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Abstract In recent years, Fluorescent Melting Curve
Analysis (FMCA) has become an almost ubiquitous fea-
ture of commercial quantitative PCR (qPCR) thermal
cyclers. Here a micro-fluidic device is presented capable
of performing FMCA within a microchannel. The device
consists of modular thermally conductive blocks which
can sandwich a microfluidic substrate. Opposing ends of
the blocks are held at differing temperatures and a lin-
ear thermal gradient is generated along the microfluidic
channel. Fluorescent measurements taken from a sam-
ple as it passes along the micro-fluidic channel permits

fluorescent melting curves to be generated. In this study

we measure DNA melting temperature from two plasmid

fragments. The effects of flow velocity and ramp-rate are
investigated, and measured melting curves are compared
to those acquired from a commercially available PCR

thermocycler.

1 Introduction

Fluorescent Melting Curve Analysis (FMCA) is a tech-
nique through which non-specific fluorescent DNA dyes
can be used to recognise an individual DNA product
(Wittwer & Kusukawa, 2004). The thermodynamic sta-
bility of double strand DNA (dsDNA) is dependant on

both its length and its base pair composition (Wittwer



et al., 1997a; Ririe et al., 1997); and so samples of dif-
fering length and compositions may be recognised by
their differing denaturation temperatures, t,,. FMCA
uses the characteristic variations in sample fluorescence
with temperature to identify the denaturation temper-
ature of samples. With increasing temperature, the flu-
orescence of dsDNA in the presence of a dsDNA dye
will decrease linearly. However at higher temperatures
— typically between 85°C' and 95°C' — the dsDNA de-
natures and a rapid, non-linear decrease in fluorescence
will be observed. The measurement of the temperature
at which this non-linear change in fluorescence occurs
permits measurement of the denaturation temperature
of PCR product.

FMCA has become an almost ubiquitous feature of
quantitative PCR thermocyclers (Herrmann et al., 2006);
and is most commonly used as a closed tube technique
to ensure the specificity and quality of the PCR sample
amplified. However, the melting curve method can be
used to detect single nucleotide polymorphisms (SNPs)
(Gundry et al., 2003) and mutations associated with ge-
netic diseases such as cancer (Bernard & Wittwer, 2002).
When combined with appropriate primer/probe selec-
tion melting curve analysis becomes an important tool
in multiplex PCR (Hernandez et al., 2003). Melting anal-
ysis has been performed on volumes as low as 10n/ using
a custom microfluidic platform (Sundberg et al., 2007).

Since the Micro Total Analysis System (uT AS) con-

cept was first proposed (Manz et al., 1990), a number of
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technologies have undergone miniaturisation from desk-
top to ‘lab on a chip’. Among these technologies have
been the thermocyclers associated with the PCR pro-
cess. Well-based PCR thermocyclers aimed at puT AS
applications have focused on reducing reaction size (Na-
gai et al., 2001). Space-domain (flowing) PCR, where
the reaction is moved between zones of fixed tempera-
ture (Kopp et al., 1998; Schneegass & Kohler, 2001) has
been of interest to many research groups due to its po-
tential for rapid thermocycling, small reaction volumes
and high-throughput processing.

Progress towards developing FMCA for use with flow-
ing thermocyclers is ongoing. The application of a linear
temperature gradient across a micro-fluidic substrate has
previously been applied to micro-channel based systems
(Mao et al., 2002; Dalton et al., 2005; Crews et al., 2008;
Kinahan et al., 2008a) for DNA melting analysis. Denat-
uration temperature measurements made from surface
bound DNA have previously been used to characterise
microfluidic substrates (Dodge et al., 2004).

In this paper, melting curve analysis is performed by
pumping DNA in solution along a microfluidic channel.
The test platform consists of two thermal blocks which
sandwich a microfluidic channel. This fluidic channel is
transparent, Teflon FEP tubing with an internal diam-
eter of 400um. In the course of experimental testing,
the channel is aligned within the test platform using
a substrate composed of polycarbonate. DNA melting

curves are measured in each substrate at a variety of
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different flow velocities and ramp-rates. Melting curves
acquired from the platform are compared with those ac-

quired from commercially available PCR thermocyclers.

2 Biological Material

Two individual PCR fragments were amplified from E.

