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Digital DNA detection based on a compact
optofluidic laser with ultra-low sample
consumption†

Wonsuk Lee,a Qiushu Chen,b Xudong Fan*b and Dong Ki Yoon*a

DNA lasers self-amplify optical signals from a DNA analyte as well as thermodynamic differences between

sequences, allowing quasi-digital DNA detection. However, these systems have drawbacks, such as rela-

tively large sample consumption and complicated dye labelling. Moreover, although the lasing signal can

detect the target DNA, it is superimposed on an unintended fluorescence background, which persists for

non-target DNA samples as well. From an optical point of view, it is thus not truly digital detection and re-

quires spectral analysis to identify the target. In this work, we propose and demonstrate an optofluidic laser

that has a single layer of DNA molecules as the gain material. A target DNA produces intensive laser emis-

sion comparable to existing DNA lasers, while any unnecessary fluorescence background is successfully

suppressed. As a result, the target DNA can be detected with a single laser pulse, in a truly digital manner.

Since the DNA molecules cover only a single layer on the surface of the laser microcavity, the DNA sample

consumption is a few orders of magnitude lower than that of existing DNA lasers. Furthermore, the DNA

molecules are stained by simply immersing the microcavity in the intercalating dye solution, and thus the

proposed DNA laser is free of any complex dye-labelling process prior to analysis.

Introduction

A DNA sequence may have base changes induced by biologi-
cal processes such as single-point mutation and cytosine
methylation, and its analysis is of great interest in disease di-
agnosis and individualized medicine.1–10 Distinguishing a tar-
get DNA from the base-altered DNAs provides valuable infor-
mation not only for clinical research but also for various
genetics-related fields from molecular palaeontology to foren-
sic science.11–16 Owing to the growing necessity of DNA detec-
tion, a number of DNA-analysing platforms, such as DNA
microarrays and high resolution melting analysis, have been
suggested over the past few decades.17–26 The majority of opti-
cal DNA detection systems rely on simple birefringence of
DNA molecules27,28 and fluorescence from dye-labelled DNA
sequences, through changes in their intensity and/or
color.21,29–34 Meanwhile, laser-based DNA analysis demon-
strates optical amplification of the signals inside the laser
cavity, which results in several advantages over fluorescence-
based methods, such as an improved discrimination ratio be-

tween target and non-target DNAs and dramatically higher op-
tical signal intensities.35–38 Moreover, due to the nonlinear
nature of lasing phenomena, it is possible to distinguish the
target DNA with its laser emission, which allows a quasi-
digital detection scheme with only a single pulse of laser
excitation.35–37

However, the existing laser-based DNA analysis systems,
such as the molecular beacon laser,36 include dye labelling
on the analyte DNA molecule, similar to traditional fluores-
cence based methods, and thus require complex sample
preparation prior to analysis. Since the biomolecular sample
is not abundant in most cases, a relatively large sample con-
sumption is another drawback of the DNA lasers. The con-
centration of DNA/dye molecules in the gain medium of the
DNA laser is a few orders of magnitude higher (a few tens to
hundreds of μM) than that of the traditional fluorescence-
based methods (a few to sub-μM),21,23–25,35–40 and thus the
DNA sample consumption of the laser-based DNA detection
is significant. Even worse, the DNA/dye molecules that do not
contribute to the laser are not simply wasted but generate
unintended fluorescence background superimposed on the
laser signal. This background signal persists even for non-
lasing non-target DNAs; thus, from an optical point of view,
it is improper to argue that the existing laser-based DNA de-
tection systems are truly digital.

