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ABSTRACT 
 

 
 

Optofluidic Lasers and Their Bio-sensing Applications 

by 

Wonsuk Lee 

 

 

Novel optofluidic ring resonator (OFRR) lasers resolving problems of existing 

lasers have been demonstrated and DNA melting analysis taking advantages of the OFRR 

laser is suggested. 

The OFRR laser fabricated on a polymer chip utilizes two optically coupled ring 

resonators in different sizes in order to address an intrinsic multi-mode emission of the 

ring resonator laser. A single-mode emission is obtained by Vernier effect and the 

wavelength is tunable by modifying the refractive index of the gain medium. 

A quasi-droplet OFRR laser is developed based on a micro-bubble filled with 

liquid gain medium. Due to the sub-micron wall thickness, the micro-bubble mimics a 

droplet in air that has 3-dimensional optical confinement, extremely high Q-factor and 

versatility of handling liquids of different refractive index. The laser using Rhodamine 

6G in methanol has low lasing thresholds and dye concentration. Furthermore, it enables 
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repetitive interrogation and easy directional laser emission out-coupling without 

evaporation or size/shape variations. 

Microdroplets in carrier fluid are delivered to the capillary OFRR downstream 

and laser emission is obtained. The laser can conveniently be coupled into an optical fiber 

and lasing threshold 6 times lower than the state-of-art is achieved. An efficient FRET 

lasing is also demonstrated making the OFRR droplet laser an attractive platform of 

bio/chemical sensing with small sample volume. 

In last, a highly specific intracavity DNA melting analysis scheme utilizing the 

optofluidic laser is proposed. 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 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. The 

intracavity DNA detection leads to novel optofluidic devices that enable rapid and simple 

analysis of DNAs with long sequences. 
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Chapter I 

Introduction
 

1.1   Optofluidic laser 
 

Optofluidics is a field developing optical systems that are synthesized with fluids, 

which suggests a synergic combination of optics and micro/nanofluidics.(1-4) Liquids 

have unique properties that can be utilized to design multi-functional optical devices and 

these properties cannot be found in solid-state equivalents. For example, researchers can 

find molecularly smooth interfaces in between two immiscible liquids. These smooth 

surfaces can lead to an optical resonator and/or a laser cavity with extremely high Q-

factor. In contrast, two miscible fluids can create optically gradient interfaces by 

diffusion. More than the interfaces, optofluidic system can change its own optical 

properties by simply replacing the liquid medium within a device from one fluid to 

another. Moreover, since the optofluidic system is based on already mature microfluidics 

technology, any microfluidic fabrication methods and processes can, in principle, be 

adapted to develop optofluidic devices. Micro/nanofluidics is also a burgeoning field with 

important applications in biotechnology and analytical chemistry.(5) Most of biochemical 

reactions should be reproduced in water, thus the optofluidic system based on 

micro/nanofluidics has intrinsic advantages in biological sensing applications. 

Optofluidic dye laser is a class of dye laser system, which utilizes fluid, usually an 

organic laser dye dissolved liquid, as a laser gain medium.(6-9) It has been intensively 
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investigated because of their potential of integration in micrototal analysis systems 

(μTAS), compatibility with microfluidic components, and wavelength tunability.(1, 3, 4, 

6) They have been realized with various types of optical cavities explored, such as 

distributed-feedback (DFB) gratings (9-16) and Fabry-Perot resonators (8, 15, 17-19), as 

shown in Fig. 1.1. Such laser devices, however, have relatively high lasing thresholds due 

to low Q-factors of their microcavities. Since low energy operation is essential for bio-

compatible devices, optofluidic laser devices with conventional optical cavities have 

limited potential particularly for bio-molecular sensing applications. 

 

 

 

Figure 1.1 (a) Optofluidic laser based on distributed feedback microcavity fabricated on 
polymer substrate. (b) Fabry-Perot cavity laser with two optical fibers and 
microfluidics channel. Reprinted with permission from Refs. (10, 17). 
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1.2   Optofluidic ring resonator 
 

Optical ring resonator is a waveguide with a closed loop, usually ring-shaped, 

which supports the circulating resonant waveguide mode or the whispering gallery mode 

(WGM) by total internal reflection of light at the curved boundary. The resonant 

wavelength, λ, is given by (20, 21): 

𝜆 = 2𝜋𝑟𝑛𝑒𝑓𝑓
𝑚

                                                      (1.1) 

where r is the resonant radius, neff is the effective refractive index experienced by the 

optical resonant mode and m is an integer. 

The optical ring resonator can be adapted to the development of the optofluidic 

laser and/or sensors. The resonant light circulates along the ring resonator and has 

evanescent field into the surrounding medium, thus interacts repetitively with the liquid, 

gas or analytes near the resonator surface, as shown in Fig. 1.2.(22-30) In the ring 

resonator based optofluidic lasers, the lasing properties are also determined by light-

medium interaction, in which case, the medium becomes dye molecules or other gain 

materials.(7, 9, 31, 32)  

The optofluidic ring resonator (OFRR) lasers have several advantages over 

conventional laser cavities, mainly due to their extremely high Q-factors. The optical 

cavity with high Q-factor leads to the low lasing threshold while low energy operation is 

particularly important for biological applications. Furthermore, the ring resonator devices 

take advantage of small footprint, enabling large scale integration to the lab-on-a-chip 

systems.(33-41) 
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Figure 1.2 The resonant light circulating along the ring resonator circumference has 
evanescent field in the surrounding medium outside (a) or inside (b) the ring 
resonator. Interaction with the analyte in the surrounding medium leads to 
optical gain for optofluidic laser applications. Reprinted from Ref. (22) with 
permission. 

 

 

 

(a) 

(b) 
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1.3   DNA detection 
 

Analyzing or resolving small thermal dynamics of two DNA strands is very 

important in many biomedical and biological applications, such as Single-nucleotide 

polymorphism (SNP) and/or target DNA sequence detection.(42, 43) In order to explore a 

detailed knowledge on the DNA sequence, many genotyping methods have been 

proposed.(44-49) Most hybridization-based methods, such as dynamic allele-specific 

hybridization genotyping, molecular beacons, and DNA microarrays utilize a 

fluorescence signal from the dye molecules labeled to the DNA sequences.(50-55) While 

the labeling process requires complexity and cost to the genotyping, the discrimination 

ratio between the fluorescent signal from the target and the SNP is near unity, especially 

for the longer DNA sequences. Other post-amplification methods are based on the 

physical properties of DNA, mostly difference in melting temperature between the target 

and the mismatch.(50, 56) High resolution melting (HRM) analysis is the simplest 

fluorescence-based method followed by polymerase chain reaction (PCR).(45, 47, 57-61) 

A fluorimeter monitors the denaturation of the double-stranded DNA (dsDNA) by the 

fluorescent signal from a double-stranded specific dye, the saturation dye in other words. 

However, this process takes long time scanning the dynamic temperature range and 

plenty of heating on the biological samples is undesirable for most in vivo DNA detecting. 

