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Abstract Microfluidic polymerase chain reaction (PCR)
systems have set milestones for small volume (100 nL-
5 uL), amplification speed (100-400 s), and on-chip
integration of upstream and downstream sample han-
dling including purification and electrophoretic separa-
tion functionality. In practice, the microfluidic chips in
these systems require either insertion of thermocouples
or calibration prior to every amplification. These factors
can offset the speed advantages of microfluidic PCR
and have likely hindered commercialization. We present
an infrared, laser-mediated, PCR system that features a
single calibration, accurate and repeatable precision
alignment, and systematic thermal modeling and management
for reproducible, open-loop control of PCR in 1 uL chambers
of a polymer microfluidic chip. Total cycle time is less than
12 min: 1 min to fill and seal, 10 min to amplify, and 1 min to
recover the sample. We describe the design, basis for its
operation, and the precision engineering in the system and
microfluidic chip. From a single calibration, we demonstrate
PCR amplification of a 500 bp amplicon from A-phage DNA
in multiple consecutive trials on the same instrument as well
as multiple identical instruments. This simple, relatively low-
cost plug-and-play design is thus accessible to persons who
may not be skilled in assembly and engineering.
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1 Introduction

Since its genesis in 1983 by Kary Mullis(Mullis and Faloona
1987), polymerase chain reaction (PCR) has become the
standard technique for genetic diagnostics. By thermally
cycling a biochemical cocktail and exponentially ampli-
fying a specific region of RNA or DNA from as little as a
single copy, PCR allows highly specific and sensitive detec-
tion of target sequences or in the case of “consensus-
degenerate” PCR, a broad range of known and evolutionarily
related sequences(Rose et al. 2003).

The speed and fidelity of PCR is determined by sample
quality, assay design, and the means and precision of ther-
mocycling. Since typical scenarios involve samples of
unknown quality and fixed protocols, the thermocycling
is critical. Most commercial thermocyclers use indirect
conductive heating and are consequently slow (e.g., 3°C/s),
have temperature inaccuracy and well-to-well variation(Kim
et al. 2008; Yang et al. 2005), and require large sample
volumes (e.g., 25 pL). Alternatives include the Roche
Lightcycler(Wittwer et al. 1997) and Qiagen Rotor Gene Q
that use convective heating and fluorescence detection for
real-time PCR with volumes as low as several microliters.
Though effective, their cost and complexity limit scalability,
speed, compatibility with field deployment, and volume
reduction. Most micro-scale PCR devices use thermally
conductive silicon or glass microchips paired with ther-
moelectric heating(Khandurina et al. 2000; Matsubara et al.
2005; Nagai et al. 2001; Slyadnev et al. 2008), embedded
resistive heaters(Liao et al. 2005; Lien et al. 2007; Liu et al.
2007; Minqiang et al. 2003; Neuzil et al. 2006; Northrup et al.
1998; Wang et al. 2006; Woolley et al. 1996; Xiang et al.
2005; Zou et al. 2003), or convection-based rotary platforms
(Wittwer et al. 1997; Focke et al. 2010; Wheeler et al. 2004;
Wittwer et al. 1990) to offer smaller reagent volumes and
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faster cycling at the risk of costly fabrication and cross-
contamination after multiple runs.

In contrast, direct heating via infrared radiation, pio-
neered by Dr. James Landers using a tungsten filament
lamp(Easley et al. 2006; Hithmer and Landers 2000; Oda
etal. 1998) and closed-loop feedback through a thermocouple,
enables rapid microliter volume thermocycling in simple,
inexpensive, disposable microchips. Others have performed
infrared, laser-mediated, microfluidic PCR in droplets in an oil
bath after fluorescence calibration(Slyandev et al. 2001; Kim
et al. 2009; Terazono et al. 2008). They were able to achieve
very impressive rapid (200 s), small volume (15 pL), real-time
PCR results, but the system requires a precisely aligned
microscope and the small, suspended droplets cannot be
easily recovered for post-processing, making this instrument
less practical for commercialization. Previous reports of cali-
bration methods for infrared PCR have been limited by emis-
sivity measurements with a pyrometer(Hithmer and Landers
2000) in which accuracy is hindered by alignment and spuri-
ous reflection, or required microscopy. Ultimately, commer-
cial implementation and the speed advantages of infrared PCR
in microfluidic chips have been hindered by at least one of the
following requirements for every amplification run: (1) ther-
mocouple insertion time and complexity, (2) optical alignment
with microscopic (i.e. sub mm) accuracy and repeatability, or
(3) calibration.