In this article, we propose and demonstrate a novel
optofluidic ring resonator (OFRR) laser system that can
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detect a target DNA sequence in a truly digital manner. In-
stead of utilizing bulk gain medium filling the entire laser
cavity, the proposed laser has a single layer of DNA mole-
cules, which provides laser gain, on the OFRR surface. This
laser system has successfully removed unintended fluores-
cence background from its optical signal, since all of the gain
DNA molecules contribute to the laser phenomena. More im-
portantly, when there is no lasing from non-target DNAs,
there is virtually no fluorescence from only a single layer of
DNA molecules. Consequently, detection of the target DNA
can be completed with only the presence of the optical sig-
nal, which is purely a laser emission, without any spectral
analysis. Since only a small amount of DNA that can cover a
single layer on the surface of the human-hair-thick fibre
OFRR is required, the DNA sample consumption is dramati-
cally lower than that of existing OFRR lasers in current DNA
detecting platforms. The concentration of DNA molecules
used in this laser is a few orders of magnitude lower, which
is comparable to that of conventional fluorescence-based
methods, and the liquid volume of the corresponding DNA
sample consumption is also extremely small, at only a few
μL. Furthermore, the novel DNA laser is realized with a DNA
intercalating dye, and thus dye-labelling processes on the an-
alyte DNA sample are not necessary. The OFRR with probe-
target hybridized DNAs attached on the surface is stained
with the intercalating dye molecules simply by immersing
the fibre OFRR in the dye solution, which is followed by the
DNA laser analysis.

Experimental

The preparation of the OFRR laser system is adapted from
previous work.41 A single mode optical fibre (SMF-28®,
Corning®), with 125 μm diameter, is selected as a ring reso-
nator microcavity of the laser system. The optical fibre OFRR
is known to have an extremely high Q-factor that exceeds 106,
which supports the whispering gallery mode (WGM) circulat-
ing along its outer surface.42–44

To prepare the fibre for surface functionalization, the
polymer cladding is first removed from a 5 mm section at the
tip of the fibre. The glass core of the fibre tip is then cleaned
using multiple steps. It is sonicated in acetone, ethanol, and
deionized (DI) water, for 15 min each, and then immersed in
a hydrochloric acid/ethanol mixture (HCl : ethanol ratio of 1 :
1 by volume) for 30 min, followed by rinsing with DI water
and drying. The clean fibre tip is then silanized by dipping
into (3-aminopropyl)-trimethoxysilane (3-APTMS, 5% in meth-
anol) for 30 min. After rinsing with ethanol, the fibre is cured
at 110 °C for 1 h and cooled to room temperature.

To immobilize the DNA probes on the silanized fibre sur-
face, the fibre tip is first activated with bisĲsulfosuccinimidyl)-
suberate (BS3), which is a homofunctional amine-to-amine
cross-linker. BS3 is dissolved in phosphate-buffered saline
(PBS) with a concentration of 0.1 mg mL−1 and the fibre tip
is immersed in the solution for 30 min. After rinsing in pris-
tine PBS, the activated fibre is incubated with streptavidin by

dipping the fibre into 1 mg mL−1 streptavidin/PBS solution
for 30 min. The concentration of streptavidin is set to be rela-
tively high to ensure sufficient molecular coverage on the fi-
bre surface after incubation. The streptavidin-incubated fibre
is subsequently rinsed with PBS, DI water, and TAE (Tris-ace-
tate-EDTA)/12.5 mM MgCl2 buffer solution.

The probe single-stranded DNA (ssDNA) molecules are 40
bases long and biotinylated at their 5′ ends. All of the 40-
base-long ssDNA samples (probe/target/single-base-
mismatch) are purchased from Integrated DNA Technologies,
and the base sequences are presented in Table S1 in the ESI.†
The probe DNA is dissolved in TAE/MgCl2 buffer solution
with a concentration 1 μM, and the fibre tip is dipped into
the solution for 30 min. Since only a 2 mm length of the fibre
tip is subjected to the probe immobilization, only a few μL of
the probe DNA solution is sufficient for this process. After
the probe DNA molecules are attached to the fibre surface by
well-known streptavidin–biotin binding,25,45 the fibre tip with
surface-immobilized probe DNAs can be used to analyse any
DNA molecule of interest in a liquid sample. Subsequently,
the fibre tip DNA probe is dipped into unlabelled DNA ana-
lyte solution for hybridization, followed by DNA intercalating
dye (SYTO®-13 Green Fluorescent Nucleic Acid Stain, Life
Technologies) staining.