Moreover, since the difference in the melting temperature and the fluorescence of the 

target and SNP is small, this requires highly optimized conditions to obtain the best 

possible results. When the sensing mechanism is relying on lasing activity, several orders 

of magnitude higher discrimination ratio can be achieved due to the nature of laser, thus 

can obtain higher sensitivity.(62) 
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1.4   Organization 
 

In this thesis, novel optofluidic ring resonator laser schemes, which overcome 

drawbacks of existing optofluidic lasers, are suggested. Furthermore, DNA sequence 

analysis utilizing the OFRR laser is demonstrated. 

From Chapter 2 to 4, development of different types of the OFRR laser are 

presented. In Chapter 2, a single-mode lasing from the PDMS-based OFRR laser is 

demonstrated. The novel OFRR laser overcomes an intrinsic drawback of the OFRR laser, 

which is a multi-wavelength emission, and demonstrates a wavelength tunablility at the 

same time. In Chapter 3, a quasi-droplet laser mimicking a natural droplet laser using 

micro-bubble fabrication technique is illustrated. Chapter 4 focuses on a micro-capillary 

based OFRR laser associated with a micro-droplet generating system. Chapter 5 proposes 

a novel DNA melting analysis utilizing the OFRR laser. Chapter 6 covers a brief 

summary and outlook towards future work directions. 
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Chapter II 

Tunable Single Mode Lasing from an On-chip Optofluidic 
Ring Resonator Laser

 
 

Single mode lasing from the polydimethylsiloxane based on-chip coupled 

optofluidic ring resonator OFRR with the lasing threshold of a few µJ/mm2 is 

demonstrated using the Vernier effect. The single mode operation is highly stable even at 

high pump energy densities. The effect of the OFRR size and coupling strength on the 

single mode emission is investigated, showing that the excessive coupling results in 

incomplete side mode suppression. Tuning of the lasing wavelength is achieved by 

modifying the dye solution. 

 

2.1   Motivation 
 

Optofluidic dye lasers have been intensively investigated because of their small 

footprint, potential of integration in lab-on-a-chip devices, and wavelength tunability. As 

compared to other types of optical cavities explored for optofluidic lasers, such as Fabry-

Perot resonators (8, 15, 17-19), distributed-feedback (DFB) gratings (9-16), optofluidic 

ring resonators (OFRRs) that support the circulating resonant mode called the whispering 

gallery mode (WGM) take advantage of compact size and relatively high Q-factors, both 

of which are key to achieving large scale integration and low lasing thresholds. The 
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OFRR lasers have previously been implemented in the form of discrete ring cavity,(63) 

microdroplets (64, 65) microknots (66), microcylinder (67-69),  and microcapillaries (7) 

as shown in Fig. 2.1. 

 

 

 

Figure 2.1 OFRR lasers with (a) microdroplets, (b) microknot and (c) microcapillary 
optical cavities. Reprinted with the permission from Ref. (7, 65, 66). 

 

Very recently, on-chip polydimethylsiloxane (PDMS) based OFRRs were also 

demonstrated (70, 71)  as in Fig. 2.2. Since the entire PDMS device can be fabricated by 

simple replica molding processes, cost-effective mass production of the OFRR lasers 

becomes possible. The OFRR lasers have very large possibilities as not only the light 

source of the μTAS, but also as a bio/chemical detection platform by themselves. 
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Figure 2.2 (a) OFRR laser fabricated on PDMS substrate. Red arrows indicates 
propagation of the resonant and waveguided light. (b) Lasing spectra from 
the laser device in different pump energy densities. Reprinted with the 
permission from Ref. (70). 

 

However, the OFRR laser intrinsically has multi-mode lasing emission as shown 

in Fig. 2.2 (b), due to its narrow free spectral range (FSR), which is a major drawback as 

compared to the DFB based optofluidic laser that is capable of single mode operation. As 

explained in Chapter 1, the light with the wavelength satisfying Eq. (1.1) is supported by 

the resonance. By simple math, the FSR can be obtained by: 

Δλ = λ02 2πneffD⁄                                                  (2.1) 

where λ0 is central wavelength, neff is the effective refractive index and D is a diameter of 

the ring. Rhodamine 6G (R6G) is an organic dye widely used for optofluidic lasers and 

has wavelength of laser emission around 600 nm and the gain profile lies within 10 to 20 

nm range.(6) When the ring diameter is 50 microns, which is a typical value for high Q-

factor microring, the FSR becomes less than 0.8 nm. In that case, approximately 20 to 30 

possible modes exist within the gain profile range, and most of those modes will not be 

suppressed. One of the methods to suppress the side modes is to utilize the Vernier effect, 

in which two ring resonators of different FSRs are coupled to each other. While the single 

mode laser emission has been achieved in on-chip solid coupled ring resonators (32, 72, 

(a) (b) 
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73), on-chip OFRR single mode lasers and their lasing characteristics have not been 

studied. 

In this Chapter, we develop and characterize the single mode laser using a PDMS 

based coupled OFRR. The effect of the OFRR size and coupling strength on the single 

mode emission is investigated and the tuning of the lasing wavelength over both small 

and large spectral range is demonstrated. We show that stable single mode laser emission 

can be obtained with the lasing threshold on the order of a few µJ/mm2. 
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2.2   Vernier effect 
 
 

 
Figure 2.3 Schematic of a coupled OFRR laser. The red arrows inside the ring resonator 

and the waveguide show the light propagation. 
 

Our approach to suppress the side modes relies on Vernier effect, in which two 

ring resonators of different FSRs are coupled to each other. Fig. 2.3 shows a schematic of 

the coupled OFRR laser system consisting of two size mismatched ring resonators and a 

liquid-filled waveguide. When two different ring resonators are optically coupled, light 

with the wavelength that can be supported by both of two rings will be resonant. In that 

case, the FSR of the coupled ring resonators can be obtained by Vernier equation: 

∆λ=λ2/πneff(D1-D2)                                                  (2.2) 

where λ is the lasing wavelength, neff is the effective RI and the diameters of the two 

rings are D1 and D2. As long as the difference between the size of the two rings remain 

Waveguid

Rin
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Pump 
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small, the FSR can be maintained large enough to suppress the side modes. For example, 

the FSR becomes around 8 nm for the OFRR laser with R6G when the size difference is 

10 µm. Since the width of the gain profile of R6G is 10 to 20 nm, a single mode 

operation becomes possible for such cases. A significant advantage of this approach is 

that we can successfully suppress side modes without decreasing the size of the ring 

resonator, since the Q-factor of ring resonator is directly affected by the size. 
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2.3   Fabrication and experiments 
 

 

Figure 2.4 Flow chart of device fabrication. 
 