Coli plasmid vector pPGEM-5Zf(+) (Promega). Two primer

pairs were used. A 240bp sample was amplified using a
forward primer of sequence 5- AGG GTT TTC CCA
GTC ACG ACG TT-3’ and a reverse primer 5-CAG
GAA ACA GCT ATG ACC-3’. A 232bp fragment, was
amplified using forward primer 5’-ATA CCT GTC CGC
CTT TCT CC-3’ and reverse primer 5-CCT CGC TCT
GCT AAT CCT GT-3'. Primers were acquired from
MWG Biotech (Ebersberg, Germany). Samples were am-
plified using LightCycler Faststart DNA Master SYBR
Green I reaction mix (Roche). Samples were thermocy-
cled and a melting curve analysis performed using the
Applied Biosystems AB7900 thermocycler. Samples were
then frozen at —20°C' before use. Melting curves for sam-
ples acquired using the ABI7900 thermocycler may be

seen in Figure 5.

3 Experiment Design and Methods

The sample carrying channel used during experimen-
tation is a transparent, disposable Teflon FEP tubing

(Upchurch Scientific) with an outer diameter of approxi-

mately 800um and inner diameter of approximately 400um.

Upper Heater Block

Groove for Optical Access

Heater
Attachment
Points

Liquid
Cooling

Lower Heater Block

Substrate

4 x Thermocouples

Fig. 1 Exploded view of heater block configuration.

The test device consists of two aluminium blocks of length
120mm, width 50mm and minimum thickness 10mm, as
shown in Fig 1, which are designed to sandwich the sam-
ple carrying channel. The channel is aligned with the
thermal blocks using a substrate, which is manufactured
from polycarbonate. The polycarbonate substrate has a
groove machined into which the sample carrying chan-
nel fits. The substrate is then covered with a transparent
polycarbonate sheet. One end of the thermal blocks have
thick film heaters and Darlington transistors attached
for heating, while the opposite end of the blocks have
channels machined facilitate liquid cooling via a preci-
sion thermal bath. As illustrated in Figure 1, a slot of
dimensions 84mm long and 2mm wide is machined into
the upper block to provide optical access to the sub-
strate. Four thermocouples are embedded in the lower
thermal block such that they align with the optical ac-

cess groove when the blocks are mated.



Fig. 2 Schematic of Equipment Setup. 1. Computer for con-
trol/datalogging. 2. Syringe Pump. 3. Heater bath for cool-
ing. 4. Control circuit for heaters. 5. Excitation Laser. 6.
Monochrome Camera. 7. Rig mounted on Positioning Stage.
A-A, B-B and C-C indicate connections for wiring and tub-

ing.

Samples are loaded into the Teflon FEP tubing via
aspiration, and are buffered by an immiscible fluid (M5904
Mineral Oil - Sigma-Aldrich). Samples are slugs approx-
imately 100mm long (12.5ul), which is greater than the
interrogation length (length of optical window) of the de-
vice. As the recirculation length for the sample (Kashid
et al., 2005) is significantly greater than the interroga-
tion length it is assumed that multiphasic effects are triv-
ial and the flow is assumed to approximate single phase
Hagen-Poissuele flow. The sample is then pumped into
the device until it is observed entering the interrogation
area, and a fluorescent signal is acquired.

Fluorescent illumination was provided using a 488nm

blue laser (BlueSkyResearch). The laser beam was passed
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through a concave lens (Edmundoptics) to expand and
diffuse the excitation beam. Emissions were filtered via
a 515nm long pass filter (Melles-Griot) and the emission
sensor was a monochrome CCD camera (The Imaging
Source). Fluorescent emissions are proportional to the
intensity of excitation light (Haugland, 2002). Therefore,
in order to ensure uniform illumination of the interroga-
tion area throughout individual experiments, the heating
blocks are mounted on a positioning stage. As the sample
flows down the capillary at a given velocity, the test de-
vice is moved at a velocity of identical magnitude but in
the opposite direction, so the sample remains within the
interrogation area, and stationary relative to the excita-
tion light source and emission sensor. Sample pumping
is via a syringe pump (Harvard Apparatus PHD2000).
The experimental setup is illustrated in Figure 2.

Upon starting each experiment, the appropriate flow
rate for the syringe pump is automatically calculated
based on the user-selected ramp rate. The traverse veloc-
ity of the positioning stage is similarly calculated. The
experimental conditions at which testing took place is
outlined in Table 1. In some cases the sample was aspi-
rated back through the device and then re-tested.

