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ABSTRACT: We conduct DNA high-resolution melting
(HRM) analysis using optoﬂuidic lasers based on a FabryPérot microcavity. Compared to the ﬂuorescence-based
HRM, the laser-based HRM has advantages of higher
emission intensity for better signal-to-noise ratio and sharper
transition for better temperature resolution. In addition, the
melting temperature can be lowered by optimizing the laser
conditions such as external pump and cavity Q-factor. In this
work, we ﬁrst theoretically analyze the laser-based HRM.
Then experiments are performed on three long DNA sequences as model systems, one being 99 bases and the other two being
130 bases long but with diﬀerent GC contents. We show that the laser-based HRM is able to distinguish the target and the
single-base mismatched DNA as long as 130 bases and with nearly 50% GC content. The dependence of laser threshold on the
temperature for each DNA sample is ﬁrst experimentally investigated and by optimizing the external pump, the melting
temperature is reduced by more than 10 °C, compared to the ﬂuorescence-based HRM for long DNA sequences up to 130
bases. Finally, we demonstrate an alternative method of using the laser-based HRM for rapid DNA screening that does not exist
for the ﬂuorescence-based HRM, in which laser excitation is scanned at a ﬁxed temperature to distinguish the target and the
base-mismatched DNA sequences. It is shown that the 130-bases-long DNA with nearly 50% GC content can have as much as
20% diﬀerence in the laser threshold and 40% diﬀerence in the laser output slope between the target and the single-base
mismatched sequences, despite only 0.5 °C diﬀerence in their melting temperature, indicating that the laser-excitation-scanning
method can also be suitable for long DNA sequences with higher GC content.
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thermodynamics of a DNA sequence, the melting temperature
of the laser-based HRM (referred to as the apparent melting
temperature, diﬀerent from the true melting temperature of the
ﬂuorescence-based HRM), deﬁned as the temperature where
the sharp phase transition occurs from stimulated laser
emission to spontaneous emission, depends on not only the
thermodynamics of a DNA sequence but also optical
conditions of the laser such as the cavity Q-factor and external
excitation. Thus, the melting temperature of the laser-based
HRM can be adjusted arbitrarily within a certain temperature
range, depending on the laser condition. Consequently, it may
be possible for us to optimize the optical conditions to our
beneﬁt, such as shifting the melting temperature to a lower
temperature range by using a lower external excitation and/or
a lower Q-factor. Finally, the laser-based HRM can potentially
provide another way for rapid DNA screening by scanning

s a DNA-analyzing platform, high-resolution melting
(HRM) analysis is a simple, fast, and cost-eﬀective way to
analyze DNA sequences that may have mutation and
methylation.1−6 Current HRM employs ﬂuorescence from
intercalating saturation dyes as the sensing signal. It relies on
the thermodynamic diﬀerence between the target and the
single-base mismatched DNA to distinguish them by changing
the ambient temperature. Recently, the laser-based HRM DNA
analysis was proposed, which utilizes optical ampliﬁcation of
the signals inside a laser cavity.7 Compared to the ﬂuorescencebased HRM, the laser-based HRM has several advantages.
First, laser signal is much stronger than ﬂuorescence and thus
provides a much higher discrimination ratio between the target
and the base-mismatched DNA.7 The melting curve of the
laser-based HRM is much sharper, as it represents the phase
transition between stimulated emission and spontaneous
emission (i.e., ﬂuorescence), which results in a better
temperature resolution. Third, while the melting temperature
of the ﬂuorescence-based HRM (referred to as the true melting
temperature), deﬁned as the temperature where the
ﬂuorescence decreases by 50%, depends solely on the
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Figure 1. (a−c) Theoretically calculated laser threshold, Ith, as a function of temperature for 99 bases (a), type I 130 bases (b), and type II 130
bases (c) DNA sequences according to eq 1. See detailed information on DNA sequences in Table S2. The black and red solid lines represent the
target and single-base mismatched DNA sequence, respectively. The horizontal lines represent diﬀerent external pump intensities. Ith,25 is the laser
threshold at 25 °C. The Q-factor of the cavity is 3 × 104 and the calculated γ is 0.78. Please refer to Table S1 for more other parameters used in the
simulation. (d−f) Corresponding laser output as a function of temperature for 99 bases (d), type I 130 bases (e), and type II 130 bases (f). DNA
sequences in the laser-based HRM using diﬀerent external pump intensities. The corresponding ﬂuorescence-based HRM curves are also plotted.
All curves are normalized to the signal at 25 °C. The details of the melting temperature and the melting temperature diﬀerence can be found in
Table S4.