The device is produced in PDMS by replica molding process as in Fig. 2.4.(74-76) 

The master mold is first fabricated on a silicon wafer by photolithography and reactive 

ion etching. The silicon wafer is first spincoated with a photoresist (PR) SPR 220 at the 

thickness of 3 µm. The wafer is then exposed with UV light under a chrome mask 

consists of the ring resonator and the waveguide patterns. After developing the PR, the 
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Figure 2.5 (a) Schematic of a coupled OFRR laser. The arrows inside the ring resonator 

show the light propagation direction. (b) Microscopic image of the two ring 
resonators and the waveguide formed on the PDMS substrate. The diameter 
of the upper (lower) ring is 290 (300) µm. The gap between the lower ring 
and the waveguide and between the two rings is 2 µm and 1 µm, respectively. 
The two rings are filled with dye dissolved in TEG, whereas the waveguide is 
filled with TEG alone. (c) SEM image of the 1 µm gap between the two rings. 
(d) Photograph of the coupled OFRR during laser operation. The laser 
emission is coupled into the liquid waveguide and collected at its distal end. 
Dashed lines show the waveguide position. 

 

wafer is etched by the deep reactive ion etching (DRIE) for the intended depth of 15 

µm.(77) Remaining PR is removed by PR-remover. The wafer is then vacuum-coated 

with trichlorosilane and subsequently coated with uncured PDMS. Finally, the PDMS is 

cured at room temperature for 48 hours before it is peeled off from the wafer and treated 

with O2 plasma. The resulting circular and straight liquid channels are shown in Fig. 

2.5(b) and (c), which are 40 µm in width and 10 µm in depth. The two ring resonators 

(the lower ring and the straight waveguide) are separated by a 1 µm (2 µm) PDMS gap, 

respectively. Consequently, they are optically coupled but physically disconnected. 

During the experiment, dye dissolved in tetraethylene glycol (TEG) is introduced into the 

two OFRRs, whereas the waveguide is filled with TEG alone. Since the refractive index 

100 µm

(b) (c)(a)

Waveguide
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Pump

Pump

Laser emission
Liquid waveguide
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(RI) of TEG (1.456) is larger than that of PDMS (1.42), light is confined in the gain 

medium and the liquid waveguide. The coupled OFRR is uniformly pumped by a 5 ns 

pulsed optical parametric oscillator at 532 nm, as illustrated in Fig. 2.5(a) and (d). The 

lasing emission is coupled into the liquid waveguide near the lower OFRR and detected 

at its distal end by a spectrometer (Horiba iHR550, resolution 0.06 nm). 
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2.4   Results and discussion 

2.4.1 Lasing characteristics 

 

Figure 2.6 (a) Lasing spectra of the coupled OFRR laser described in Fig. 2.1(b) at 
various pump energy densities. Curves are vertically shifted for clarity. (b) 
Intensity of the laser emission at 569.9 nm as a function of the pump energy 
density. The lasing threshold is approximately 6 µJ/mm2. Inset: lasing 
spectrum when the pump energy density is 14.3 µJ/mm2. (c) Intensity of the 
laser emission from a single OFRR of 300 µm in diameter. The lasing 
threshold is 3.3 µJ/mm2. Inset: lasing spectrum when the pump energy 
density is 6.9 µJ/mm2. (d) Lasing spectra of the coupled OFRR laser when 
the two rings are in contact (contact region=19 µm). Curves are vertically 
shifted for clarity. 2 mM R6G is used in the experiments. 

 

The lasing spectra of the coupled OFRR filled with 2 mM R6G at various pump 

energy densities are plotted in Fig. 2.6(a). At the lowest pump energy density, the single 

mode lasing emission occurs at 577.3 nm, whose lasing threshold is about 3 µJ/mm2. As 

565 570 575
103

104

105

 

 

0 2 4 6 8 10 12 14 16
0

10000
20000
30000
40000
50000
60000
70000

 

 

555 560 565 570 575 580 585

103

104

105

106

0 1 2 3 4 5 6 7 8
0

2500

5000

7500

10000

12500

15000

(a)

(b)

Wavelength (nm)

In
te

ns
ity

 (c
ou

nt
s)

In
te

ns
ity

 (c
ou

nt
s)

Energy density (µJ/mm2)

In
te

ns
ity

 (c
ou

nt
s)

Wavelength (nm)
560 565 570 575 580
0

10000
20000
30000
40000
50000
60000
70000

 

 

In
te

ns
ity

 (c
ou

nt
s)

Wavelength (nm)

(d)

560 565 570 575 5800

2000

4000

6000

8000

10000

(c)In
te

ns
ity

 (c
ou

nt
s)

Energy density (µJ/mm2)

Wavelength (nm)

In
te

ns
ity

 (c
ou

nt
s)

14.3 µJ/mm2

10.2 µJ/mm2

8.5 µJ/mm2

5.6 µJ/mm2

4.3 µJ/mm2

5.5 µJ/mm2

7.0 µJ/mm2

9.6 µJ/mm2

15.2 µJ/mm2



17 
 

the pump energy density increases, another strong mode emerges at 569.9 nm. These two 

modes result from the Vernier effect. In fact, the 7.4 nm spectral separation agrees well 

with the FSR calculated based on the Eq. 2.2, where λ (=575 nm), neff (=1.456), D1 (=300 

µm), and D2 (=290 µm) are the lasing wavelength, the effective RI of the ring resonator, 

and the ring diameters, respectively. When the pump energy density continues to increase, 

the lasing at the Vernier mode at 577.3 nm diminishes whereas the strong and robust 

single mode lasing is sustained at another Vernier mode at 569.9 nm. This blue shift of 

the mode is attributed to the gain profile change under high pump intensities, as described 

earlier. The linewidth of this 569.9 nm mode is approximately 0.06 nm, limited by the 

spectrometer resolution. The corresponding lasing threshold curve is plotted in Fig. 2.6(b) 

with the lasing threshold of approximately 6 µJ/mm2. For comparison, the spectrum from 

a single OFRR laser (lower ring alone) is depicted in the inset of Fig. 2.6(c), showing the 

typical multi-mode lasing emission, which further confirms the Vernier effect on the 

single mode lasing operation. The lasing threshold in Fig. 2.6(c) is approximately 3.3 

µJ/mm2. 
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2.4.2 Theoretical study 

 

 

 

Figure 2.7 Coupling coefficient between the modes of the OFRRs described in Fig. 2.3. 
 

Coupling between the two OFRRs plays an important role in obtaining the single 

mode lasing through the Vernier effect. Whereas inefficient coupling results in 

insufficient optical feedback provided by one ring to another, excessive coupling 

broadens the resonance linewidth (or decreases the Q-factor) of each OFRR. Both lead to 

degradation in side mode suppression. The coupling coefficient between the two OFRRs, 

κ, can be calculated by the coupled mode theory.(30, 78, 79) Fig. 2.7 presents the 

coupling coefficients among the first three orders of the modes in the coupled OFRR in 

Fig. 2.5 (b). The coupling related Q-factor, given by neffπ2D/λκ2, should exceed 108. 

Similarly, we calculate the total coupling coefficient between the lower OFRR and the 

waveguide (i.e., total fractional loss per round trip of the lower OFRR) to be on the order 

of 10-3, corresponding to a Q ~7x106. Therefore, based on the Q-factor (~ 5000) 

experimentally observed in a single PDMS based OFRR in our previous studies,(70) we 
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infer that each ring in the current coupled OFRR system should have a similar Q-factor 

(~ 5000), which provides sufficient side mode suppression to achieve single mode 

operation, as shown in Fig. 2.5 (a). 