The optical setup utilized in our experiment is illustrated
in Fig. 1. The fibre OFRR with surface-attached DNA

Fig. 1 Schematic of the experimental setup: 2 mm tip of a fiber OFRR
(SMF-28® optical fiber core) in a liquid environment (Tris-EDTA buffer
solution) is pumped with an OPO laser source through a confocal
setup, and the laser emission is simultaneously collected by a
spectrometer. The fiber OFRR supports WGM and its evanescent field
interacts with surface-attached molecules, providing feedback for las-
ing phenomena. Inset: Single molecular layer of DNA laser gain me-
dium on the OFRR surface. The fiber OFRR is immersed in a series of
solutions and finally functionalized with the probe ssDNA. The fiber
DNA probe is hybridized with the target DNA in the liquid sample,
followed by intercalating dye staining. The active DNA intercalating
dye (SYTO®-13 Green Fluorescent Nucleic Acid Stain) combined with
the hybridized DNA molecules contributes to the laser.
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molecules is immersed in TAE/MgCl2 buffer solution and
pumped with an optical parametric oscillator (OPO) (contin-
uum, 5 ns pulsed laser, 20 Hz repetition rate) with 488 nm
wavelength. The pump laser is focused on the 2 mm tip of
the fibre through a confocal setup and the DNA laser emis-
sion is simultaneously collected by a spectrometer (HR550i,
Horiba Jobin Yvon).

Results and discussion

The fibre OFRR with the probe DNAs immobilized on the sur-
face is a DNA probe, which can be dipped into any liquid
bio-sample for DNA analysis. The target ssDNA molecules
that have complimentary base pairs with the probe ssDNA
are prepared to demonstrate the target detection of our fibre
DNA probe. To validate the specificity, the target ssDNA is
dissolved in a TAE/MgCl2 buffer solution along with random
ssDNA molecules (Sigma-Aldrich, average length of 2000 ba-
ses). The concentrations of the target DNA molecules and the
random DNAs are 100 nM and 100 ng μL−1, respectively. Con-
sidering the average molecular weight of the random DNAs
(∼1.1 MDa), the molar concentration of the random DNA
sample is similar to that of the target DNA. The fibre DNA
probe is immersed in the prepared analyte solution for 30
min at room temperature. The target DNA concentration in
this experiment is more than 2 orders of magnitude lower
than existing DNA lasers.35,36 The lower target DNA concen-
tration results in inferior lasing characteristics, as well as
unreliable discrimination of the target and its counterparts,
due to an insufficient surface coverage, thus the analyte DNA
concentration is kept no lower than 100 nM through the hy-
bridization process. Since the fibre DNA probe is 125 μm in
diameter and 2 mm long, only a few μL of the analyte solu-
tion is required to cover the entire surface of the probe and
induce target DNA hybridization, similar to the probe DNA
immobilization. After rinsing with the buffer solution, the fi-
bre DNA probe with hybridized target DNA molecules is then
stained with the DNA intercalating dye. The SYTO®-13 DNA

intercalating dye, originally in dimethylsulfoxide solution
with 5 mM concentration, is five times diluted with the TAE/
MgCl2 buffer solution. The fibre OFRR is dipped into the dye
solution for 5 min at room temperature and we can expect
the final molecular structure on the OFRR surface to be as il-
lustrated in the inset of Fig. 1.

After intercalating dye staining, active fluorescent dyes
combined with double stranded DNA (dsDNA) molecules are
on the surface of the fibre OFRR, providing optical feedback
for lasing phenomena through interaction with the evanes-
cent field of the WGM-confined light. The fibre OFRR is im-
mersed in pristine TAE/MgCl2 buffer solution and optically
pumped with OPO, as previously described. Fig. 2 depicts the
laser emission spectrum when the pump intensity is 500 μJ
mm−2 and the corresponding lasing characteristics of the
DNA laser. Fig. 2(a) shows a typical lasing spectrum of a ring
resonator laser. The center wavelength of the laser is 545.5
nm, and the free spectral range (FSR) is 0.6 nm. The FSR
matches approximately well with calculations using the ring
resonator diameter and effective refractive index. Meanwhile,
when the DNA probe is immersed in a solution with the ran-
dom DNA sample alone through the hybridization process,
the fibre OFRR does not show laser emission, even at high
pump intensity. Since only the intercalating dye combined
with dsDNAs can contribute to the fibre OFRR laser, we can
conclude that only the target DNA is hybridized with the
probe DNA, as expected. This is direct proof that our DNA la-
ser with the fibre OFRR and surface-immobilized DNA serves
successfully as a target DNA molecular detector.