In order to identify the actual denaturation temper-
ature, t,,, for each sample an analysis method was ap-
plied to the melting curves generated. Due to the inac-
curacies present in the melting peak method of detecting
DNA melting temperatures, particularly for noisy data,

a method based on the technique outlined by Gundry
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Table 1 Experimental Test Conditions.

Ramp Rate Temp. Diff Thermal Grad Velocity
°Cl/s °C °C'/mm mm/s
0.000 24 0.286 0.000
0.033 24 0.286 0.116
0.033 8 0.095 0.350
0.100 24 0.286 0.350
0.100 8 0.095 1.050
0.300 24 0.286 1.050
0.300 8 0.095 3.150

et al. (2003) was applied. Gundry et al. (2003) states
that the denaturation temperature of each sample is the
temperature at which half the DNA strands present have
denatured. Therefore the denaturation temperature is
that temperature at which the fluorescence of the sam-
ple is half way between that of a wholly double stranded

DNA and that of fully denatured DNA.

The sample melting curve data is smoothed using
Savitsky-Golay moving average smoothing (Savitzky &
Golay, 1964) with a smoothing interval of 1°C' and is
then normalised between 0 and 1. A line of best fit is
fitted to the linear fluorescent data, which occurs be-
fore the sample melting transition. This section of the
melting curve is selected manually. Minimal fluorescence
was detected post melting transition in every case, and
hence it is assumed that a line of best fit through this
data would coincide with the x-axis of the melting plot.

Through the intersection of the line of best fit with the

T
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Fig. 3 Demonstration of the method used to determine the
denaturation temperature, t.,, of a sample from its melt-
ing curve. Plasmid A, the 240bp sample, measured at % =

0.10°C/s and AT = 24°C.

x-axis a line of half the slope of the original line is drawn.
The intersection of this line with the melting curve indi-
cates the point at which half the DNA strands present

have been denatured, as can be seen in Figure 3.

4 Heat Transfer

A feature of flowing PCR thermocylers is rapid transi-
tion of fluid temperature between thermal zones. Beyond
short entry lengths, the fluid within the thermal zones is
isothermal. However, in the case of melting analysis, it is
advantageous that the fluid be subject to constant heat-
ing. Therefore, the thermal resistance of both the fluid
and the tubing walls will result in a temperature vari-
ation AT between the fluid temperature and the tem-
perature at the outer substrate walls. The temperature

variation is proportional to the ramp-rate seen by the



fluid %, which is in turn a product of the fluid veloc-

ity, v, and the spatial thermal gradient applied across
the blocks ‘C%. The temperature variation is also pro-
portional to the thermal resistance of the fluid and the
tubing walls.

Equation 1 describes the temperature variation ex-
pected across the walls of a cylindrical tube AT, where
dy is an integral length along the direction of fluid flow,
7 is the thickness of the tubing, k7 the thermal con-
ductivity of the tubing, R the inner radius of the tubing,

¢y the thermal capacitance of the working fluid and p,,

the density of the working fluid.

() (Y (omern) )

Based on Bejan (1993), Equation 2 presents the tem-
perature variation across the fluid within the microchan-

nel, AT(r),

r2 2 _ 2
AT(r) = f‘% <1 +0.5(1 — RQ)) (me) 2)

where r the position on the radial axis measured
from the centre-line, R the radius of the circular micro-

channel and « the thermal diffusivity of the working fluid

kw
PwCw

Equations 1 and 2 are more fully described in Ki-
nahan et al. (2008b) and are supported using numer-
ical simulation. In microchannel-based melting analysis

Equations 1 and 2 describe a temperature offset which is
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proportional to ramp-rate, and which must be compen-
sated for when making comparisons between different
platforms. Similar effects were identified for well based

melting platforms by Ririe et al. (1997).

5 Results

The 240bp and 232bp DNA samples were tested under
the operating conditions described in Table 1. For cases
of % = 0°C' the sample was positioned within the ex-
perimental platforms so that the long plug of fluid filled
most of the optical access window. With the fluid held
stationary, the optical detection system traverses the rig
at a velocity equivalent to that used to measure samples
at % = 0.1°C/s. For the dataset presented in Figure 4,
the sample did not fully fill the optical window, which
results in the increase in fluorescence seen at 72°C' in
Figure 4(a) where the fluid being measured changes from
mineral oil to PCR solution.