In contrast, in Fig. 2.5 (d), the two rings are in contact with the width of the 

connected region of about 19 µm. In this case, the Q-factor of the OFRR is significantly 

spoiled due to the excessive coupling loss between the two rings. As a result, although 

the Vernier effect is still present (as evidenced by the clustered peaks separated by about 

6 nm), it fails to completely suppress the side modes, leading to the emergence of well-

spaced lasing modes that are modulated by the Vernier modes. The distance of the two 

adjacent modes is 0.235 nm, corresponding to the FSR of the 300 µm diameter OFRR. 

Although the coupled mode theory becomes invalid for us to calculate the coupling 

related Q-factor, it is estimated to be approximately 500 based on the Vernier mode 

profile in Fig. 2.5 (d). This Q-factor value is close to what was observed previously, in 

which the ring resonator has a similar contact region with a waveguide. 
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2.4.3   Size independence 

 

Figure 2.8 (a) Lasing spectrum from a coupled OFRR (190 µm and 200 µm in diameter, 
respectively). The gap between the lower ring and the waveguide and 
between the two rings is 2 µm and 1 µm, respectively. (b)  Lasing spectrum 
from a single OFRR (200 µm in diameter). Gain medium is 2 mM R6G in 
TEG. 
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While the coupling between the two OFRRs affects the single mode operation of 

the OFRR laser, the size of the OFRRs does not deteriorate the properties of the lasing. 

As illustrated in Fig. 2.8(a), the single mode lasing can be achieved in the coupled OFRR 

with the respective diameter of 190 µm and 200 µm. According to the coupled mode 

theory, the coupling related loss is still negligible. As a result, the Q-factor of the OFRR 

(still a few thousand) is sufficient to suppress the side modes. Once again, in order to 

verify the Vernier effect, Fig. 2.8(b) shows the multi-mode lasing from the lower OFRR 

alone in the absence of the upper OFRR.  
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2.4.4   Wavelength tunability 

 
Figure 2.9 (a) Lasing spectra of the coupled OFRR laser described in Fig. 1(b) when the 

RI of 2 mM R6G solvent is varied by adding methanol to TEG. Inset: lasing 
wavelength as a function of solvent RI. (b) Lasing spectrum from 2 mM LDS 
722 in TEG. 
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Since the lasing wavelength of the coupled OFRR laser is determined by the 

common resonant mode in the two OFRRs, the lasing wavelength can be tuned by 

changing the RI of the gain medium according to ∆λ/λ=∆neff/neff, where ∆λ and ∆neff are 

the resonance wavelength change and the effective RI change, respectively. Since ∆neff 

and neff are nearly the same for both OFRRs the common mode in both OFRRs can be 

tuned synchronously to ensure the single mode lasing over a broad spectral range. Fig. 

2.9(a) shows such wavelength tuning by dissolving 2 mM R6G into the mixture of TEG 

and methanol (RI=1.36) whose RI can be varied by the proportion of methanol and TEG. 

As depicted in the inset of Fig. 2.9(a), the lasing wavelength clearly shows a linear 

relationship with the RI. To tune the lasing wavelength over an even large spectral range, 

a different dye solution can be injected to the same coupled OFRR structure. Fig. 2.9(b) 

shows the single mode lasing at 741.6 nm from the coupled OFRR using 2 mM LDS 722 

in TEG. 
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2.4   Conclusion 
 

In summary, we have experimentally demonstrated the single mode lasing from 

the coupled OFRR via the Vernier effect. The single mode operation is stable even under 

high pump energy density. It is not affected by the size of the laser cavity or the gain 

medium used, thus allowing us to use different sizes of the OFRRs for optimal lasing 

performance and to tune the lasing wavelength over various spectral ranges. Our study 

further shows that coupling between the OFRRs plays an important role in achieving the 

single mode lasing. Excessive coupling may spoil the Q-factor and result in incomplete 

side mode suppression. The tunable single mode lasing, low lasing threshold, cost-

effective mass production, and the capability of coupling the lasing emission into a liquid 

channel make the PDMS based OFRR system a highly competitive technology in the 

development of optofluidic lasers and lab-on-a-chip devices. 
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Chapter III 

A Quasi-droplet Optofluidic Ring Resonator Laser Utilizing a 
Micro-bubble

 
 

Optofluidic ring resonator lasers based on micro-bubbles filled with liquid gain 

medium are demonstrated. Due to the sub-micron wall thickness of the micro-bubble, 

significant amount of the electric field resides inside the liquid. Consequently, micro-

bubbles mimic the droplets in air that have 3-dimensional optical confinement, extremely 

high Q-factors, and versatility in handling liquids of different refractive index. 

Furthermore, they enable repetitive interrogation and easy directional laser emission out-

coupling without evaporation or size/shape variations. The laser using Rhodamine 6G in 

methanol is achieved with a threshold of 300 nJ/mm2 and 5.3 µJ/mm2 for 1 mM and 10 

µM in concentration, respectively. 

 
 
3.1   Introduction 
 

Micro-droplets naturally integrate liquid and optical ring resonator, and thus are 

of great interest in the development of optofluidic devices, particularly, optofluidic 

lasers.(6, 20, 23) The micro-droplet supports the whispering gallery modes (WGMs), 

which circulate along the droplet surface and provide optical feedback for the gain 

medium dissolved in the droplet to lase.(20, 80, 81) Micro-droplet lasers have been 
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studied in 1980’s and 1990’s using free-falling or levitated droplets.(20, 82, 83) and 

recently using those formed on an ultra-hydrophobic surface.(65, 84, 85) They exhibit 

low lasing thresholds due to their extremely high Q-factors resulting from the smooth 

liquid-air interface and 3-dimensional light confinement, and are versatile in handling 

different liquids, in particular, water-based ones. However, those droplet lasers suffer 

from rapid liquid evaporation, lack of good control of size and shape, low efficiency of 

out-coupling into a waveguiding components (such as waveguide and optical fiber), and  

bulky droplet generators. These issues significantly hinder the development of the droplet 

lasers into a practically useful device. 

 

 

Figure 3.1 Free-falling microdroplet laser. Reprinted with permission from Ref. (86). 
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More recently, rapid generation of a large number of micro-droplets and 

subsequent demonstration of the corresponding droplet lasers have been achieved using 

microfluidics (such as T-junctions) with two immiscible liquids.(86-88) While those 

designs partially solve the aforementioned problems by miniaturizing the device and 

preventing evaporation of the liquid, new concerns emerge. Since droplets are surrounded 

by the carrier liquid, the refractive index (RI) of the droplet should be larger than that of 

the carrier fluid, which imposes considerable limitations in liquid selection.(86-90) In 

addition, the low RI contrast between the droplet and the carrier liquid significantly 

deteriorates the Q-factor.(86) In particular, for water based droplets (RI ~ 1.33), which 

are important for chemically and biologically related applications,(91-94) the RI contrast 

is too low that no laser emission is observed.(86) In addition, droplet size variation and 

shape deformation due to the perturbations during the droplet generation, and 

composition change due to the gradual mixing with the carrier liquid make the lasing 

characteristics less consistent.(88) Finally, the laser emission collection remains 

inefficient and inconvenient, as only the free-space coupling mechanism can be used. 

