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ABSTRACT: DNA melting analysis holds great promise for
simple and fast DNA sequence discrimination. However,
conventional ﬂuorescence-based methods suﬀer from a small
diﬀerential signal and demanding melting curve analysis, both
of which make it diﬃcult to distinguish the target DNA from
the mismatched one. Herein, we propose and demonstrate a
highly speciﬁc intracavity DNA melting analysis scheme
utilizing an optoﬂuidic laser. The laser optically ampliﬁes the small yet intrinsic thermal dynamic diﬀerence between the
target and the single-base-mismatched DNA, resulting in a diﬀerential signal that is orders of magnitude greater than with
ﬂuorescence-based methods. In particular, the existence of a phase transition between the stimulated laser emission and
ﬂuorescence (i.e., spontaneous emission) enables accurate determination of the DNA transition temperature diﬀerence.
Furthermore, the high diﬀerential signal in the intracavity detection allows for scanning of the laser excitation at a ﬁxed
temperature to distinguish two DNA sequences, which provides another means for rapid DNA analysis. In this paper, we ﬁrst
theoretically investigate DNA melting analysis using an optoﬂuidic laser and then experimentally explore this scheme with a highquality optoﬂuidic ring resonator. Distinction of two DNA sequences of up to 100 bases long is demonstrated. The intracavity
detection developed here will lead to novel optoﬂuidic devices that enable rapid and simple analysis of DNAs with very long
sequences.

A

probes. Particularly, in contrast to the molecular beacons and
DNA arrays that can handle only short DNA sequences (∼20−
30 bases), HRM is capable of analyzing DNA sequences of
hundreds of bases.11,12,14 To date, HRM has been employed in
single-nucleotide polymorphisms, mutation discovery, and
viral/bacterial population diversity investigation. However,
due to the small thermal dynamic diﬀerence between the
target and mismatched DNA, the diﬀerence in ﬂuorescence
signal is usually very small (a few percent) and diminishes with
the increased sequence length. Finding an optimized method to
resolve the small yet intrinsic thermal dynamic diﬀerence is
crucial in expanding the HRM capability for DNA analysis.
In this work, we attempt to amplify the thermal dynamic
diﬀerence using an optical feedback provided by a laser cavity.
Our scheme involves placing DNA samples and saturation dyes
inside a microsized optoﬂuidic laser cavity for intracavity
detection. Instead of ﬂuorescence, stimulated emission from the
optoﬂuidic laser is used as the sensing signal. When
temperature varies, the laser gain (hence the laser output),
which is determined by the DNA hybridization state, is
modulated signiﬁcantly. Our scheme oﬀers a number of unique
advantages: (1) Through an intracavity detection, the small yet
intrinsic thermal dynamic diﬀerence between the target and the
single-base-mismatched DNA can be optically ampliﬁed,

DNA sequence may have a single-base change resulting
from biological processes such as single-point mutation or
cytosine methylation.1,2 Distinguishing the sequential diﬀerence
at the level of single-base-mismatch in DNAs can provide
valuable information for disease diagnosis, medicine development, and genomic research.3−9 High-resolution melting
(HRM) analysis is a newly developed technology for analyzing
DNA, in particular, after polymerase chain reaction (postPCR), in a contamination-free closed-tube manner.10−18 HRM
relies on the thermal dynamic diﬀerence between the target and
the single-base-mismatched DNA to distinguish them. As
illustrated in Figure 1a, HRM employs ﬂuorescence from
intercalating saturation dyes as the sensing signal. The
saturation dye, when bound to double-stranded DNA
(dsDNA), has strong ﬂuorescence. With increased temperature,
dsDNAs dissociate into single-stranded DNAs (ssDNAs). As a
result, the dye is released from the dsDNA strands and its
ﬂuorescence decreases. The DNA melting curve is acquired by
monitoring the ﬂuorescence as a function of temperature. The
melting curve depends on the aﬃnity between the two binding
DNA strands, which is in turn determined by the length and
the sequence of the DNA, as well as the number of base
mismatches.
As compared to other DNA analysis methods, such as
molecular beacons19,20 and DNA arrays,21 HRM is simple, fast,
cost-eﬀective, and easy to use. It does not require complicated
and costly ﬂuorophore labeling, and can be directly operated in
free solution without involving surface immobilization of DNA
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Figure 1. (a) DNA melting analysis with the intercalating saturation dye. The dye has strong ﬂuorescence in the presence of dsDNA. As temperature
increases, dsDNAs melt into ssDNAs. Consequently, ﬂuorescence from the saturation dye diminishes. The target and the base-mismatched DNA can
be discriminated by analyzing corresponding melting curves. (b) Schematic of the microcapillary OFRR laser. The WGM interacts evanescently with
the dye ﬂowing through the capillary and provides the optical feedback for lasing. The laser emission can be collected at the edge of the OFRR,
whereas the conventional ﬂuorescence can be collected concomitantly from the central part of the OFRR, which has no interaction with the WGM.
A temperature control containing an electric heater and a thermal probe is placed outside the OFRR to change temperature. Dimensions are not to
scale.