For measurements at 4 = 0.0°C/s and 4= = 0.1°C/s
typically ~ 900 fluorescent measurements are made dur-
ing the traverse of the sample across the optical access
window. For the case of % = 0.033°C/s ~ 2700 mea-
surements are made; for % = 0.3°C/s =~ 300 measure-
ments are made and for % = 0.9°C/s ~ 100 measure-
ments are made. For experiments conducted with a tem-
perature difference of AT = 8.0°C across the optical ac-
cess groove the number of measurements are typically

reduced by a factor of 3 as these tests occur at higher

velocities.
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Figure 4 presents a dataset acquired for the 240bp
sample. In this case, a single sample was tested and re-
cycled through the experimental rig for re-testing under
different test conditions. It is clear from this dataset that
melting curves measured using the platform for the same
test conditions are highly repeatable, with a maximum
0.3°C variation of t,, s measured for a particular test con-
dition. However, also of note is the effect recycling the
sample had upon the melting profiles measured. The first
test of this particular sample occurred at % =0.1°C/s
and is shown in Figure 4(c). For subsequent tests at
these conditions the melting profile shows a fluorescent
decrease at ~ 80°C.

The recycling procedure involved aspirating the sam-
ple back through the experimental test rig. The ‘back-
ward’ motion of the slug through the test rig results in
it being subjected to slow, steady cooling. A primary
cause of primer dimer and other non-specific amplifica-
tion during the PCR process is the use of long dwell
times at the denaturation and annealing stages of the
PCR process (Wittwer et al., 1997b); while conversely
rapid-cycling between PCR thermal zones results in in-
creased PCR efficiency and specificity. Although a fully
amplified sample, it may be inferred that the repeated
slow heating and cooling of the PCR sample promotes
the generation of primer dimer from the excess primers
contained within the solution.

It is assumed that the melting profile change at ~

80°C is a result of primer-dimer. In some later tests using

this sample, such as that shown in Figure 4(b), a slight
increase in fluorescence is observed prior to final sample
denaturation. Zhou et al. (2004) states that SYBR Green
I, the dye used during the course of these experiments,
preferentially binds to shorter dipolymers in preference
to longer fragments. Hence, it is inferred that these melt-
ing profiles show a redistribution of SYBR Green I dye
from the denatured primer-dimers to the target strand.
Of note it is clear from Figure 4(c) that the presence of
excess primer-dimer within the sample does not have an
observable effect upon the measured denaturation tem-
perature. In addition, this feature was not observed in
melting curves generated for the 232bp sample, possibly
due to the use of lower concentrations of primers within

the assay.

Figure 4(e) shows one melting curve from each of the
ramp rates applied to the sample using a spatial tem-
perature gradient of AT = 24°C. It is clear that varying
the ramp-rate (velocity) of the fluid has an observable
effect upon the melting profiles acquired; and the denat-
uration temperatures measured. This effect is similarly
shown in Figure 4(f) for a spatial temperature gradient
of AT = 8°C. Figures 5(a) and 5(b) demonstrate this
effect with greater clarity. In Figure 5(a), melting curves
acquired at near identical velocities but different ramp-
rates — due to different spatial temperature gradients —
are compared, and show a large difference in measured
denaturation temperature. However, Figure 5(b) shows

two samples measured at different velocitiexs and differ-
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Fig. 4 Sample A (240bp) Melting Curves measured at various velocities and ramp-rates. A typical melting curve acquired

for this sample using a commercial PCR platform may be seen in Figure 5(c).

ent spatial temperature gradients, but identical ramp-
rates. In this case the measured denaturation tempera-

tures correspond closely.

Figure 5(c) shows two melting curves measured for
different samples — 240bp and 232bp plasmid fragments
— using identical test conditions. Comparison with sim-
ilar samples measured using a commercial thermocy-
cler — particularly when offset in the temperature axis
as shown in Figure 5(d) — show that the microchan-
nel melting curve method can be used to discern be-

tween two samples. In these plots, raw unsmoothed data

is presented. Approximately 900 data acquisitions are
made using the space-domain melting analysis method,
compared to approximately 80 for the commercial PCR
thermocycler. The noisier signal from the space-domain
method is most likely caused by variations in the optical

quality of the microchannel.