In this chapter, we fabricate, characterize, and demonstrate a quasi-droplet 

optofluidic ring resonator (OFRR) laser based on a fused silica micro-bubble with an 

extremely thin wall. The bubble is formed by pressurizing a glass capillary under CO2 

irradiation.(95, 96) The wall thickness as thin as 560 nm is achieved. Consequently, when 

the bubble is filled with liquid, significant amount of the electric field of the WGM 

resides inside the liquid, thus making the composite micro-bubble and liquid system a 

quasi-droplet. The quasi-droplet laser has a number of advantages, as compared to the 

droplet laser discussed previously. (1) It mimics the droplet in air that provides excellent 
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Q-factors and 3-dimensional light confinement; (2) It is as versatile as the droplet in air 

and is capable of handling liquid of any RI; (3) It enables repetitive interrogation without 

any problems in evaporation, size variation, or shape deformation; (4) Its laser emission 

can be easily out-coupled through a waveguide or tapered optical fiber in contact with the 

bubble. 
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3.2   Fabrication 
 

  
Figure 3.2 (a) Illustration of the setup for the micro-bubble fabrication. (b) Microscopic 

image of the micro-bubble made on the pre-etched capillary. The diameters 
of the micro-bubble and the capillary are 240 µm and 100 µm, respectively. 
(c) SEM image of the broken micro-bubble for measuring wall thickness. 
The thickness of the micro-bubble wall near the equator is 560 nm. 

 

The fabrication processes of the micro-bubble are adapted from our previous 

work.(95, 96) First, we pre-etch a fused silica capillary, which has the outer diameter of 

100 µm after conventional drawing,(7, 29) to obtain optimal wall thickness for the micro-

bubble fabrication. After 5% aqueous hydrofluoric acid is flowed through the capillary 

for 2 hours, the wall thickness of the capillary is approximately 4.8 µm. We then connect 

the pre-etched capillary to the rotation stage with epoxy, and the capillary is pressurized 

and rotated under CO2 laser radiation, as illustrated in Fig. 3.2(a). The CO2 laser is tightly 

focused into a spot of a few hundred micrometers in diameter, and a portion of the 

capillary heated by the laser is blown up to form the micro-bubble. Fig. 3.2(b) shows the 

microscopic image of the micro-bubble with an outer diameter of 240 µm. In order to 

characterize the wall thickness, we break the micro-bubble and exam it under a scanning 

electron microscope (SEM). As shown in Fig. 3.2(c), the micro-bubble has a wall as thin 
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as 560 nm at its thinnest part (near the bubble equator). After the micro-bubble is formed 

on the capillary, fluidic channels are built at the both ends of capillary, enabling liquid 

flow through the capillary and micro-bubble as well. Note that using the similar blowing 

technology, the dead-ended micro-bubble has also been demonstrated very recently.(97) 

However, the flow-through structure reported here makes liquid delivery and replacement 

much easier, and is highly compatible with upstream and downstream micro-fluidics.  
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3.3   Theoretical study 
 

 

Figure 3.3 Calculated electric field distribution of the 1st (a, b) and 2nd (c, d) TM WGM 
in the radial direction in the micro-bubble (a, c) and the droplet (b, d). The 
radii of the micro-bubble and the droplet are both 120 µm, and the wall 
thickness of the micro-bubble is 560 nm, as illustrated by solid lines, 
respectively. Wavelength near 590 nm is used in the calculation and the 
micro-bubble is assumed to be a perfect hollow sphere filled with low index 
liquid (RI = 1.33). The electric field is normalized to the corresponding 
intensity peak. 

 

The fraction of energy residing inside the low-index liquid core surrounded by the 

glass WGM resonator increases as the wall thickness decreases.(24) Since the liquid gain 

medium of our quasi-droplet laser is inside the fused silica micro-bubble, the wall should 

be thin enough to push the electric field into the liquid core in order to provide sufficient 

optical feedback for lasing. Fig. 3.3 plots the calculated electric field radial distribution of 

the transverse magnetic (TM) WGM of a micro-bubble filled with low index liquid (RI = 
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1.33) and the corresponding liquid droplet of the same size, respectively. Although for the 

1st order mode, only 9.6% of the WGM resides inside the liquid core in contrast to over 

99% of energy confined in the droplet, the fractional energy inside the liquid becomes 

nearly the same for the 2nd (and higher) order mode (96% vs. 99%), suggesting that the 

micro-bubble is virtually a droplet for those modes. 

The Q-factor of a perfectly shaped micro-bubble resonator filled with the liquid is 

limited mainly by the absorption of the liquid, since the fused silica absorption loss is 

nearly negligible. It can be estimated using a relation Q = 2πn ηαλ⁄ , where n, λ, α, and η 

are the effective refractive index, wavelength, attenuation coefficient of the liquid and the 

fraction of energy residing inside the liquid core, respectively. For methanol (the solvent 

used in our current quasi-droplet laser) and water, α is 5.9×10-4 cm-1 and 0.0035 cm-1 at 

532 nm wavelength, respectively.(98) With η = 0.96, a Q-factor of our laser cavity of 

approximately 108 is achievable. Note that while experimentally such a high Q-factor can 

be characterized more accurately with cavity ring-down spectroscopy in the time 

domain,(99) our previous studies in the spectral domain on the micro-bubble resonator 

fabricated using the same method showed that a Q-factor exceeding 106 can be obtained, 

limited only by resolution of the spectrometer.(95, 96) 
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3.4   Experiments and results 
 

 
Figure 3.4 (a) Lasing spectrum of the quasi-droplet OFRR laser when 1 mM R6G dye 

dissolved in methanol is used as a liquid gain medium. (b) Corresponding 
intensity of the lasing emission as a function of the pump energy density. The 
threshold is approximately 300 nJ/mm2. (c) Lasing spectrum of the same 
when the concentration of the R6G solution is reduced to 10 µM. (d) Lasing 
threshold curve corresponds to (c). The threshold is 5.3 µJ/mm2. Solid lines 
in (b) and (d) are the linear fit for the dye emission below and above the 
lasing threshold. 

 

To investigate lasing characteristics of our laser, we use Rhodamine 6G (R6G) 

dissolved in methanol, which has a RI (= 1.33) similar to that of water, as liquid gain 

medium. Utilizing the fluidic channel connected to the capillary, we flow the R6G 

solution through the micro-bubble with a flow-rate of 0.1 µL/min. The micro-bubble is 

optically pumped by a 5 ns pulsed optical parametric oscillator (OPO) at 532 nm with a 

frequency of 20 Hz. The lasing emission from the micro-bubble is then evanescently 
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coupled out via a tapered optical fiber in contact with the micro-bubble, and sent to a 

spectrometer (Horiba iHR550, resolution of 0.06 nm). 