laser excitation at a ﬁxed temperature to distinguish the target
and the base-mismatched DNA sequence, a unique characteristic that does not exist for the ﬂuorescence-based HRM.
While the laser-based HRM was demonstrated using a
capillary-based ring resonator as the laser cavity,7 there are a
number of areas that need improvement and further
exploration. For example, though simple, the capillary based
ring resonator is diﬃcult to integrate with a temperature
control system for better temperature resolution due to its
circular shape and the low thermal conductivity of the glass
material. In addition, it is diﬃcult for the capillaries to form an
array on a chip to achieve high-throughput HRM analysis.
Finally, lowering the melting temperature by optimization of
the laser conditions, such as optimization of the pumping
intensity and the Q-value of the laser cavity, has not yet been
extensively explored.
In this work, we use a Fabry-Pérot (FP) cavity on a chip as
the laser cavity, which can be mass-produced and is highly
compatible with a temperature control system due to its planar
structure and high thermal conductivity. Thanks to the
microﬂuidic design, the volume of DNA sample can be as
low as a few nanoliters. We conduct theoretical analysis and
experiments on laser-based HRM using long DNA sequences
of 99 and 130 bases as model systems. The dependence of the
laser threshold on the temperature is ﬁrst experimentally
investigated, and accordingly by optimizing pump intensity the
melting temperature of the laser-based HRM can be lowered
by more than 10 °C, compared to that of the ﬂuorescencebased HRM, especially for long-bases DNA sequences, thus
alleviating the issues such as solution boiling caused by high
temperature. We also demonstrate a fast DNA screening
method by scanning the laser excitation at a ﬁxed and lower

temperature to distinguish the target and the single-basemismatched long DNA sequences.

■

THEORETICAL ANALYSIS
According to the laser theory, the laser threshold, Ith, is
determined by7,8
γ
Ith =
Γ−γ
(1)
where γ is the required fraction of the dye molecules in the
excited state at the onset of lasing. γ is related to the laser
cavity Q-factor and dye properties (e.g., emission and
absorption cross section at lasing wavelength, dye concentration). The expression of γ and the corresponding parameters
used in the simulation are listed in Table S1 in the Supporting
Information. Γ is the fraction of the dyes that are intercalated
in the double-stranded DNA at temperature T (i.e., Γ =
ndsDNA/ntotal, where ntotal is the total concentration of the dye.
ndsDNA is the concentration of the dye that binds to doublestranded DNA and should be proportional to the doublestranded DNA concentration). Only when the dyes intercalated in the double-stranded DNA do they ﬂuoresce and
participate in lasing. According to the thermodynamics, when
the temperature increases, double-stranded DNA gradually
melts into single-stranded DNA, accompanied by the release of
intercalated dye molecules into the solution, resulting in a
decreased Γ. Detailed calculation of Γ can be found in refs 7, 8.
According to the laser theory, the output laser intensity, Ilaser, is
proportional to the pump intensity, Ipump, above the laser
threshold, i.e.,
ji Ipump
zy
Ilaser ∝ jjj
− 1zzz
j Ith
z
k
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Note that in the ﬂuorescence-based HRM, the output
ﬂuorescence intensity is proportional to Γ, i.e.,
Ifluor ∝ Γ
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EXPERIMENTAL SECTION