Figure 2. (a) Lasing threshold calculated for the target and the single-base-mismatched DNA with 40 bases using eq 1. (b) The corresponding
normalized laser output intensity and ﬂuorescence using eqs 4 and 5. (c) Lasing threshold calculated for the target and single-base-mismatched DNA
with 100 bases using eq 1. (d) The corresponding normalized laser output intensity and ﬂuorescence using eqs 4 and 5. All the DNA sequences are
listed in Table S1 in the Supporting Information. All curves are normalized to their respective maximal intensity at 23 °C. The laser transition
temperature, at which the laser intensity drops to zero, is (b) 75.25 °C (73.52 °C) and (d) 80.68 °C (80.11 °C) for the target (single-basemismatch). In panels a and c, γ is set to be 0.8. In panels b and d, the same level of instrument noise is added to both laser output and ﬂuorescence.
Note that the relative noise level in the laser output appears to be orders of magnitude lower than that in ﬂuorescence due to the fact that the laser
output intensity is much higher than ﬂuorescence.

resulting in orders of magnitude improvement in the diﬀerential
signal (the emission ratio between the target and the
mismatched DNA). (2) When temperature varies, the laser
undergoes a sharp phase transition from stimulated laser
emission to regular ﬂuorescence (i.e., spontaneous emission),
which allows us to precisely determine the DNA transition
temperature diﬀerence between the target and the mismatched
DNA. (3) In addition to temperature ramping as in the
conventional melting analysis, the high diﬀerential signal allows
us to scan the laser excitation at ﬁxed temperature to
distinguish two DNA sequences, which provides another
means for rapid DNA analysis. In this paper, we ﬁrst

theoretically investigate DNA melting analysis using an
optoﬂuidic laser and then experimentally demonstrate this
scheme with an optoﬂuidic ring resonator (OFRR).

■

THEORETICAL ANALYSIS

According to the laser theory,22,23 the lasing threshold, Ith, is
determined by
Ith =
9559
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where γ is the required fraction of the dye molecules in the
excited state at the onset of lasing, which is determined by the
properties of the dye (such as dye absorption/emission cross
section and total concentration), and the laser cavity (such as
Q-factor).23−26 Γ is the fraction of the dye molecules that
participate in the lasing action, i.e.,
n
Γ = dsDNA
nT
(2)

intensity changes drastically. This cutoﬀ behavior provides an
extremely high diﬀerential signal (i.e., the emission ratio
between the target and the mismatched DNA; see Figure S1
in the Supporting Information) and enables accurate
determination of the diﬀerence in transition temperature in
actual experiments. On the basis of Figure 2b, the transition
temperature diﬀerence is approximately 1.73 °C obtained with
the laser emission, close to the diﬀerence of 1.70 °C in the
DNA melting temperature calculated with the ﬂuorescence
method (DNA melting temperature is deﬁned as the
temperature at which the ﬂuorescence drop to 50% of its
maximum at a low temperature). Another important feature is
that laser emission based melting curves exhibit appreciable
diﬀerence between the target and the mismatched DNA at a
lower temperature at which the melting curves from the
conventional method still remain virtually the same (e.g., 72 °C
in Figure S1a in the Supporting Information), highlighting the
underlying optical ampliﬁcation mechanism of the intracavity
detection.
To mimic the actual measurement, the same level of noise is
added to both laser emission and ﬂuorescence as the
instrument noise (such as ambient light noise and detector’s
noise, etc.). Since the laser emission is orders of magnitude
stronger than ﬂuorescence, the relative impact of the noise on
the laser emission based melting curve (particularly, around the
sharp phase transition region) becomes negligible. In contrast,
the ﬂuorescence-based melting curve is much more susceptible
to noise, which drastically aﬀects the determination of melting
temperature diﬀerence and the overall curve shape, especially
when (1) longer DNA sequences are to be distinguished (in
which case the ﬂuorescence diﬀerence becomes smaller) and
(2) low sample volumes are used (in which case the
ﬂuorescence becomes weaker).
Parts c and d of Figure 2 show the lasing thresholds and the
laser/ﬂuorescence intensities corresponding to the target and
the single-base-mismatched DNA of 100 bases long,
respectively. As compared to the 40 bases long DNA, the
phase transition occurs at a higher temperature, as expected.
While the transition temperature diﬀerences become smaller,
the diﬀerential signal (see Figure S1 in the Supporting
Information) remains equally large and is not degraded by
the noise. It should be emphasized that the theoretical analysis
and the intracavity detection principle discussed here are
generally applicable to any optoﬂuidic laser cavities, such as a
ring resonator,29−31 Fabry−Perot cavity,32,33 and distributed
feedback laser cavity.34,35