Fig. 3.4(a) shows the lasing spectrum of the quasi-droplet laser using 1 mM R6G 

solution, when the pump energy density is 2.6 µJ/mm2. In contrast, the previous work 

shows no laser observed for such low RI droplets generated by microfluidics using two 

immiscible liquids due to very low RI contrast.(86) The laser emission ranges from 580 

to 600 nm, similar to what is observed in droplet lasers.(64) The peak intensity of the 

laser as a function of the pump energy density is plotted in Fig. 3.4(b). The curve shows 

that the lasing threshold is approximately 300 nJ/mm2, one order of magnitude lower than 

other optofluidic lasers (usually, a few µJ/mm2), indicative of a high Q-factor of our 

quasi-droplet and strong light-gain medium interaction. Note that, due to the 3-

dimensional light confinement, the number of the lasing peaks from the quasi-droplet 

OFRR laser is lower than that from a conventional micro-capillary based OFRR laser. 

These laser peaks emerge nearly simultaneously, as they have very similar lasing 

thresholds, as discussed previously.(68, 100) When the concentration of R6G solution is 

reduced to 10 µM, we obtain the lasing spectrum as depicted in Fig. 3.3(c), under the 

pump energy density of 7.0 µJ/mm2. Note that the lasing wavelength blue-shifts due to 

the decrease in dye absorption.(68, 100) The corresponding lasing threshold curve is 

shown in Fig. 3.4(d) and shows that the threshold is increased to 5.3 µJ/mm2, as 

expected.(68, 100) 
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Figure 3.5  Lasing spectrum of the quasi-droplet OFRR laser with 1 µM R6G solution. 
 

As low concentrations of dye solution are particularly important for bio/chemical 

sensing and biomedical applications of the OFRR lasers, we further decrease the R6G 

concentration. Fig. 3.5 shows that the laser emission can still be achieved even with 1 µΜ 

R6G solution. The corresponding lasing threshold is estimated to be approximately 20 

µJ/mm2. 
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Figure 3.6 (a) Lasing spectrum of the quasi-droplet OFRR laser when 1 mM LDS722 

dye dissolved in methanol is flowed through the micro-bubble. The pump 
energy density is 0.81 µJ/mm2. (b) Corresponding threshold curve. The 
threshold is 0.52 µJ/mm2. (c) Lasing spectrum of the same when 1 mM R6G 
dye dissolved in quinoline is flowed through the micro-bubble. The pump 
energy density is 2.7 µJ/mm2. (d) Corresponding threshold curve. The 
threshold is approximately 400 nJ/mm2. Solid lines in (b) and (d) are the 
linear fit for the dye emission below and above the lasing threshold. 

 

Since our quasi-droplet laser has an advantage in liquid delivery, the dye solution 

filling out the micro-bubble can be easily replaced, which enables tuning of the lasing 

wavelength. As we switch the dye from R6G to LDS722, we are able to obtain the lasing 

emission using the same external pump source (532 nm). The corresponding lasing 

wavelength ranges from 700 to 750 nm, 150 nm longer than the R6G laser, as indicated 

in Fig. 3.6(a). The lasing threshold curve of 1 mM LDS722 laser is shown in Fig. 3.6(b), 

and the threshold of 0.52 µJ/mm2 is obtained. 
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Moreover, the quasi-droplet laser mimics the droplet in the air, thus it can handle 

the liquid gain medium of any RI, as expected previously. Fig. 3.6(c) presents the lasing 

spectrum of the quasi-droplet laser when quinoline (RI ~ 1.626, larger than the RI of the 

wall) is used as a solvent to dissolve 1 mM R6G. The corresponding threshold is 

approximately 400 nJ/mm2. Both the spectrum and the threshold are similar to those of 

the methanol laser with the same dye concentration [see Fig. 3.4(a) and (b)], suggesting 

that the fraction of the WGM interacting with the gain medium is similar, despite large RI 

difference between quinolone and methanol. 
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3.5 Discussion 
 

In conclusion, we have demonstrated a quasi-droplet OFRR laser utilizing a fused 

silica micro-bubble fabricated on the capillary by CO2 laser heating and blowing. The 

laser shows a very low lasing threshold due to a high Q-factor and strong light-matter 

interaction of the micro-bubble. Lasing is also achieved for a dye concentration as low as 

1 µM. The lasing wavelength can be easily tuned by replacing the dye solution flowing 

through the micro-bubble. Furthermore, our quasi-droplet laser can utilize a dye solution 

with any RI as liquid gain medium, thanks to an extremely thin wall thickness of the 

micro-bubble. Finally, the quasi-droplet laser can be directionally out-coupled into a 

waveguide or fiber and can be interrogated repetitively, thus overcoming the problems 

associated with the free-falling droplets or the droplets generated via immiscible 

solutions. We envision that the quasi-droplet laser presented in this Letter will lead to a 

highly versatile technology for micro-total analysis systems and optofluidic light sources.  
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Chapter IV 

Versatile Optofluidic Ring Resonator Lasers based on 
Microdroplets 

 
 

We develop a novel nL-sized microdroplet laser based on the capillary optofluidic 

ring resonator (OFRR). The microdroplet is generated in a microfluidic channel using 

two immiscible fluids and is subsequently delivered to the capillary OFRR downstream. 

Despite the presence of the high refractive index (RI) carrier fluid, the lasing emission 

can still be achieved for the droplet formed by low RI solution. The lasing threshold of 

1.54 µJ/mm2 is achieved, >6 times lower than the state-of-the-art, thanks to the high Q-

factor of the OFRR. Furthermore, the lasing emission can be conveniently coupled into 

an optical fiber. Finally, tuning of the lasing wavelength is achieved via highly efficient 

fluorescence resonance energy transfer processes by merging two different dye droplets 

in the microfluidic channel. Versatility combined with improved lasing characteristics 

makes our OFRR droplet laser an attractive platform for high performance optofluidic 

lasers and bio/chemical sensing with small sample volumes. 

 
 
4.1 Introduction 
 

Despite the nL-sized cavity volumes of optofluidic laser devices, the actual 

consumption of samples (such as gain media or biological/chemical analytes) is quite 

large, since a continuous flow of liquid is used. As a result, a large fraction of samples is 
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wasted and the full potential of the optofluidic laser is not realized. Particularly, in the 

case where samples are very expensive or extremely low in abundance (such as in 

biological applications), utility of optofluidic lasers may be significantly hindered by the 

high cost associated with the sample consumption. 

 

Figure 4.1 Microdroplet lasers inside a microfluidics channel. Reprinted with permission 
from Ref. (87). 

 

Microdroplets have been investigated for years for biological/chemical sample 

delivery, analysis, and manipulation. (91, 92, 101) They naturally form liquid reaction 
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chambers of extremely low volumes (pL-nL). Moreover, using mature microfluidic 

technologies, microdroplets can be generated and stored in a large quantity, and can be 

manipulated (merged and split) individually on-demand. Introduction of microdroplets 

will render the optofluidic laser the highly desirable capabilities in sample delivery, 

manipulation, and controlled biological/chemical reaction. 