Materials. The linearly structured target and the corresponding
single-base-mismatched DNA sequence used in the experiment are 99
bases long with GC content of 22.5%, 130 bases long with GC
content of 21.5% (type I), and 130 bases long with GC content of
48.5% (type II). The sequence information is given in Table S2. The
DNA samples are synthesized by Sangon Biotech Company. SYTO 13
nucleic acid stain (Invitrogen, originally dissolved in DMSO with 5
mM concentration) is used as the saturation dye and is separately
mixed with the target and the mismatch samples. The mixture of
DNA and the saturation dye is dissolved in the buﬀer solution (Trisacetate-EDTA buﬀer, pH = 8.3) with the ﬁnal concentration of 50 μM
and 500 μM for 99-bases-long DNA samples and the saturation dye,
and with the ﬁnal concentration of 50 μM and 650 μM for 130-baseslong DNA samples and the saturation dye.
Optical Setup. The experimental setup is illustrated in Figure 2.
The FP cavity used in our experiment consists of two planar mirrors

(3)

In the theoretical analysis and subsequent experiments, we use
3 pairs (target and single-base mismatched) of DNA sequences
having 99 bases and 130 bases. Table S2 provides the details of
those sequences. In particular, the 130 DNA sequences have
two types. Type I has a lower GC contents than type II, which
results in a diﬀerent thermodynamics.
Figure 1a−c presents the calculated laser threshold as a
function of temperature for the target and the single-base
mismatched DNA of 99 bases and 130 bases (type I and type
II) based on eq 1. The corresponding melting curves, i.e., the
laser output as a function of temperature, are given in Figure
1d−f. Here we use Figure 1a,d as an example to discuss the
laser characteristics and the melting curve. From Figure 1a it is
easily seen that the laser threshold does not change much at
relatively low temperature, as the melting of the doublestranded DNA does not occur. With the increased temperature, the threshold increases rapidly due to decreased Γ.
When the ﬁxed external pump, which is represented by the
horizontal dashed line, is higher than the threshold, strong
laser output is obtained (see Figure 1d). With the increased
temperature, the threshold increases. Consequently, the laser
output decreases precipitously. Once the threshold surpasses
the external pump, the laser emission stops, resulting in nearly
zero output. This process can be seen clearly in the melting
curve in Figure 1d. The melting temperature in the laser-based
HRM can be deﬁned as the temperature at which the laser
threshold surpasses the external pump and laser emission stops
(due to the phase transition from stimulated emission to
spontaneous emission). Figure 1a,d shows that the melting
temperature depends on the external pumpa lower external
pump resulting in a lower melting temperature. For example,
the melting temperature is decreased by about 1.6 °C when the
external pump decreases from 8 × Ith,25 (well above the laser
threshold) to 1.1 × Ith,25 (just above the laser threshold). In
addition, regardless of the external pump the target DNA
always has a higher melting temperature than the corresponding single-base mismatched DNA due to higher aﬃnity.
Moving to longer DNA sequences that have higher aﬃnity, the
overall laser characteristics and the melting curves remain the
same, except that the melting temperature shifts to a higher
temperature and the melting temperature diﬀerence between
the target and the single-base mismatched DNA decreases.
For comparison, Figure 1d−f also plots the corresponding
ﬂuorescence-based HRM curves and reveals three major
diﬀerences between the ﬂuorescence- and laser-based HRM.
First, the laser-based HRM curve is much sharper due to the
phase transition between stimulated emission and spontaneous
emission, which leads to a better resolution to determine the
melting temperature. Second, the laser-based HRM has a lower
melting temperature. Third, the melting temperature can be
adjusted by the external pump. Particularly, a lower pump
results in a lower melting temperature. It is noteworthy that
the melting temperature can also be lowered by using a laser
cavity with a lower Q-factor (see Figure S1 for detailed
simulation). Moving the melting temperature to a lower
temperature range has a number of advantages such as ease of
system design and temperature control, avoidance of solution
boiling and evaporation issues at high temperature, and
capability to analyze longer DNA sequences.