where nT is the total concentration of the dye. ndsDNA is the
concentration of the dye that binds to the dsDNA and should
be proportional to the dsDNA concentration, [dsDNA], which
is in turn given by
Kd

[dsDNA] ⇔ [ssDNA]

(3)

where Kd is the temperature-dependent dissociation constant
and can be calculated using the standard method based on
nearest-neighbor thermal dynamics for any given DNA
sequence and temperature.27,28 Detailed calculation of Γ is
described in section I in the Supporting Information. For the
laser output intensity, it is linearly proportional to the external
pump energy level, Ipump, above the lasing threshold,22 i.e.,
⎛ Ipump
⎞
⎛Γ
⎞
− 1⎟ = Ipump⎜ − 1⎟ − 1
Ioutput ∝ ⎜
⎝γ
⎠
⎝ Ith
⎠

(4)

Through eqs 1−4, we can gain insight into how the optoﬂuidic
laser can be controlled by DNA thermal dynamics. Note that Γ
also reﬂects the ﬂuorescence intensity from the dye in the
conventional DNA melting analysis, i.e.,

Ioutput ∝ Γ

(5)

Equations 4 and 5 allow us to compare the melting curves
obtained with the intracavity detection and the conventional
ﬂuorescence method, respectively.
Figure 2a shows the calculated lasing thresholds as a function
of temperature for the target DNA of 40 bases long and its
single-base-mismatched counterpart (see Table S1 in the
Supporting Information for the details of the DNA sequences).
At a relatively low temperature, the external pump energy level
(Ipump) is higher than the corresponding lasing threshold for the
target and the mismatched DNA. Consequently, lasing
emission should occur for both samples. As temperature
increases, the lasing threshold increases rapidly due to
decreased Γ. At the temperature where the threshold becomes
higher than the given pump energy level, the laser output
ceases, indicating a phase transition from laser emission to
regular ﬂuorescence with orders of magnitude change in output
intensity. According to eqs 1−3, the target DNA always has a
slightly higher transition temperature than the mismatched
DNA for a given pump energy level, which is shown in Figure
2a. In addition, as long as Ipump is suﬃciently high (i.e., well
above the lasing threshold), the diﬀerence in the transition
temperature is independent of Ipump (see Figure 2a). These
characteristics, along with the sharp phase transition, allow us
to accurately determine the transition temperature diﬀerence
for clear distinction between the target and the mismatched
DNA, as discussed next.
Figure 2b plots the normalized laser emission corresponding
to Figure 2a. As compared to the ﬂuorescence-based melting
curve, the prevailing feature in the laser emission based melting
curve is the sharp phase transition at which the emitted light

■

MATERIALS AND METHODS
In this paper, we use the OFRR to demonstrate intracavity
DNA melting analysis. As illustrated in Figure 1b, the OFRR is
based on a thin-walled fused-silica microcapillary, whose cross
section forms a ring resonator that supports the whispering
gallery mode (WGM) circulating along the capillary circumference.23,29,36 The WGM interacts evanescently with the
sample solution of the DNA and the saturation dye ﬂowing
through the OFRR, which provides an optical feedback for the
dye to lase. Details of the OFRR fabrication, experimental
setup, and sample preparation are described as follows.
Fabrication of the OFRR. The microcapillary OFRR is
fabricated with a pre-etched fused-silica capillary preform
(Polymicro Technologies, TSP700850) by the conventional
drawing method reported previously.23,29,36 Brieﬂy, the fusedsilica capillary with an outer diameter and inner diameter of 850
9560
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Figure 3. Examples of the lasing spectra for (a) the target DNA of 40 bases long and (b) the corresponding single-base-mismatched DNA above and
below their respective laser transition temperature. The pump energy density is 980 μJ/mm2 per pulse. Curves are vertically shifted for clarity. The
DNA sequences are listed in Table S1 in the Supporting Information.