We have designed, manufactured, and tested an infrared
radiative thermocycler and associated microfluidic chip that
retains the advantages of infrared PCR systems (e.g., speed,
low volume, low power consumption, low cost, compact
form) while eliminating the need for thermocouple insertion
and repeated active alignment and calibration. Open-loop
temperature control from a single calibration run is used for
multiple consecutive amplifications on multiple identical
instruments. This temperature control is made possible by
passive, precision-engineered alignment fixtures, accurate

Fig. 1 (a) Exploded view
diagram of laser thermocycling (a)
system showing the laser source
subsystem (top), collimation
subsystem (middle), and
microchip subsystem (bottom).
Dashed arrows represent
components that are embedded
and not easily visible in the
photograph. (b) Photograph of
laser system, where the dotted
line arrow represents the

laser source <
subsystem

collimation

movement of the laser and lens subsystem

assembly for loading the

microchips into the chip holder =
microchip
subsystem

<= chip

@ Springer

laser mount

~ % laser diode —— = =—— — =

x-y translation
mount

Iensadapler/ ////

collimating lens

chip holder

and repeatable polymer microchip design and fabrication
methods, and systematic thermal management strategies.
We describe the instrument and chip design, fabrication,
and performance. We demonstrate its functionality with
reproducible sub-10 min PCR amplification of a 500 bp
amplicon from A-phage.

2 Design overview

The system, shown in Fig. 1, consists of a 1450 nm infrared
laser diode with heat sink and fan, collimating lens with x-y
stage, and microchip holder. As we have shown in previous
work(Phaneuf et al. 2011), this wavelength for infrared PCR
is advantageous because it affords two orders of magnitude
difference in absorption between the aqueous PCR solution
and the surrounding polymer chip; an ideal environment for
rapid (e.g. 60°C/s) cycling while retaining thermal isolation
between adjacent chambers within a chip. The heat sink and
fan keep the laser diode temperature and corresponding
power output constant. The laser diode optical output power
required is only 580 mW; the necessary electrical input
power of 5 W is an order of magnitude less than all com-
mercial thermocyclers and most research devices and thus
facilitates portable and compact designs.

The collimating lens and x-y stage are used to align
the laser to a reaction chamber on the chip by burning a
hole in a piece of toner paper (not shown) attached to
the chip. The x-y stage is adjusted until the toner paper
hole and microchip reaction chamber are directly
aligned. The microfluidic chip holder is a single poly
(methyl methacrylate) (PMMA) part, as seen in Fig. 2
(a), consisting of a leaf spring and three points for full
kinematic constraint in the x-y plane. The entire assembly
rests on a standard 30 mm cage system. Translation of the
optical assembly on this rod system allows microfluidic chip

fan and heatsink
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Fig. 2 (a) Photograph of poly
(methyl methacrylate) (PMMA)
chip holder showing kinematic
constraints, leaf spring, and
microchip, (b) isometric view
and side profile of PMMA
microchip, (¢) and close up of
reaction chamber showing inlet
port, fill channel, and beveled
reaction chamber

(a)

spring

insertion and removal. Associated electronics not shown in
Fig. 1 are the laser driver, power supply, and data acquisition
board. These are sized similarly such that the total system
volume is on the order of 200 mm”’.

Using Labview, we implemented software for analog
open-loop laser driving voltage control. The inputs (voltage,
time) are run from a text file. To operate the system, the chip
is filled with the requisite PCR solution, positioned, the laser
assembly is lowered onto the chip, and the Labview pro-
gram is initiated. The total amount of time for filling, seal-
ing, and subsequently recovering the sample from the chips
after the run with a pipettor is less than 1 min.

3 Polymer chip design and fabrication

The microchips, seen in Fig. 2(b) and (c) feature inlet ports on
both sides of the reaction chamber that allow standard pipette
tips to easily fill the chamber. Narrow fill channels lead to the
reaction chamber to minimize diffusion, and the beveled
chamber geometry helps to ensure complete filling and easier
thermocouple insertion when required for calibration.
Microchips were fabricated from PMMA at a rate of two chips
per minute, using a 3-axis vertical milling center (Haas,
OM-1A) capable of accurate positioning within 10 pum
and repeatability of 6 pm. The spindle operates at
speeds up to 30,000 rpm, enabling the use of miniature
end mills (Harvey Tool) and drill bits (Drill Bit City)
with sub-millimeter diameters. These tools are zeroed to
the polymer workpiece by detecting electrical conduc-
tivity between the tool tip and the base of a custom
aluminum fixture(Sodemann and Mayor 2009) that was
milled and used to align and rigidly hold the polymer
workpiece, since small part deflections can easily dam-
age the fragile tooling. A corner relief was pocketed
into the fixture along with features for interfacing with
a standard vise to allow repeatable positioning. Strap
clamps were laser cut from 3.175 mm acrylic, which

kinematic
constraints

microchip
holder

(b) (©)

