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BACKGROUND: Extreme PCR in �30 s and high-speed
melting of PCR products in �5 s are recent advances in
the turnaround time of DNA analysis. Previously, these
steps had been performed on different specialized instru-
ments. Integration of both extreme PCR and high-speed
melting with real-time fluorescence monitoring for de-
tection and genotyping is presented here.

METHODS: A microfluidic platform was enhanced for
speed using cycle times as fast as 1.05 s between 66.4 °C
and 93.7 °C, with end point melting rates of 8 °C/s.
Primer and polymerase concentrations were increased to
allow short cycle times. Synthetic sequences were used to
amplify fragments of hepatitis B virus (70 bp) and Clos-
tridium difficile (83 bp) by real-time PCR and high-speed
melting on the same instrument. A blinded genotyping
study of 30 human genomic samples at F2 c.*97, F5
c.1601, MTHFR c.665, and MTHFR c.1286 was also
performed.

RESULTS: Standard rapid-cycle PCR chemistry did not
produce any product when total cycling times were re-
duced to �1 min. However, efficient amplification was
possible with increased primer (5 �mol/L) and polymer-
ase (0.45 U/�L) concentrations. Infectious targets were
amplified and identified in 52 to 71 s. Real-time PCR
and genotyping of single-nucleotide variants from hu-
man DNA was achieved in 75 to 87 s and was 100%
concordant to known genotypes.

CONCLUSIONS: Extreme PCR with high-speed melting
can be performed in about 1 min. The integration of
extreme PCR and high-speed melting shows that future
molecular assays at the point of care for identification,
quantification, and variant typing are feasible.
© 2018 American Association for Clinical Chemistry

Rapid-cycle PCR was introduced in 1991 (1 ) as a
method for completing 30 cycles of PCR in 10 to 30 min
(2 ) and was later implemented in real time on the capil-
lary LightCycler® (3 ). The LightCycler also introduced
fluorescent melting analysis to real-time PCR (4 ). By
improving temperature and fluorescence precision, high-
resolution melting analysis provided several simple meth-
ods for genotyping, variant scanning, methylation anal-
ysis, and sequence identity testing (5 ).

Multiple attempts to achieve PCR in �5 to 10 min
(faster than rapid-cycle PCR) have typically resulted in
low efficiency and/or yield (6, 7 ). Recent additions to
this effort include optical cavity PCR in 4 min (8 ),
segment-based counting of amplicon clusters in 1.75 min
(9 ), plasmonic PCR in 54 s (10 ), and microfluidic space
domain PCR with serpentine channels in 52 s (11 ). A
recent review of microfluidic PCR covered both space
domain (move the sample) and time domain (change the
temperature) devices (12 ).

Fluorescent high-resolution melting of PCR prod-
ucts is typically performed at 0.01 to 0.3 °C/s, requiring
about 2 to 50 min for acquisition of a 30 °C temperature
interval. Comparing rates from 0.01 to 0.64 °C/s sug-
gested that faster melting produced better resolution of
genotypes (13 ). Molecular beacon genotyping of syn-
thetic templates has successfully identified single-
nucleotide variants (SNVs)5 in �7 s (14 ). Space domain
systems with a continuous temperature gradient can
claim melting acquisition rates equal to camera frame
rates (15, 16 ). However, obtaining high resolution is
challenging because both temperature and fluorescence
are evaluated across space.

Recently, extreme PCR, which uses increased primer
and polymerase concentrations, has demonstrated effi-
cient and specific PCR in �15 s (7 ). Furthermore, high-
resolution melting for genotyping SNVs in �1 s has been
reported, yielding the term high-speed melting (HSM)
(17 ). However, extreme PCR and HSM have previously
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been performed on different instruments. Here we com-
bined extreme PCR and HSM onto 1 integrated micro-
fluidic instrument, completing both amplification and
PCR product melting curve analysis in about 1 min.

Materials and Methods

Temperature cycling for extreme PCR and HSM was
performed on a microfluidic genetic analyzer as described
previously (18 ), modified for HSM (17 ), and further
modified for extreme PCR as described here. Implement-
ing extreme PCR required optimizing the proportional-
integral-derivative temperature control loop feedback for
faster temperature control. Primer and polymerase con-
centrations were also increased as previously described
(7 ). For accurate genotyping of SNVs, best results were
obtained by increasing the dye concentration 3-fold and
decreasing the blue light-emitting diode light excitation
source from 0.25 V to 0.05 V (PCR) and from 5 V to 1 V
(HSM). The default 3-step PCR was converted to a
2-step PCR to decrease cycle times by setting the same
temperature for both annealing and extension and pro-
gramming 0.0 s for annealing.