Figure 2. Schematic of the experimental setup.
(reﬂectivity ≥99.9% @ 540 nm) coated with 15 pairs of alternative
dielectric layers SiO2 and Ta2O5. The double-sided adhesive tape is
cut into small stripes, which are subsequently placed on the two
mirrors. The cavity length is 30 μm, determined by the thickness of
the adhesive tape (see Figure 2). The experimentally measured Qfactor is approximately 104, as reported previously.9 The substrates of
the two mirrors are fused silica and silicon, respectively. The silicon
substrate shows good thermal conductivity and easy integration with
the temperature control system, which consists of a Peltier heater, a
Pt1000 sensor, and a PID controller with a temperature precision of
0.1 °C.
The FP cavity ﬁlled with the DNA and dye solution is externally
pumped with a 488 nm pulse laser (Continuum, 5 ns OPO pulsed
laser, repetition rate = 20 Hz) through the fused silica substrate mirror
that has a transmission coeﬃcient of 80% for the pump light. The
pump light is focused into the cavity with a diameter of ∼100 μm.
The total sample volume injected in the microﬂuidic channel is 150
nL, while the sample volume participating in the signal generation is
only 0.3 nL. The pump intensity is adjusted by an attenuator. Note
that in all our experiment, each signal is obtained by one-single-pulse
excitation, and the signal is very stable during all our measurement.
The laser or ﬂuorescence signal emission from the FP cavity is freespace coupled into a multimode ﬁber and transmitted into a
spectrometer (Horiba, iHR320) for analysis.

■

RESULTS
Figure 3 presents the laser emission spectrum for 99 bases
target and the corresponding single-base-mismatched DNA at
diﬀerent melting temperatures with two external pump
intensity of Ipump = 64 μJ/mm2 and Ipump = 417 μJ/mm2,
which corresponds to 4.6Ith,25 and 30Ith,25, respectively, where
Ith,25 = 14 μJ/mm2 is the laser threshold at 25 °C. At low
temperature, the target and the mismatched DNA shows
multimode laser emission peaks. With the increased temperature, the double-strand DNA starts to melt into single-strand
DNA gradually with the release of intercalated dye molecules,
which corresponds to a decrease of the concentration of the
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Figure 3. Examples of the laser spectrum for 99 bases target (a, c) and single-base-mismatched (b, d) DNA sequences at excitation pump intensity
Ipump = 64 μJ/mm2 = 4.6Ith,25(a, b) and Ipump = 417 μJ/mm2 = 30Ith,25 (c, d), where Ith,25 = 14 μJ/mm2 is the laser threshold at 25 °C. Curves are
vertically shifted for clarity. The DNA sequences are listed in Table S2.

Figure 4. (a) Laser threshold as a function of temperature for 99 bases target and single-base-mismatched DNA sequences. The laser threshold at a
given temperature is determined by the linear ﬁt of the lasing-pumping intensity curve at that temperature, as exempliﬁed in Figure 6. (b)
Corresponding laser-based HRM curves at two diﬀerent external pump intensities, Ipump = 4.6Ith,25 (64 μJ/mm2) and Ipump = 30Ith,25 (417 μJ/mm2)
where Ith,25 = 14 μJ/mm2 is the laser threshold at 25 °C. The corresponding ﬂuorescence-based HRM curves are also plotted for comparison. Error
bars are obtained with two measurements.

ature. Figure 4b shows the corresponding laser output as a
function of temperature (i.e., laser-based HRM curve) at
diﬀerent pump intensities (Ipump = 4.6Ith,25 and Ipump = 30Ith,25)
as well as the ﬂuorescence-based HRM curves. As shown from
the ﬂuorescence curve, the melting temperature, Tm, for the
target DNA and the single-base mismatched counterpart is
about 70 and 69.3 °C, respectively, with the temperature
diﬀerence of ΔΤm = 0.7 °C. When pumped with a relatively
high pump intensity at Ipump = 30Ith,25, the laser-based melting
temperature is 66.6 and 65.6 °C for the target and mismatched
DNA sequences, respectively, with the temperature diﬀerence
of ΔΤm = 1 °C. When the pump intensity is decreased to Ipump
= 4.6Ith,25, the melting temperature moves to 56.4 and 55.5 °C
for the target and the mismatched DNA sequences,
respectively, with the temperature diﬀerence of ΔΤm = 0.9
°C. Compared to the ﬂuorescence-based HRM, the melting
temperature drops signiﬁcantly by about 14 °C.