5 mm

inlet port

fill channel
X

inlet port

A

reaction chamber

was chosen to avoid marring the surface of the workpiece.
These were configured in a third-class lever arrangement and
the screws were hand-tightened to provide clamping force
sufficient to overcome cutting forces. Toolpaths were manu-
ally written in G-code to achieve the relatively simple designs
but can also be programmed using computer-aided man-
ufacturing (CAM) software for complex geometries. During
the milling process, compressed air was used for clearing
chips and preventing burr formation. Following milling,
microchips were ethanol rinsed, dried with pure nitrogen,
and the bottoms were sealed by a simple thermal bonding
process with a 100 pm polymer film on a hot plate at 155°C,
30 min, and 100 psi for a 20 mmx 10 mm microchip. The top
of the chip is sealed after filling with an optically transparent
and biologically compatible adhesive film (Excel Scientific,
ThermalSeal RT). Microchips have been used repeatedly
without polymer delamination or damage, yet the adhesive
film is easily peeled away manually.

This micro-milling process has been invaluable during the
prototyping phase of this work. Altering a design and making
a new batch of microchips can be easily accomplished in less
than 1 day. Materials such as PMMA, polycarbonate, and a
biocompatible grade of cyclic olefin copolymer (COC) have
all been successfully used for a substrate. PMMA was chosen
because it is most quickly machinable, while retaining excel-
lent optical, thermal, and biocompatible properties(Lee et al.
2004). Another advantage is the three-dimensional geom-
etries attainable with micro-milling in order to create
path lengths amenable to maximum absorption as well
as control of the surface-area-to-volume ratio for optimum
heat transfer characteristics and minimal adsorption of biolog-
ical reagents to the interior microchip surfaces.

4 Thermal modeling

To better understand how an aqueous solution within a
polymer chamber is heated by radiation, a computational

@ Springer



Biomed Microdevices

model (Matlab, Mathworks, Natick, MA) was created that
predicts the radiation absorption as a function of distance
through the aqueous solution, or pathlength. We have
described in detail this approach earlier(Phaneuf et al.
2011), and so summarize it here only briefly. First, the
spectral irradiance of the source is scaled by integrating
over its full spectrum and equating this with the mea-
sured total power output, yielding the spectral power
distribution, Py(A). This is then attenuated uniformly
by accounting for losses due to reflection at the air-
polymer interface. Finally, the power absorbed by the
aqueous solution as a function of wavelength, PAgs(}), is
calculated using the Beer-Lambert Law as Pagg(A)=Po(A)
(1-10"*™) where a(A) is the wavelength dependent absorp-
tion coefficient of PMMA and / is the pathlength. Integration
with respect to wavelength yields the total power absorbed as
a function of distance. Applying this model to our micro-
fluidic chip, aqueous solution, and laser resulted in 90%
power absorption after 0.5 mm of radiation propagation
through the solution (z-axis direction).

To compute the temperatures in the aqueous solution
resulting from this radiation absorption, we implemented a
finite element model (COMSOL, Stockholm, Sweden). We
were most concerned with the temperature variation along
the z-axis through the chamber in the direction of radiation
propagation along the chamber centerline (x=y=0), where
the temperature is highest in the x-y plane. To implement the
model, we divided the chamber into equal volumetric sec-
tions spanning the x-y cross-section, and assigned heat
generation power to each of them based on the pathlength-
dependent absorption model described above. For our design,
we selected a total laser power output of 580 mW, absorbed by
five volumetric sections in the direction of radiation propaga-
tion absorption; each section 150 um thick. Respectively, the
radiation absorbed and corresponding centerline temperature
of each section was 60.6% yielding 93.4°C, 21.1% yielding
90.2°C, 7.35% yielding 83.4°C, 2.56% yielding 77.7°C, and
0.89% yielding 73.1°C. Thus the total predicted temperature
variation through the 750 pm deep chamber along the z-axis is
20.3°C. We experimentally measured a temperature gradient
of 8°C with a thermocouple (T240-C, Physitemp,
Clifton, NJ), and attribute the difference to the thermo-
couple’s physical size of 130 um in diameter and its
location approximately 100 um from the bottom of the
chamber. These thermal modeling results proved useful
in our calibration efforts.