Historically, the investigation of microdroplet lasers can be dated back in 1980’s, 

when the free-falling or levitated droplets are used.(20) Recently, a few studies have been 

carried out on the microdroplet lasers inside a microfluidic channel using two immiscible 

liquids. For example, Tanyeri et al. obtained laser emission from a microdroplet of liquid 

dye surrounded by a low refractive index (RI) carrier fluid.(86) In this case, the droplet 

forms a ring resonator and supports the whispering gallery mode (WGM) that circulates 

along the droplet surface to provide the optical feedback. Similarly, through the T-

junction microfluidics, rapid generation of the microdroplets and subsequent 

demonstration of laser emission are achieved, allowing for fast switching of the laser 

wavelength up to kilo-Hz (87). However, in the above designs, a few serious drawbacks 

still exist. First, the droplet is required to have a higher RI than the carrier fluid and no 

laser emission can be achieved for the droplet of lower RI (86, 87). Such requirement 

significantly limits the selection of the droplet liquid and the carrier fluid. In particular, 

for most biological applications, samples need to be the aqueous phase (RI = 1.33). 

Finding an immiscible carrier fluid with an RI sufficiently lower than that of water, 

would be very challenging. Second, the laser emission from those droplets can be 

collected only through scattering, thus greatly impairing the light detection efficiency. 

Third, the lasing spectrum may fluctuate due to the droplet size variations. Very recently, 
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laser emission from microdroplets in combination with an FP cavity is realized (19). This 

design employs the metal-coated facets of two optical fibers placed inside the 

microfluidic channel to form an FP cavity. It is capable of handling droplets of any RI 

and of coupling the droplet laser emission into the optical fiber with high efficiency. 

Consistent lasing spectrum can be obtained, as the cavity does not depend on the droplet 

size. However, due to the low Q-factor of the FP cavity, such a device usually has a high 

lasing threshold. 

In this chapter, we investigate a novel nL-sized optofluidic laser scheme utilizing 

the capillary based OFRR that is connected to the upstream microdroplet generator (see 

Fig. 1). The OFRR consists of a thin-walled glass capillary. When the capillary is filled 

with solution, the circular cross section of the OFRR forms the ring resonator. The WGM 

circulates along the OFRR circumference and has the electric field present in both the 

liquid solution and the solid wall (102), thus providing the optical feedback for the gain 

medium flowing inside the capillary. The capillary based OFRR has a number of highly 

desirable features that overcome the aforementioned issues associated with other droplet 

lasers. First, it retains the advantage of the small sample volumes (~ nL) of the droplet. 

The OFRR cavity volume is on the order of only 1-10 nL. A single droplet can fill the 

entire cavity easily. Second, the lasing of the dye solution can be achieved regardless of 

the solution RI, even in the presence of the high RI carrier fluid (100, 102). Third, the 

lasing emission can be out-coupled efficiently into a waveguiding component (such as a 

waveguide or tapered optical fiber) in contact with the OFRR (71, 100, 102). Fourth, due 

to the high Q-factor of the OFRR (7, 93), a much lower lasing threshold can be obtained. 

Fifth, since the microdroplets utilize a solid-state OFRR cavity, it is free from the size 
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and shape variation, resulting in consistent lasing characteristics. Last, thanks to the 

nature of the capillary, the OFRR is highly compatible with the upstream and 

downstream microfluidics, thus providing convenient in-line sample analysis capability 

without interruption of the droplet flow. We first fabricate and characterize the droplet 

OFRR laser, and then show the lasing emission can be achieved with the low RI solution 

and with a lasing threshold >6 times lower than the state-of-the-art. Finally, we 

demonstrate the capability of the OFRR droplet laser in sample manipulation/analysis 

and in lasing wavelength tuning by merging two droplets containing respectively the 

donor and acceptor dyes.  

 



44 
 

4.2 Experiments 
 

 

Figure 4.2 (a) Schematic of the droplet generating system consisting of a T-junction. The 
carrier fluid is silicone oil. The dye is dissolved methanol. The plastic tubing 
and the OFRR have an inner diameter (ID) of 150 µm and 75 µm, 
respectively. (b) Schematic of the droplet mixing system. (c) Picture of 
Rhodamine 6G droplet series generated inside a plastic tubing. (d) Cross-
sectional view of the OFRR and the laser excitation and out-coupling. 
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The droplet generation system, schematically shown in Fig. 4.2(a), is adapted 

from the work by Trivedi et al. (101). It consists of plastic tubings (Upchurch, P1476, 

inner diameter (ID) = 150 μm) and a T-junction (Upchurch, P-890). The hydrophilic 

phase consists of Rhodamine 6G (R6G) (Exciton Inc.) dissolved in methanol (RI = 1.33). 

The hydrophobic carrier fluid is silicone oil (Dow Corning 200 Fluid, RI = 1.53) with 

viscosity of 10 centistokes. The methanol phase and the carrier fluid are injected by the 

syringe pumps (KD Scientific) at a respective flow rate of Qd = 3 μL/min, and Qo = 10 

μL/min. When continuous liquid flows meet at the T-junction, a series of methanol 

droplets separated by immiscible silicone oil form at a rate of 0.4 Hz. Each droplet is 

approximately 125 nL in volume and fills the entire cross section of the tubing. Fig. 4.2(b) 

illustrates the droplet generation and mixing system, which consists of a second T-

junction downstream. R6G and LDS 722 (Exciton Inc.), both dissolved in methanol, are 

used as Dye 1 and Dye 2, respectively, with a flow rate of 3 μL/min for each. As both 

R6G and LDS 722 have the same solvent (methanol), they can easily mix together and 

form a larger droplet. Fig. 4.2(c) shows, as an example, the picture of a series of R6G 

droplets stored inside a plastic tubing. 

We fabricate the capillary OFRR by the conventional drawing method (7, 29). A 

fused silica capillary with the original ID of 536 µm and the wall thickness of 40 µm is 

mechanically pulled under CO2 laser irradiation. The resultant OFRR is approximately 3 

cm long, 75 µm in ID, and about 7 µm in wall thickness. It can be connected easily to the 

outlet of the plastic tubing, as illustrated in Figs 4.2(a) and (b). Fig. 4.2(d) depicts the 

cross-sectional view of the OFRR. Inside the OFRR, the droplet becomes elongated (due 

to the small inner diameter in comparison with the plastic tubing) and fills the entire 
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cross-section of the OFRR. An optical parametric oscillator (Continuum, 532 nm, 5 ns 

pulse width, 20 Hz repetition rate) is focused on the side of the OFRR. An optical fiber 

taper is in contact with the OFRR and couple the laser emission efficiently into a 

spectrometer (Horiba iHR550, resolution of 0.06 nm) at the distal end. 
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4.3 Results and discussion 

4.3.1 Comparison with conventional OFRR laser 

 

Figure 4.3 (a) Lasing intensity from the micro-droplet flowing through the OFRR as a 
function of pump energy density. 1mM Rhodamine 6G dye dissolved in 
methanol forms the droplet in the carrier fluid, and the micro-droplet gain 
medium is pumped by pulsed laser (532 nm, 20 Hz). The lasing threshold is 
approximately 1.54 µJ/mm2. Inset shows the lasing spectrum when the pump 
energy density is 6.5 µJ/mm2. (b) The lasing threshold curve of a 
conventional continuous flow OFRR laser with the same dye concentration. 
The threshold is 1.25 µJ/mm2, and the lasing signal at the pump energy 
density of 6.2 µJ/mm2 shows similar spectrum with (a), as illustrated in the 
inset. 
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Since the OFRR wall (fused silica) has a higher RI than the dye solution 

(methanol), the majority of the WGM resides inside the wall and only the evanescent 

field of the WGM interacts with the liquid gain medium. Thus, it is imperative that the 

high RI layer of the carrier fluid (silicon oil) sandwiched between the dye solution and 

the OFRR wall be sufficiently thin (less than several micrometers) so that the strong 

WGM-dye interaction can be sustained. Previous studies with the dye droplet surrounded 

by a thick layer of high RI oil show that no lasing emission can be achieved (86, 87). 