6 Discussion and Conclusion

The ability of microchannel melting analysis to differen-
tiate between DNA amplicons of different melting tem-

perature has been demonstrated. The accuracy and re-
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Fig. 5 Comparison of melting curves acquired for Plasmid Fragment A(240bp). Melting curves are generated at either
comparable velocities or comparable ramp-rates. Differentiation of Plasmid DNA samples using the experimental test rig.
Comparison of Plasmid Fragment A(240bp) DNA strand melting curves with Plasmid Fragment B(232bp) melting curves.
Melting curves are acquired at a ramp rate of % = 0.1°C/s with a temperature difference of AT = 24.0°C applied across the
optical access groove. Comparison is made to melting curves acquired using the ABI Prism® 7900HT commercial thermocycler.

Figure 5(d) offsets the commercial melting curves by —0.6°C'.

peatability of the denaturation temperatures measured Thick walled, low conductivity plastic tubing has been
under individual test conditions demonstrate the poten- used with success in flowing PCR thermocyclers (Sayers
tial for an approach such as this to be applied to a uT' AS et al., 2006; Chabert et al., 2006). With PCR the flow
system at the output of a flowing PCR thermocycler. transitions between 2 or 3 isothermal zones. Hence, past

the entry length, the heat flux required to maintain fluid
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temperature is minimal. Therefore the temperature dis-
tribution through thick walled tubing is minimal; the
fluid and tubing walls may be considered isothermal.
Giordano et al. (2001) describes how a primary advan-
tage of using glass as a working material for uT'AS appli-
cations is its low thermal conductivity. However in the
case of microchannel melting analysis a constant heat
flux is required to heat the fluid throughout the analysis.
Therefore the tubing walls/glass substrates act as an in-
sulating layer between the heater blocks and the sample,
resulting in a temperature disparity between the outer

walls of the substrate and the actual fluid temperature.

The magnitude of this temperature disparity is pro-
portional to the thermal resistance between the fluid and
the heater blocks and to the ramp-rate seen by the fluid.
The ramp-rate is a product of the spatial temperature
gradient and the velocity of the fluid flow. It is clear from
the results presented here that the temperature dispar-
ity is observable and will have an effect on denaturation
temperature measurements. An equation has been pre-
sented which predicts the temperature disparity for fluid
in a simple tube. Kinahan et al. (2008b) has described
how this approach can be applied to any micro-channel
substrate to compensate for temperature disparity ef-
fects irrespective of knowledge of substrate dimensions
or composition; with the caveats that the spatial tem-
perature gradient applied to the walls of the substrate
be uniform, and the substrate be non-varying in the di-

rection of heat flux.
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However, it has also been shown that measurements
made at different velocities/spatial temperature gradi-
ents but at identical ramp-rates are comparable. This
approach has a number of advantages. In the case of
an integrated pT'AS system where flow rates are dic-
tated by other factors, changing the spatial tempera-
ture gradient applied along the block allows the ramp-
rate to be selected. Decreasing the velocity of the fluid
— and hence the time the sample is in the test rig —
can result in a greater number of fluorescent acq/°C be-
ing made. The number of fluorescent acq/°C made by
a high-resolution melting analysis platform is an impor-
tant benchmark for its performance, particularly in SNP
analysis (Herrmann et al., 2006). Melting curves mea-
sured at % = 0.033°C" across AT = 24°C resulted in
approximately 100acq/°C.

Of particular note were measurements made at % =
0.0°C. In this case, the velocity of the fluid was zero, and
the fluorescent acquisition system was traversed across
the sample. Using this method, it is clear that no ramp-
rate effects occur. Indeed, unlike well-based systems (Ririe
et al., 1997) this approach will not require any compen-
sation for thermal capacitance effects. In addition, the
number of fluorescent measurements made will be en-
tirely a function of the viability of the test sample, re-
sulting in the potential for very high resolution analysis.

As fluorimeters were integrated into traditional PCR
thermocyclers and made quantitative PCR (qPCR) pos-

sible, it is clear that the next step in the development
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of flowing PCR thermocyclers on the micro-scale will be
the integration of some manner of fluorescent detection
(Sayers et al., 2006; Chabert et al., 2006). Well-based
melting curve analysis offers a simple, closed tube addi-
tion to the well-based PCR thermocycler for applications
in quality control, multiplexing and SNP detection; sim-
ilarly microchannel melting analysis has the potential
to be integrated into flowing PCR thermocycler systems

and can offer much the same functionality.
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