5 Calibration
In order to utilize open-loop control, a calibration curve
relating laser driving voltage to aqueous solution tempera-

ture is necessary. The calibration curve for our system is
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seen in Fig. 3. The thermocouple used for calibration is
heated directly by the laser, so calibration requires measur-
ing and compensating for this bias error as follows. First, it
was known that the threshold voltage for the laser to turn on
was 0.25 V. At this driving voltage the bias is zero and the
thermocouple reads a temperature of 33°C, identical to the
chamber temperature. Next, the driving voltage was increased
as the reaction chamber was observed with a microscope.
Boiling, as indicated by the rapid formation and expansion
of bubbles in the chamber, occurred at 1.1 V and corresponds
to 100°C at atmospheric pressure.

With the thermocouple centered and positioned at the
bottom of the chamber, the measured bias increases
from 0°C at 0.25 V to around 8°C at 1.1 V. The variables
affecting this bias include thermocouple placement repeatabil-
ity, bubble formation, and direction the thermocouple tip is
bent. A special calibration microchip was manufactured with
the thermocouple bonded to the bottom layer. This prevents
many of these variations between runs because the thermo-
couple tip is in the same position every time. Also, since our
thermal modeling predicted that 90% of the radiation is
absorbed in the first 0.5 mm of the aqueous solution, con-
founding effects of radiation heating of the thermocouple
directly were minimized with the thermocouple located at
the bottom of the chamber. A polynomial was fit to the bias
corrected temperature measurements, resulting in the calibra-
tion curve shown in Fig. 3.

Once this curve is created, it can be used to find the
three voltages corresponding to the denaturing, anneal-
ing, and extension temperatures of the particular ampli-
fication to be performed. While these three voltages are
all that is required, slow temperature ramping under
such a simple control scheme would necessitate hours
for one amplification run. Therefore, to expedite heating
and cooling, we applied the maximum driving voltage
and then a holding voltage corresponding to the dena-
turing temperature. Similarly for cooling, a zero voltage
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Fig. 3 Calibration curve relating laser driving voltage and aqueous
solution steady state temperature used for open-loop temperature
control
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duration precedes the annealing voltage. A typical three
temperature PCR cycling program thus requires five
distinct driving voltages: maximum power to ramp up
to denaturing, a denaturing holding voltage, zero voltage
to cool to annealing, an annealing holding voltage, and
an extension holding voltage. If there is a significant
temperature difference between the annealing and exten-
sion temperatures, a sixth full power ramping voltage
can be implemented between those two holds. The
heating and cooling times are measured and set to
minimize under- and over-shoot. The resulting temperature
profile and driving voltage can be seen in Fig. 4. Desired times
and temperatures were 4 s at 90°C for denaturing, 5 s at 68°C
for annealing, and 5 s at 72°C for extension.

6 Mechanical and thermal repeatability

In order for open-loop control to work consistently, thermal
and mechanical repeatability are paramount. As described
previously, the x-y stage to position the collimating lens is
only adjusted once. However, the laser beam alignment is
periodically checked to ensure identical heating by burning
a piece of toner paper as mentioned previously. Although it
is rarely out of alignment, this test takes less than 1 min to
perform and ensures consistency.

To measure the repeatability of the chip alignment in
the holder, we mounted the system on an inverted
microscope (Nikon, TE2000-E) to image the chip location
during repeated placement. Of the three principal system axes,
shown in Fig. 1, the x-axis error is insensitive because this axis
is parallel to the reaction chamber’s length and deviations less
than 1 mm do not cause significant temperature differences.

For the y-axis alignment repeatability measurement, we
placed and imaged the chip five times. The standard deviation
measured was 0,=5.31 pum, causing no measurable tempera-
ture difference with thermocouple inserted into the chamber
and laser heating. This same test is repeated each time a new
batch of chips is made to make sure they are within
specification.

For the z-axis repeatability measurement, or direction
normal to the chip surface, we repeatedly focused the
microscope on either a stationary chip or a successively
removed and replaced chip. From the stationary chip,
we ascertained from five measurements that the standard
deviation of the focusing error was 9.9 um. From five
measurements with the replaced chip, which includes
this focusing error, the standard deviation of the posi-
tion measured was 0,=16.4 pum. To determine if this
error was problematic, we measured the temperature
variation corresponding to z-axis translation between
the laser and chip. For a 1,000 um displacement, more
than the 750 pum chamber height, a temperature varia-
tion of only 0.5°C was measured, so the o, measured
was deemed acceptable.