luminescent dyes, i.e., the gain medium. Thus, the laser
intensity decreases and eventually disappears, indicating a
phase transition from strong laser emission to weak (nearly
zero) spontaneous emission (i.e., ﬂuorescence), which can
occur within only 0.1 °C temperature change. The diﬀerence
of the transition temperature for the target and the single-basemismatched DNA can also be clearly observed. For example,
comparison between Figure 3a and b shows that the transition
occurs around 56.5 and 55.5 °C, respectively, for the target and
the single-base-mismatched DNA sequences. Furthermore, the
transition temperature increases by nearly 10 °C when the
pump intensity increases from 4.6Ith,25 to 30Ith,25.
Figure 4a presents the measured laser threshold as a function
of temperature for 99 base target and single-base-mismatched
DNA sequences. The threshold shows a rapid increase when
the temperature is higher than 55 °C; meanwhile, the
threshold diﬀerence between the target and the mismatched
DNA sequences becomes larger with the increased temper1753

DOI: 10.1021/acssensors.8b00481
ACS Sens. 2018, 3, 1750−1755

Article

ACS Sensors

Figure 5. (a,b) Laser threshold as a function of temperature for type I (a) and type II (b) 130 bases target and single-base-mismatched DNA
sequences. The laser threshold at a given temperature is determined by the linear ﬁt of the lasing-pumping intensity curve at that temperature, as
exempliﬁed in Figure 6. (c,d) Corresponding laser-based HRM curves at diﬀerent pump intensities. (c) Type I. Ipump = 9Ith,25 (99 μJ/mm2) and
Ipump = 30Ith,25 (330 μJ/mm2), where Ith,25 = 11 μJ/mm2 is the laser threshold at 25 °C. The corresponding ﬂuorescence-based HRM curves are also
plotted for comparison. (d) Type II. Ipump = 2.8Ith,25, where Ith,25 = 9 μJ/mm2 is the laser threshold at 25 °C. Note we cannot obtain the
corresponding ﬂuorescence-based HRM curves due to the high melting temperature that is close to the solution boiling point. Error bars are
obtained by two measurements.

Figure 6. Laser output as a function of pump intensity for 99 bases DNA sequences at 59 °C (a), for type I 130 bases DNA sequences at 63 °C (b)
and for type II 130 bases DNA sequences at 71 °C (c). Solid lines are the linear ﬁt above the corresponding laser threshold. Error bars are obtained
with three measurements. See also Table S3 for details.

Next, we test the target and single-base-mismatched DNA
sequences with longer bases. Figure 5 presents the
corresponding experimental results for 130 bases DNA
sequences with diﬀerent GC contents (type I: 21.5%, type
II: 48.5%). The laser thresholds at various temperatures are
plotted in Figure 5a,b, showing a rapid increase in the
threshold with increased temperature. An obvious temperature
diﬀerence between the target DNA and its mismatched
counterpart for a given threshold when the temperature
exceeds 57 and 67 °C, respectively, for type I and type II.
Figure 5c shows the corresponding laser-based HRM curves
for type I at diﬀerent external pump intensities (Ipump = 9Ith,25
and Ipump = 39Ith,25, where Ith,25 = 11 μJ/mm2 is the laser
threshold at 25 °C) as well as the corresponding ﬂuorescencebased HRM curves. From ﬂuorescence-based HRM curves, we
estimate the melting temperature for the target and the
mismatched DNA to be around 73 °C, but are unable to