Primer and template mixtures were combined ro-
botically by the instrument just before amplification and
analysis as previously described (17 ). One run on the
8-channel instrument included at least 1 positive and 1
no-template control. Fluorescence was acquired at 30 Hz
with sample temperatures recorded at 100 Hz.

OLIGONUCLEOTIDES

Phosphoramidite chemistry (Integrated DNA Technol-
ogies) was used to synthesize primer, calibrator, aptamer,
and internal temperature control oligonucleotides (se-
quences provided in Tables 1 and 2 of the Data Supple-
ment that accompanies the online version of this article at
http://www.clinchem.org/content/vol65/issue2). Tem-
plates were purified human genomic DNA for the F26,
F5, and MTHFR genotyping loci, and synthesized tem-
plates (gBlocks, IDT) were used for the infectious disease
targets, hepatitis B virus (HBV) and Clostridium difficile.
Sequences of the synthesized templates are provided in
Table 1 of the online Data Supplement. All oligonucle-
otides and templates were quantified by ultraviolet absor-
bance at A260 (Nanodrop One, Thermo Fisher).

Previously described primers (17 ) for the geno-
typing loci were lengthened at their 5�-ends to increase
primer melting temperatures (Tms). Low and high Tm

calibrators for instrument calibration were used as pre-
viously described (18 ). A 45-bp internal temperature

control formed from 3�-terminated complementary
oligonucleotides (19 ) was included in all genotyping
reactions and had a measured Tm of 86.8 °C. Product
lengths are given in Table 2 of the online Data
Supplement.

PCR

Two different PCR reagent mixtures were used. The in-
fectious disease targets used extreme PCR (7 ) reagents
derived from rapid-cycle PCR (2, 20 ), whereas the geno-
typing targets used reagents previously developed for
the microfluidic instrument (17, 18 ) with increased
concentrations of primers, polymerase, and dye. Both
buffers used Tris at pH 8.3, primers at 5 �mol/L each,
0.45 U/�L of a truncated cloned DNA polymerase
(KlenTaq 1 DNA polymerase, DNA Polymerase
Technology), 5 �mol/L of a previously reported ap-
tamer (21 ) to limit undesired extension, and approx-
imately 5000 copies/�L of template. The buffers dif-
fered in their concentrations of Tris, BSA, Tween 20,
MgCl2, deoxynucleotide triphosphates, and saturating
DNA dye (LCGreen�, BioFire Defense). The geno-
typing reagents included KCl, betaine, DMSO, and
temperature control oligonucleotides that were absent
in the buffer for the infectious disease targets. The
final concentrations of all reagents for both reaction
mixtures, along with comparisons with the previous
publication on microfluidic HSM (17 ), are given in
Table 3 of the online Data Supplement.

Increased primer and polymerase concentrations al-
low shortening of the PCR cycle time (7 ), but optimal
temperature and time parameters are still dependent on
the specific target and primers. The initial denaturation
time before beginning temperature cycling was 1.5 s (in-
fectious disease detection) or 5 s (human genotyping).
Two-temperature cycling was used with low temperatures
programmed between 59 °C and 68 °C and high tempera-
tures programmed between 91 °C and 93 °C. The low
temperature hold for the infectious targets was 0.2 s for
HBV and 0.8 s for C. difficile. The low temperature hold
for the genotyping targets was 0.6 s for the first 5 cycles,
followed by 0.2 s for the remaining cycles. The high tem-
perature hold was always programmed at 0.0 s and the rate
between cycles at 200 °C/s. The genotyping targets had an
additional denature and renature cycle before melting with a
high temperature of 95 °C for 0.0 s and a low temperature of
50 °C for 0.0 s. Melting was performed at 8 °C/s over a
temperature range appropriate for each target. Specific tem-
perature protocols for all targets are given in Table 4 of the
online Data Supplement.