Fig. 2(b) indicates the corresponding laser intensity as a
function of OPO pump intensity. The presented laser inten-
sity is spectrally integrated. The curve shows a clear lasing
characteristic with a laser threshold of 108 μJ mm−2. Com-
pared to the previous work with a glass capillary OFRR and
DNA/intercalating dye solution,35 the present lasing threshold
is approximately two times lower, even though the DNA sam-
ple concentration in this work is more than 2 orders of mag-
nitude lower, owing to DNA/dye molecules successfully

Fig. 2 (a) Lasing spectrum from the optical fiber OFRR with hybridized target DNA. The fiber DNA probe is dipped into the liquid sample
simultaneously containing the 40-base-long target ssDNA and random ssDNA. The concentration of the target ssDNA is 100 nM and that of the
random ssDNA sample is 100 ng μL−1. Considering the average length of the random ssDNA (∼2000 bases, ∼1.1 MDa), the molar concentration of
the random ssDNA is approximately equal to that of the target. The OFRR with hybridized and stained DNA molecules is immersed in clean buffer
solution and optically analyzed. The pump intensity is 500 μJ mm−2. (b) Laser emission intensity as a function of the pump intensity. The estimated
lasing threshold is 108 μJ mm−2. Error bars are obtained from five measurements.
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attached and concentrated on the OFRR surface. However,
the lasing threshold is higher than that of the recent OFRR
laser with a single molecular layer gain medium demon-
strated with enhanced green fluorescent protein (eGFP) or
Cy3/Cy5 dye labelled DNA.41 This is due mainly to the rela-
tively low fluorescence quantum yield (QY) of the DNA inter-
calating dye and imperfect coverage of the OFRR surface with
DNA/dye molecules. Further evaluation of this issue follows
later in this article.

To evaluate the specificity of our DNA detection system,
the ssDNA molecule with the same molecular length as the
target ssDNA but a single-base mismatch in the middle of
the sequence is prepared (the sequence is also provided in
Table S1†). The single-base mismatch DNA sample is
dissolved in TAE/MgCl2 buffer solution with the same con-
centration as the target DNA solution (100 nM). The fibre
DNA probe is dipped into both the target DNA solution and
the single-base mismatch DNA solution for 30 min. This hy-
bridization process is carried out at elevated temperature for
improved discrimination between the target and the single-
base-mismatched DNA. The hybridization temperature is lim-
ited to 55 °C, due to the instability of streptavidin–biotin
binding at excessively high temperature.46 Due to this bind-
ing issue, it is impossible to denature dsDNA molecules with
retained probe DNA immobilization, thus the DNA hybrid-
ized fiber is not reusable. After this hybridization process,
both fibre OFRRs are rinsed with the buffer solution and
stained with the DNA intercalating dye at room temperature,
as in the previous experiments.

Fig. 3 shows a comparison between the lasing characteris-
tics of the target DNA laser and the single-base-mismatched
DNA laser. The two curves in Fig. 3(a) are the spectrally inte-
grated laser intensities for the target DNA (red) and the
single-base-mismatched DNA (black), as functions of the
pump intensity. The target shows a clear lasing characteristic
with a relatively low lasing threshold of 150 μJ mm−2 and
high lasing efficiency, while the single-base mismatch has a
higher lasing threshold of 530 μJ mm−2 with a lasing effi-