To measure the combined repeatability of the chip
placement, laser z-axis translation to allow chip place-
ment, laser power output, and thermocouple placement
for calibration, we successively removed, replaced, and
heated a water-filled chip and its thermocouple. Five
consecutive temperature measurements showed a stan-
dard deviation of 0.1°C, well within tolerances for PCR
from conventional instruments. We note that the primary
cause of the difference in temperatures between the
trials is the result of variations in thermocouple place-
ment, which is not used during PCR.

Fig. 4 Experimental

temperatures obtained from
calibration and corresponding
laser open-loop control voltages 110
for PCR of 500 bp DNA
amplicon in 9:58 ina 1 uL
chamber within a polymer

100
microfluidic chip 00

— temperature
----- voltage

25 cycles

temperature (°C)

driving voltage (V)

120 126

132138 144 150 156 162 168 174 180
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7 PCR amplification of A-phage DNA

As a means to verify our system and method, an amplifica-
tion of A-phage DNA was performed on both our laser-based
system and a conventional Peltier-based thermocycler
(Biorad, MJ Mini). The reaction solution was prepared in
quantities of 5 uL volumes according to the following
protocol: 0.5 uL10X PCR buffer, 0.8 uL MgCL,
(25 mM), 0.1 pL dNTP mixture (10 mM), 0.1 pL forward
and reverse primers (20 uM), 1.2 uL BSA (1 mg/mL),
1.0 uL DNA (45.8 pug/mL), 1.2 uL water, and 0.1 pL Taq
polymerase. BSA has previously been shown to aid micro-
chip PCR(Zhang et al. 2006). The primer sequences used
were 5'-GATGAGTTCGTGTTCGTACAACTGG-3' for the
forward primer and 5'-GGTTATCGAAATCAGCCAC
AGCGCC-3' for the reverse primer. Our microchips were
loaded with about 1,400 nL, of which approximately 820 nL.
was located within the chamber. After running the 25-cycle
program as seen in Fig. 4, we evaluated results with micro-
channel electrophoresis separation (Agilent, Bioanalyzer).
Successful amplification with excellent signal to noise ratio
(>200:1), for a typical trial are shown in Fig. 5.

This amplification was performed in less than 10 min, with
a total setup, recovery, and run time of less than 12 min. Five
identical runs were performed in series with the same out-
come, demonstrating the repeatable DNA amplification
achievable with our device.

It should be noted that the calibration curve is unique to
the microfluidic chip design and laser used. However, these
variables are easy to maintain, and we have used the same
calibration curve on two identical laser thermocycler sys-
tems that we have constructed to obtain DNA amplification
with no adjustments. If a new microchip design or a differ-
ent laser is used, the calibration curve can be created in
approximately 3 h. This process has an initial time

Fig. 5 Electropherogram of
500 base pair lambda DNA 250
amplification performed in less
than 10 min on a 1 pL polymer = 2004
microchip. This was repeated g
five times with identical results g
-_‘.‘5 150
3
£ 100
o
g
S s04
o

lower marker

I L

investment, but greatly reduces the amount of time needed
for each machine run.

8 Conclusions

The operation of this plug-and-play infrared-mediated PCR
system has the advantages previously seen in microfluidic
PCR systems, but operates more like a conventional PCR
instrument in that the user simply loads and places the chip
or well plate into the instrument, and removes it following
amplification for sample post-processing. From a precision
optical and mechanical design, thermal modeling, control,
and calibration we were able to show repeatable DNA
amplification in less than 10 min on a microchip of a
volume of less than 1 uL in a system that requires little user
interface and has a total run time of less than 12 min. This
approach is not restricted to low-cost microfluidic volumes
(e.g., 1 pL), thus increasing utility. We have previously
cycled 10 uL with our prototype using standard PCR tubes
in place of the microchip. With higher laser power and beam
size control, we can cycle these larger volumes faster than
conventional instruments while maintaining the advantages
of open-loop and potentially multiplexed temperature control.
In the future, these advantages will allow us to easily modify
our device for performing real time PCR using the microscope
previously mentioned. Also, scaling up to multiple reaction
chambers on one microchip can now be achieved with-
out having to simultaneously scale up the temperature
measurement system. If the radiation is optically manip-
ulated, there is potential for unprecedented scalability
and independent temperature control of multiple PCR
chambers on a single microchip. The open-loop control
scheme allows this to be done in a similar total time as
the one reaction chamber chip.

500 bp

amplicon

upper marker
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