DATA ANALYSIS

Quantification cycles (Cqs) for amplification curves were
determined as previously described (7). To display fluores-
cence vs temperature plots (Fig. 1C), the 30-Hz fluores-

6 Human Genes: F2, coagulation factor II, thrombin; F5, coagulation factor V; MTHFR,
methylenetetrahydrofolate reductase.
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cence vs time data were associated with the 100-Hz temper-
ature vs time data by constructing and evaluating the
second-degree least-squares approximation (Savitsky–
Golay) using the 5 nearest time values to each fluorescence
value. Derivative plots of temperature vs time were also de-
termined with an 11-point sliding window using second-
degree Savitsky–Golay polynomials. Melting curves were
either presented as acquired or processed to negative deriv-
ative plots after exponential background removal and nor-
malization (22). Internal temperature controls were used to
correct minor temperature variation between channels
(19, 23). Genotypes were assigned to each sample based on
unbiased hierarchal clustering that automatically deter-

mined the relevant cluster number (23), followed by visual
interpretation.

Results

Integrated extreme PCR and HSM was completed in
52 to 87 s using 6 different targets on a microfluidic
platform. PCR product lengths varied from 57 to 83
bp. Amplification and identification of infectious dis-
ease sequences and genotyping of human SNVs from
human genomic DNA were performed. For example, a
70-bp HBV sequence was amplified and analyzed by
initial heating (0.5 s), denaturation (1.5 s), 40 cycles of

Fig. 1. Continuous monitoring of temperature, time, and fluorescence for real-time PCR and contiguous melting analysis in
<1 min.
(A), Temperature vs time data collected at 100 Hz during cycling and melting. (B), Fluorescence vs time data collected at 30 Hz, limited by the
camera frame rate. (C), Fluorescence vs temperature calculated from the data in A and B. Shown are heating (red), cooling (blue), and end point
melting (black). The first 22 cycles are gray. Reagent concentrations were typical for rapid cycle PCR (2, 20 ), except for increased polymerase
and primer concentrations (see Fig. 3).

Integrated PCR and Melting in Less Than 1 Minute

Clinical Chemistry 65:2 (2019) 265

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/65/2/263/5607963 by guest on 24 M
ay 2023



PCR (1.05 s/cycle), 6.0 s of instrument adjustment,
and HSM at 8 °C/s for 1.5 s for a total of 51.5 s (Fig.
1A). The fluorescence of a saturating DNA dye was
acquired throughout amplification (Fig. 1B), allowing
both real-time PCR for quantification and monitoring
of denaturation and reannealing during each cycle. By
plotting fluorescence vs temperature (Fig. 1C), PCR
product hybridization was continuously monitored
throughout each cycle. As the temperature decreased,
hybridization occurred; as the temperature increased,
DNA denaturation occurred. After a final 6 s for tem-
perature adjustment and equilibration, a high-quality
melting curve is obtained for identification.

A representative 1.48-s temperature cycle from an
F2 c.*97 genotyping run is magnified in Fig. 2, showing
the mean of all 8 channels (all 8 individual channels are
shown in Fig. 1 of the online Data Supplement). With
programmed temperature ramps of �200 °C/s, the mea-
sured maximum heating rate was 100 °C/s, and maxi-
mum cooling rate was about �130 °C/s. Active heating

was characterized by quadratic growth (Newton’s law of
constant acceleration) and required just under 0.6 s,
whereas passive cooling characterized by exponential de-
cay (Newton’s law of cooling) took just over 0.9 s. Cycle
times were limited by the temperature spread between
the low temperature and the high temperature (see Table
4 in the online Data Supplement). For HBV, the differ-
ence between annealing/extension and denaturation
temperature was 24 °C, allowing a 1.05-s cycle time,
whereas the 32 °C temperature spread used for F2 ampli-
fication required 1.48 s.

Specific amplification was achieved with 1- to 2-s
temperature cycles only if polymerase and primer con-
centrations were increased above the concentrations
typically used in rapid-cycle PCR. Using Cqs to judge
specific amplification of HBV, only nonspecific amplifi-
cation with a high Cq occurred when standard rapid-
cycle concentrations of polymerase and primers were
used (Fig. 3). Efficient amplification was optimal only
when both polymerase and primer concentrations were

Fig. 2. Temperature (T) vs time (t) curve in black and first derivative (dT/dt) vs time (t) curve in gray.
With programmed rates of ±200 °C/s, the measured maximum heating rate was 100 °C/s and maximum cooling rate, −131 °C/s. The data are
from a representative cycle (cycle 23) of an F2 c.*97 genotyping run. The mean of all 8 channels is shown (all 8 individual channels are provided
in Fig. 1 of the online Data Supplement).
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increased about 10-fold. Based on this titration, 0.45
U/�L of KlenTaq and 5 �mol/L primers were used
throughout.