and 700 μm, respectively, is wet-etched with 5% hydroﬂuoric
acid for 48 h and pulled under CO2 laser radiation. The outer
diameter and the wall thickness of the microcapillary after the
pulling process are 80 and 5 μm, respectively.
Sample Preparation. The linearly structured DNA
sequences used in the experiments (the target DNA and the
single-base-mismatched DNA of 21, 40, and 100 bases long)
are given in Table S1 in the Supporting Information. SYTO 13
nucleic acid stain (Invitrogen, originally dissolved in DMSO
with 5 mM concentration) is used as the saturation dye and is
separately mixed to the target and the mismatch samples. The
mixture of DNA and the saturation dye is dissolved in the
buﬀer solution (Tris−acetate−EDTA buﬀer, pH = 8.3) with
the ﬁnal concentration of 250 μM for DNA samples and the
saturation dye.
Experimental Setup. The OFRR is pumped with an
optical parametric oscillator (Continuum, 5 ns pulsed laser,
wavelength = 488 nm, repetition rate = 20 Hz) while the fusedsilica capillary is being ﬁlled with the sample solution. The
external light source is focused onto the OFRR part of the
microcapillary with a spot size of 3.8 mm2, and the pump
energy density is controlled by a neutral density ﬁlter. The laser
signal and the ﬂuorescence emission free-space-coupled into
the multimode ﬁber are measured by the spectrometer
(HR550i, Horiba Jobin Yvon), simultaneously.

■

Figure 4. Spectrally integrated lasing intensity for the target and the
single-base-mismatched DNA extracted from Figure 3 as a function of
temperature with a ﬁner temperature increment. The lasing transition,
at which point the laser signal disappears, occurs at approximately 56
and 53 °C for the target and the single-base-mismatched DNA,
respectively. For comparison, conventional ﬂuorescence signals that
are acquired concomitantly with the laser signals are also plotted. All
curves are normalized to the respective target intensity at 23 °C. Error
bars are obtained by ﬁve measurements.

RESULTS AND DISCUSSION

the respective theoretical predictions in Figure 2.37 For the
ﬂuorescence-based melting curves, the melting temperature of
the target and the mismatched DNA is 72 and 68 °C,
respectively, which is further veriﬁed by a commercial DNA
melting analysis instrument (Chromo4 CFB-3240G, Biorad).
In contrast, the laser emission exhibits a very sharp transition,
with the transition temperature diﬀerence of approximately 3
°C. The maximal diﬀerential signal is over 104 around the phase
transition temperature (∼53 °C) for intracavity detection,
whereas the diﬀerential signal is only 1.4 at the melting
temperature (∼68 °C) and is approximately 10 at best across
the entire temperature range for the conventional detection.
Furthermore, the relative noise level is dramatically reduced for
the laser emission due to its orders-of-magnitude higher signal
intensity. Figure S3 in the Supporting Information shows the
diﬀerential signal extracted from Figure 4, which agrees
qualitatively with the theoretical analysis in Supporting
Information Figure S1.
Once the transition temperature is determined for a given
target and its corresponding mismatch, the DNA can also be
diﬀerentiated by scanning the excitation energy while keeping