ciency five times lower than that of the target. The thermody-
namic difference between the target and the single-base-
mismatched DNA is optically amplified through the laser
phenomena,35,37 resulting in this large difference in lasing
characteristics, which enables digital target DNA detection.
Fig. 3(b) presents the lasing spectra from the target and the
single-base mismatch when both fibre OFRRs are pumped at
500 μJ mm−2, where the curves have been vertically shifted
for clarity. The target shows a laser emission spectrum nearly
identical to that of the previous result in Fig. 2(a), while the
single-base mismatch shows virtually no laser emission.
Since the pump intensity is in between the lasing thresholds
of the two, thanks to the nonlinear properties of the laser, we
are able to distinguish the target DNA from the non-target
counterpart only by the presence of the laser emission. For
comparison, hollow-core glass capillary OFRR35,47 is infil-
trated with the target and single-base-mismatched DNA/inter-
calating dye solution and excited with an OPO optical pump
using the same experimental setup at 55 °C. The resulting
lasing spectra are presented in Fig. S1.† Both cases show sim-
ilar fluorescence backgrounds, although superimposed laser
emissions differentiate the target DNA from single-base-
mismatched DNA, and thus, spectral analysis is required to
identify the target using these optical signals. Meanwhile,
our DNA laser can distinguish the target DNA simply with the
presence of an optical output, which is purely a laser signal.
Therefore, we can claim that our DNA laser detection system
is a truly digital and rapid method to distinguish the target
DNA from others, with a single pulse of laser excitation, with-
out any further spectral analysis. Furthermore, it is proven
that our DNA detection platform is capable of discriminating
even a single-base mismatch in the DNA sequence.

As mentioned previously, the lasing characteristics of the
proposed DNA laser are not superior to those in the earlier
work41 with dye molecules non-specifically attached to the
surface. Although relatively low fluorescence QY of the DNA
intercalating dye utilized in this work (∼0.40) is considered,
the lasing threshold is higher than expected. Since the

Fig. 3 Comparison of lasing characteristics between target (red) and single-base-mismatched (black) DNA, 40 bases long: (a) laser emission inten-
sity as a function of the pump intensity. The lasing thresholds are 150 μJ mm−2 and 530 μJ mm−2 for the target and the single-base-mismatched
DNA laser, respectively. The lasing efficiency also shows a more than 5-fold decrease for the single-base-mismatched DNA sample. (b) Lasing
spectra comparison when the pump intensity is 500 μJ mm−2: target DNA shows clear laser emission similar to Fig. 2(a), while the single-base-
mismatch DNA shows zero signal. Through DNA hybridization, the temperature is elevated to 55 °C to increase specificity. Note that the curves
are vertically shifted for clarity.
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surface density of the molecule might play a critical role in
the lasing threshold, we can expect an improved lasing char-
acteristic when the surface density of the DNA/dye single mo-
lecular layer is increased.

Fig. 4 illustrates the lasing thresholds (a) and efficiencies
(b) of the DNA lasers with the hybridized target DNA, when
the streptavidin concentration during the fibre DNA probe
preparation is 10 times lower/higher than the proposed stan-
dard procedure. The fibre OFRR fabrication processes other
than the streptavidin incubation, followed the standard pro-
cedure described above, including the DNA hybridization.
When the BS3 treated fibre is incubated with 0.1 mg ml−1

streptavidin/PBS solution (10 times lower than the standard),
the corresponding laser has a lasing threshold of 550 μJ
mm−2, approximately five times higher than the standard
DNA laser with 1 mg ml−1 streptavidin incubation. The lasing
efficiency is also three times lower. Both of these factors indi-
cate that the surface density is approximately 60% decreased,
according to a previous theoretical analysis.41 However, a
higher concentration of streptavidin does not result in an im-
proved surface density or lasing characteristic. When the
streptavidin concentration is 10 times higher, i.e., 10 mg
mL−1, the corresponding lasing threshold is even slightly
higher and the lasing efficiency is ∼15% lower than that of
the standard DNA laser. This indicates that the surface den-
sity of the streptavidin cannot be increased further with
higher concentration, owing to an issue of steric hindrance.45

We may have to also consider that the probe DNA suffers
from the crowding effect when the surface density is exces-
sively high,25,48 which impairs the target DNA hybridization.
It is certain that our standard DNA laser is in the optimal
range for detecting small quantities of target DNA molecules
and there is not much scope to improve its efficiency.