Real-time PCR and melting analysis for the infec-
tious agent targets are shown in Fig. 4. HBV amplifica-
tion (Fig. 4A) and melting (Fig. 4B) of 6 identical targets
and 2 no-template controls showed some divergence in
the amplification curves but similar melting curves, with
all performed at the same time on an 8-channel cartridge.
Similar results are shown for PCR (Fig. 4C) and melting
(Fig. 4D) of C. difficile.

Typical genotyping results of 4 SNVs related to co-
agulation (F2 c.*97, F5 c.1601, MTHFR c.665, and
MTHFR c.1286) are shown in Fig. 5, including at least 1
of each genotype. An internal control was present in each
sample to adjust for minor temperature differences be-
tween channels. A negative control (not shown) and pos-
itive wild-type control were included in each run. Wild-
type and homozygous variant genotypes were separated
by Tm, whereas heterozygotes were easily identified by
shape differences that resulted from heteroduplexes. A
blinded study of 30 random individuals resulted in 100%
concordance with known genotypes (Table 1).

Discussion

Continuous fluorescent monitoring of PCR with SYBR
Green I was first performed in 1997 (1 ). By plotting
fluorescence vs temperature, product hybridization dur-
ing amplification could be followed and led to the use of
melting analysis, typically performed at the end of PCR
(4 ). The fluorescence vs temperature curves of Fig. 1C
are similar to those of 20 years ago, except that they are 27
times faster. Rapid-cycle PCR, once the cutting edge for
PCR speed in the 1990s with 20- to 60-s cycles (2 ), has
been replaced by extreme PCR with �2-s cycles, requir-
ing increased polymerase and primer concentrations.
Specific, efficient, high-yield PCR with 0.42-s cycles (35
cycles in 14.7 s) has been reported (7 ). Similar advances
in melting analysis have led to the increased utility of
high-resolution melting (5 ) and the speed of HSM (17 ).
For the first time, extreme PCR and HSM have been
integrated on 1 instrument.

Extreme PCR was first achieved by physical transloca-
tion of capillaries between water baths (7), a successful, if
somewhat retrograde, solution. HSM was initially devel-
oped on a microfluidic genetic analyzer (17). The 2 instru-

Fig. 3. Requirement for increased polymerase and primer concentrations using cycle times of 1.05 s.
Reagent concentrations were typical for rapid-cycle PCR (2, 20 ), except for variable polymerase concentrations were used with an increased
primer concentration (5 μmol/L) (A), and variable primer concentrations were used with an increased polymerase concentration (0.45 U/μL)
(B). The hepatitis B virus target was used as in Fig. 1. Standard polymerase and primer concentrations for rapid-cycle PCR are indicated by
vertical arrows, and the concentrations used in this study are shown by open circles.
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ments were very different, and neither could perform both
extreme PCR and HSM. Because it is difficult to ramp the
temperature of water baths quickly, we focused on increas-
ing the speed of the microfluidic analyzer. Modifications
included moving from 3-temperature to 2-temperature cy-
cling, implementing more nimble temperature control, de-
creasing the optical excitation intensity, increasing the dye
concentration, and increasing primer and polymerase con-
centrations, the latter being typical for extreme PCR (7).
This resulted in an automated, seamlessly integrated, poten-
tially scalable system for both extreme PCR and HSM, re-
ducing the potential for breakage, contamination, human
error, and time required for transferring samples between 2
dedicated instruments. The combination of fluorescent
monitoring of product formation once each cycle and end
point melting analysis has become standard on almost all
real-time instruments today. The output of PCR is imme-
diately analyzed by melting on the same instrument without
transfers, additions, or separations. As speeds increase, tem-
perature control becomes more difficult, and smaller sam-

ples and lower overall thermal mass as found in microfluidic
systems becomes more advantageous. Outside of precise,
accurate, and homogeneous temperature control of samples,
there is no special trick to integrating extreme PCR with
HSM.