Figure 3 presents the laser emission spectra from the 40 bases
long target and the corresponding single-base-mismatched
DNA at various temperatures. At low temperature, both
samples show the signature multimode lasing emission peaks
(see Figure S2 in the Supporting Information for a higher
resolution laser spectrum). With increased temperature, the
laser intensity for both the target and the mismatched DNA
decreases and eventually disappears, indicative of a phase
transition from laser emission to ﬂuorescence. The distinct
diﬀerence in the transition temperature between the target and
the mismatched DNA is obvious. For example, the laser
emission from the target DNA still persists at 53 °C (see Figure
3a), whereas the mismatched DNA shows no lasing signal at
this temperature (see Figure 3b).
Figure 4 shows the OFRR laser-based DNA melting curves
extracted from the spectra in Figure 3 with a ﬁner temperature
increment. Meanwhile, the ﬂuorescence-based DNA melting
curves are also obtained simultaneously under otherwise the
same conditions (see Figure 1b). Overall, both the laser
emission and the ﬂuorescence curves agree qualitatively with
9561
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Figure 5. (a) Spectrally integrated lasing intensity as a function of pump energy density for the target and the single-base-mismatched DNA listed in
Table S1 in the Supporting Information, when the temperature is ﬁxed to 51 °C. The signal from the target DNA has a lasing threshold of
approximately 216 μJ/mm2 and shows typical lasing characteristics with a high lasing eﬃciency. The signal from the mismatch has a lasing threshold
of approximately 500 μJ/mm2 and shows only small lasing signal, even at high pump intensities. Solid lines are the linear ﬁt above the threshold. (b)
Representative lasing spectra at 51 °C for the target and the mismatch when the pump intensity is 1.84 mJ/mm2. The integrated lasing intensity of
the target DNA shows approximately 25 times higher than that of the single-base-mismatched DNA. The curves are vertically shifted for clarity.
Error bars are obtained by ﬁve measurements.

Figure 6. Lasing spectra for (a) the target DNA of 100 bases long and (b) the corresponding single-base-mismatched DNA above and below their
respective laser transition temperature. The two samples show the transition temperature diﬀerence of approximately 1 °C. The pump energy density
is 0.8 mJ/mm2 per pulse. Curves are vertically shifted for clarity. The DNA sequences are listed in Table S1 in the Supporting Information.

the temperature constant. Figure 5a presents the spectrally
integrated laser intensities for the same target and mismatched
DNA used in Figures 3 and 4 when temperature is ﬁxed at 51
°C. The target shows a clear laser characteristic with a lasing
threshold of 216 μJ/mm2 and high lasing eﬃciency of 1100 per
μJ/mm2, while the mismatch has a much higher lasing
threshold of 500 μJ/mm2 with lasing eﬃciency of only 70
per μJ/mm2. Due to the large diﬀerence between the signals
from the target and the mismatch, it may be even possible to
distinguish the target from the mismatch without scanning the
pump at all. This is exempliﬁed by Figure 5b where the pump
energy density is 1.84 mJ/mm2. The integrated laser intensity
for the target is approximately 25 times higher than that for the
mismatch. Such large diﬀerence can only be obtained with the
optical ampliﬁcation. For comparison, the diﬀerence between
the target and the mismatched DNA is only 10% at the same
temperature for the conventional ﬂuorescence detection,
according to Figure 4. Note that the clearly distinguishable
optical signal can be obtained with only one laser pulse
excitation, which makes DNA detection much faster and
simpler. In particular, for shorter DNA sequences, the DNA can
even be distinguished at room temperature with the laser
emission (see Supporting Information Figure S4), while
conventional melting curve analysis shows virtually no
diﬀerence (see Supporting Information Figure S5), isothermally.
We now move to validate the intracavity detection principle
with even longer DNA sequences. Figure 6 illustrates the lasing

spectra for the target DNA and the single-base-mismatched
DNA with 100 bases long when the pump energy density is
ﬁxed at 0.8 mJ/mm2. The melting curves show very similar
temperature dependence in comparison with the previous
results using 40 bases long DNAs (see Figure 3). The transition
temperature of the target and the mismatch increases to
approximately 57.5 and 56.5 °C, respectively. Although the
transition temperature diﬀerence decreases to 1 °C, the target
and the mismatched DNA can still be clearly distinguished by
the cutoﬀ behavior at their respective phase transition
temperature.

■

CONCLUSION

We have analyzed and demonstrated the intracavity DNA
detection method based on the OFRR laser. This novel scheme
takes advantage of a sharp phase transition between laser
emission and ﬂuorescence, thus achieving an unprecedented
diﬀerential signal between the target and the single-basemismatched DNA, as well as accurate determination of the
DNA transition temperature diﬀerence. Furthermore, the high
diﬀerential signal enables rapid DNA analysis isothermally,
where the laser excitation can be scanned. Finally, because of its
high compatibility with well-developed microﬂuidic technologies,31 the intracavity DNA melting analysis can be incorporated with on-chip PCR and other microﬂuidic components for
lab-on-a-chip biosensing applications and micrototal analysis
systems. Future work will include integration with on-chip
9562
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droplet-based PCR and analysis of much longer DNA
sequences (∼1000 bases).
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