clearly distinguish the melting temperature diﬀerence due to
the 0.1 °C resolution of our temperature control system. In
contrast, when pumped at Ipump = 39Ith,25, the laser-based
melting temperature is 69.8 and 69.1 °C for the target and the
mismatched DNA, respectively, with the temperature diﬀerence of ΔΤm = 0.7 °C. When a lower pump intensity is used
Ipump = 9Ith,25, the melting temperature is further reduced to
61.4 and 60.6 °C for the target and the mismatched DNA,
respectively, with the temperature diﬀerence of ΔΤm = 0.8 °C.
In this case, the melting temperature drops about 12 °C,
compared to the ﬂuorescence-based HRM. For type II DNA
sequences, the laser-based melting temperature moves to
approximately 70 °C due to higher aﬃnity than their type I
counterparts (see Figure 5d). When pumped at Ipump = 2.8Ith,25,
where Ith,25 = 9 μJ/mm2 is the laser threshold at 25 °C, the
melting temperature for the target and the single-basemismatched DNA is 69.9 and 69.4 °C, respectively, with the
1754
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temperature diﬀerence ΔΤm = 0.5 °C. Note that we are unable
to obtain the corresponding ﬂuorescence-based HRM curves
for type II due to the high melting temperature that is close to
the solution boiling point.
Laser-based detection can also provide another method for
rapid DNA screening. As shown in Figures 4a and 5a,b, the
target and the single-base mismatched DNA sequences can
also be diﬀerentiated by scanning the pump intensity while
keeping the temperature constant. Figure 6 presents the laser
output as a function of the pump intensity for 99 bases DNA
when the temperature is ﬁxed at 59 °C, for type I 130 bases
DNA when the temperature is ﬁxed at 63 °C, and for type II
130 bases DNA when the temperature is ﬁxed at 71 °C. The
99 bases (type I 130 bases, type II 130 bases) target DNA has a
laser threshold of 90 μJ/mm2 (116 μJ/mm2, 30 μJ/mm2) and a
laser eﬃciency of 831/(μJ/mm2) (200/(μJ/mm2), 968/(μJ/
mm2)), whereas its mismatched counterpart has a higher laser
threshold of 114 μJ/mm2 (156 μJ/mm2, 38 μJ/mm2) and a
smaller laser eﬃciency of 430/(μJ/mm2) (109/(μJ/mm2),
698/(μJ/mm2)). The respective ratios are given in Table S3.
Note that in the experiment the laser signal is obtained by one
single pulse excitation, which can be scanned rapidly and
accurately. Therefore, the target and single-base mismatched
DNA can be clearly distinguished by the diﬀerence in their
laser threshold curves such as the threshold and the slope (i.e.,
laser eﬃciency). In particular, for type II 130 DNA sequence
that has a GC content of 48.5%, the laser slope has a diﬀerence
as large as 40% (see Table S3) between the target and the
single-base mismatched DNA sequences (see Figure 5d),
despite the small melting temperature diﬀerence of only 0.5
°C.
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■

CONCLUSION
In conclusion, we have demonstrated laser-based DNA melting
analysis utilizing the optoﬂuidic lasers based on FP cavities on
chip for long DNA sequences. We have ﬁrst analyzed the
method based on the laser theory, and then experimentally
investigated the DNA sequences of 99 bases and 130 bases. We
ﬁrst experimentally investigated the dependence of the laser
threshold on the temperature and then performed laser-based
HRM at diﬀerent external excitation intensity. Experimental
results indicate that the temperature diﬀerence between the
target and its mismatched counterpart is 0.9 to 1 °C for 99
base DNA sequences and is 0.7−0.8 °C for type I 130 base
DNA and about 0.5 °C for type II 130 base DNA. Moreover,
the transition temperature of the DNA sequences can be
adjusted by choosing a proper excitation intensity, which can
be decreased by more than 10 °C, compared to that of the
ﬂuorescence-based HRM, especially for those long DNA
sequences. Furthermore, an isothermal rapid excitation
scanning method has also been developed to diﬀerentiate the
target and the single-base mismatched DNA samples with long
sequences. Our work will lead to novel optoﬂuidic devices that
enable rapid and simple analysis of DNAs.
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