Both PCR and melting analysis improve with speed.
Genotyping by melting analysis becomes easier at faster
melting rates, first shown for rates between 0.01 °C/s and
0.64 °C/s (13 ) and later for rates between 0.13 °C/s and
32 °C/s (17 ). In the later study, melting accuracy was
optimal at 8 °C/s, although this optimum may be an
artifact of lower resolution at fast melting rates by limited
camera speed. Rapid-cycle PCR improves specificity
(1, 24 ), and extreme PCR retains specificity even in the
presence of increased reactant concentrations. The con-
centration of polymerase and primers required depends
on the cycle time. As originally presented for 15- to 30-s
amplifications, extreme PCR was optimal with 20-fold
concentrations of primers and polymerase (7 ). Here,
with longer amplification times of 44 to 78 s, a 10-fold

Fig. 4. Extreme PCR and HSM of infectious disease targets.
Shown are amplification (A) and melting (B) of HBV, and amplification (C) and melting (D) of C. difficile sequences. Total time for amplification
and melting was 52 s for HBV and 71 s for C. difficile. The Tm of the HBV product was 86.2 °C and of C. difficile, 79.6 °C.
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increase appears optimal. As amplification times become
greater, the required increase in reagent concentrations is
expected to decrease further, until no increase in reagent
concentrations is needed at rapid-cycle amplification
times of about 10 min.

It is common for measured temperature transitions
(�100 and �131 °C/s) to be less than programmed
transition rates (�200 °C/s). However, in the current
microfluidic instrument, this difference is only a factor of
�2, reflecting the close contact of the thin platinum

Fig. 5. Genotyping of 4 SNVs by extreme PCR and HSM.
Human genomic DNA with known genotypes of 4 SNV loci (F2 c.*97, F5 c.1601, MTHFR c.665, and MTHFR c.1286) was analyzed. Wild-type
samples are shown in black, heterozygotes in red, and variant homozygotes in blue. Results of a blinded trial of random individuals is given
in Table 1.

Table 1. Blinded study of genotyping by extreme PCR and HSM.a

Wild-type
Heterozygote

variant
Homozygote

variant
Observed

MAFb
Global
MAFc

F2 c.*97G>A 29/29 1/1 0/0d 0.017 0.0036

F5 c.1601G>A 28/28 2/2 0/0d 0.033 0.006

MTHFR c.665C>T 14/14 11/11 5/5 0.3 0.25

MTHFR c.1286A>C 13/13 16/16 1/1 0.3 0.25

a Thirty random DNA samples of known genotype were analyzed at 4 SNV loci (number correct/number tested).
b Minor allele fraction.
c Global minor allele fraction (1000 Genomes, phase 3).
d Homozygous variant alleles were not present in the random population tested.
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traces (serving as both heaters and temperature sensors)
that are separated from the reactions by approximately 3
�m of an SiO2 passivation layer. The accuracy of tem-
perature measurements is supported by the linear in-
crease in the heating rate derivative (constant heat input
with negligible loss) and the exponential passive heat loss
on cooling, according to Newton’s laws as mentioned
earlier.

Integrated extreme PCR and HSM was equally suc-
cessful using 2 very different buffers, 1 developed for
microfluidics and 1 originally designed for rapid-cycle
PCR (see Table 3 in the online Data Supplement). The
rapid-cycle buffer contained no KCl, whereas the micro-
fluidic buffer included DMSO, betaine, and 3 times the
dye concentration of the other. The wide differences be-
tween the buffers suggest that the integrated process is
likely robust to varied reagents.

Limitations to this study include some variation in the
Cqs of replicate samples (Fig. 4) and variation in the dena-
turation and annealing/extension temperatures achieved be-
tween channels during extreme PCR (see Fig. 1 in the online
Data Supplement). Both are likely to compromise the pre-
cision of quantitative PCR in the current instrument.

The full value of point-of-care molecular analysis
will be achieved only when sample preparation, amplifi-
cation, and analysis can all be performed quickly. Sample
preparation is matrix dependent, and a general rapid so-
lution is difficult to find. However, some clinical ma-
trixes require only dilution and/or heating (provided by
initial denaturation for PCR) in the presence of lysing
agents (such as PCR-compatible detergents). Modified
or alternative polymerases that are more resistant to in-
hibitors can also reduce or eliminate the need for sample
preparation (25 ). Extreme PCR is a good solution for

amplification, retaining the flexibility of PCR while de-
creasing the time required to �1 min. Equivalent speeds
have not been shown for isothermal techniques. HSM is
a powerful analysis tool that can be performed in seconds,
enabling all the applications of high-resolution melting.
Point-of-care molecular diagnostics is becoming more
attractive as amplification and analysis times are reduced.
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