less thermal mass (glass)
surrounding the PCR chamber, heating and convective cooling
were found to be enhanced. Following this lead, a glass
window was etched below the PCR and reference chambers
using HF-resistant tape as a mask, leaving the glass at the
bottom of the chamber with a thickness of approximately
200 um. This device was used to carry out PCR-ME of the
same 278-bp fragment from ~760 template copies of the
Salmonella typhimurium invA gene in only 12.2 min (Fig. 6),
with dominant cycling rates of 7.0 and 13.4 °C s~ * heating (for
two heating regions) and —6.4 °C s~ * cooling. Consequently,

Separation Time (min)

0.3 0.8 1.3 1.8 2.3
3.2 | \ . 1
< 6.4 7.0°Cs?
= Y 13.4°Cs"
827 278bp | \
:%” primer product o o0 (Ug 71)10
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Total Analysis Time (min)

Fig. 6 Removal of thermal mass (glass) from around the PCR
chamber decreased the total analysis time of Salmonella typhimurium
DNA (<1000 template copies) to 12.2 min through enhancement of
cycling rates. The inset histogram shows the dominant cycling rates as
7.0 and 13.4 °C s * heating and —6.4 °C s~ * cooling using the selective
heating of the infrared lamp.

the score was improved to 2.04 x 1072 bp pL™* s7* copy !
for the PCR portion of this integration.” This result presented
empirical evidence that non-contact temperature cycling in
glass microchips could be enhanced by reducing thermal
mass—further efforts in this area are currently underway.
However, without optimization, this preliminary attempt to
alter thermal mass for faster PCR yielded the fastest PCR-ME
analysis to date, especially when carrying out the typical 30 full
cycles of PCR.

Conclusions

The use of elastomeric valving and pumping has been shown to
be very effective for integrated genetic analysis via rapid PCR-
ME. The injection domain system developed here should be
useful for integration of further sample processing steps such
as cell separation or extraction to reduce sample handling and
promote automation. This added precision in fluidic control,
when combined with non-contact means of temperature
cycling, results in devices that do not require fabrication of
heaters or sensors, yet are capable of complex analysis
techniques in rapid manner such as the ~12 min genetic
analysis shown here.
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