While the DNA laser proposed in this article is based on
the optical fibre OFRR, it is possible to demonstrate the same
DNA detection system with the traditional hollow-core glass
capillary OFRR, which has advantages in integrating with

Fig. 4 (a) Lasing thresholds and (b) lasing efficiencies as functions of
streptavidin concentration during incubation. Preparation of the fiber
OFRR, other than the streptavidin incubation, followed the standard
procedure. Error bars are obtained from three measurements.

Fig. 5 (a) Schematic of the traditional hollow-core glass capillary
OFRR with stained DNA immobilized on the inner surface. The same
optical setup is utilized to analyze the laser activity from this scheme.
The wall thickness and the diameter of the glass capillary are 5 and
100 μm, respectively. (b) Lasing spectrum from the OFRR laser when
the pump intensity is 4.2 mJ mm−2. (c) Laser emission intensity as a
function of pump intensity. The estimated lasing threshold is 500 μJ
mm−2. Note that the lasing threshold is increased by a factor of 5, ow-
ing to inefficient surface functionalization compared to the outer sur-
face of the optical fiber. The wall thickness of the capillary OFRR also
affects the performance of the laser. A thinner wall gives a lower lasing
threshold as well as improved lasing efficiency, due to the limited pen-
etration depth of the WGM evanescent field. However, the wall cannot
be further thinned down from 5 μm, since an excessively thin-walled
glass capillary has very low mechanical reliability and can be broken by
intensive external optical pumping.
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microfluidic platforms over the fibre.35,47,49 Fig. 5(a) shows a
schematic of a glass capillary OFRR laser with target-
hybridized DNA and intercalated dye molecules attached on
the inner surface. The glass capillary in this experiment has a
diameter of 100 μm. A thinner wall gives improved lasing
characteristics, owing to enhanced interaction between the
evanescent field and the molecular gain; however, the wall
thickness is maintained at 5 μm for mechanical reliability.
Instead of immersing the entire OFRR into the buffer solu-
tion as required for the fibre, this capillary OFRR is rinsed
and filled with the buffer solution after performing the same
surface functionalization processes as with the fibre. Fig. 5(b)
depicts a representative laser spectrum from the capillary
OFRR DNA laser when it is pumped at 4.2 mJ mm−2. The
curve shows a nearly identical spectrum to that of the fibre
OFRR laser, while the FSR is slightly increased (0.72 nm),
which corresponds to the smaller diameter. The lasing
threshold estimated from the curve in Fig. 5(c) is approxi-
mately 500 μJ mm−2. The lasing threshold is increased by a
factor of 5, compared to the fibre OFRR laser. This is caused
by imperfect coverage of gain molecules on the inner surface
of the capillary, as well as the limited interaction between the
WGM evanescent field and the molecular gain. Although the
surface treatments after the cleaning processes are the same,
the capillary cannot be sonicated during the cleaning pro-
cess, owing to low mechanical reliability. This may be the
main reason why the DNA/dye gain molecule coverage on the
capillary inner surface is lower than on the fibre surface,
resulting in inferior lasing characteristics. However, this cap-
illary OFRR allows an alternative method of introducing a
DNA sample to the detection system, for example, connecting
to up/downstream sample processing devices.

Conclusions

In summary, we have demonstrated a novel optical DNA de-
tection system based on the OFRR laser with a single layer of
DNA molecules on its surface. The target DNA can be
detected from its laser emission, while non-target DNA even
with a single-base mismatch has virtually zero optical signal,
since the intrinsic fluorescence background is successfully
suppressed. This allows optical detection of DNA in a truly
digital manner, with only the presence of an optical output.
Therefore, our system dramatically facilitates and simplifies
the target DNA detection. Moreover, the DNA sample con-
sumption of our system is a few orders of magnitude smaller
than that of existing laser-based DNA detection methods, ow-
ing to lower DNA molecular concentration as well as ex-
tremely small liquid sample volume. Since the DNA interca-
lating dye is utilized as a laser dye gain material, it is free
from complex and expensive dye-labelling processes on DNA
samples prior to analysis. With the compact and versatile ge-
ometry of the optical fibre/glass capillary OFRR laser system,
we foresee numerous potential applications for our DNA de-
tection platform to micro total analysis systems.
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