Since the OFRR inner surface is hydrophilic, we expect that, in the presence of methanol, 

hydrophobic oil should be expelled away from the OFRR inner surface. As a result, the 

dye solution should fill nearly the entire of the OFRR cross section (see Fig. 4.3(d)). To 

test this, we carry out two experiments. The first experiment is shown in Fig. 4.3(a). 

When the R6G/methanol droplet in the carrier fluid flows through the OFRR, under the 

external excitation the typical multi-mode laser emission ranging from 550 nm to 580 nm 

emerges, which can be out-coupled by a tapered optical fiber in contact with the OFRR 

(see the inset of Fig. 4.3(a)). The lasing threshold, based on the maximum intensity of the 

lasing signal as a function of the pump energy, is measured to be approximately 1.54 

µJ/mm2. The results presented above show that using our OFRR system the droplet lasing 

can be achieved even in the presence of high RI oil and with a much lower lasing 

threshold (>6 times), which represent a significant advance over the droplet laser systems 

previously reported (19, 86, 87). 

As a control experiment, R6G in methanol alone is flowed through the same 

OFRR continuously. The lasing characteristics of the conventional OFRR dye laser are 

presented in Fig. 2(b). It has a similar lasing threshold of 1.25 µJ/mm2, and shows nearly 
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the same lasing spectrum as in our OFRR droplet dye laser. Comparison between the 

results in Figs. 4.3(a) and (b) suggests that, while the exact thickness of the oil layer 

between the dye solution and the OFRR wall is unknown, it must be optically thin (less 

than one wavelength) and the existence of the oil layer (if any) does not alter noticeably 

the interaction between the WGM and the dye. Consequently, the OFRR droplet laser 

should be similar to the continuous flow OFRR laser and a number of advantageous 

characteristics of the OFRR, such as lasing emission with low RI solution, the high Q-

factor (>107 (7, 93)), and the high out-coupling efficiency (>50% (71)), can be kept. 
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4.3.2 Time-discrete laser emission 

 

Figure 4.4 (a) Lasing spectra from the micro-droplet laser as a function of time. As the 
R6G/methanol droplet flows through the capillary OFRR with the gap 
formed with silicon oil, the laser shows pulsed lasing signal at the frequency 
of 0.4 Hz. Note that the signals from the carrier fluid gap between different 
droplets are zero. 

 

As the pump laser is focused only on a small portion of the OFRR, the device 

should exhibit the lasing emission only when the droplet passes through the focusing 

point. Fig. 4.4 plots the lasing signal from the OFRR droplet laser as a function of time, 

when 1 mM R6G droplet and the carrier fluid are flowed through the OFRR. With the 

flow rate of 13 μL/min (Qd = 3 μL/min, Qo = 10 μL/min), the lasing signal at the 

frequency of 0.4 Hz is obtained. It is clearly seen that the lasing signal is observed only 

from the dye droplet and the signals from the carrier fluid gap between two adjacent 
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droplets are virtually zero. Therefore, it is possible to distinguish two different droplets 

by the carrier fluid gap in our system, which is essential for individually analyzing and 

manipulating the droplets. Note that although the tuning frequency reported here is much 

lower that previous studies (19, 87), when needed, it can be increased drastically by using 

different microfluidic channel geometries and flow rates. 
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4.3.3 FRET lasing 

 

Figure 4.5 FRET lasing spectra from mixed droplets with various donor/acceptor 
concentrations. R6G and LDS722 are used as the donor and the acceptor, 
respectively. The concentration of the donor is fixed to 1 mM and the 
concentration of the acceptor varies from 0 to 2 mM as indicated. Curves are 
vertically shifted for clarity. The pump energy density is 14.6 µJ/mm2 for all 
cases. As the concentration of the acceptor increases, the donor lasing signal 
around 570 nm wavelength diminishes, and the acceptor lasing signal ranges 
from 700 nm to 740 nm arises. 

 

As discussed earlier, microdroplets serve as an excellent chemical and biological 

reaction chamber and can be manipulated conveniently. The droplet and the OFRR in 

combination will provide powerful capability in sample generation, delivery, processing, 

and in-line analysis. Here, we demonstrate the rapid sample mixing of donor dye (R6G) 

and acceptor dye (LDS722) in two droplets and subsequently achieve the tuning of the 

lasing wavelength through the fluorescence resonance energy transfer (FRET) between 

the donor and the acceptor.(103) The experimental setup is described in Fig. 4.3(b) where 

two different dyes are merged into a single microdroplet by two T-junctions. During the 
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experiment, the LDS722 concentration is varied whereas the R6G concentration remains 

at 1 mM. Since the Förster distance between R6G and LDS722 is about 6.2 nm (104), 

significant energy transfer is expected to occur when LDS722 concentration is above 1 

mM. Fig. 4.5 shows the lasing spectra from merged droplets with various R6G/LDS722 

ratios. In the absence of LDS722, the droplet OFRR laser shows a typical R6G lasing 

signal in the 550 to 580 nm range. With the increased LDS722 concentration, due to the 

FRET process, the lasing emission in the LDS722 range (710 – 740 nm) starts to emerge 

whereas the R6G lasing emission decreases. With 2 mM LDS722 concentration, the 

donor emission is completely suppressed and strong lasing emission from LDS722 is 

observed. While in the above experiment, only 150 nm wavelength tuning is 

demonstrated, larger wavelength tuning is certainly possible by implementing cascade 

energy transfer processes where three or more dyes can be mixed. Note that, due to the 

nature of the droplet, sample mixing is rapid, as evidenced by the decrease (or 

disappearance) of the donor lasing emission and the concomitant emergence of the 

acceptor lasing emission within a few seconds after mixing. 
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4.4 Conclusion 
 

In summary, we demonstrate a novel microfluidic laser that combines 

microdroplets and the capillary based optofluidic ring resonator with a high Q-factor. 

This device has nL-sized sample and cavity volume and is versatile in handling solutions 

of various RIs. In particular, the lasing emission can be obtained even in the presence of 

high RI carrier fluid. A lasing threshold of 1.54 µJ/mm2 is achieved, much lower than the 

state-of-the-art. By mixing two droplets containing respectively the donor dye and 

acceptor dye, we not only demonstrate the OFRR droplet laser’s capability in tuning or 

switching of the lasing wavelength, but also open the door to the potential biosensing 

applications of the OFRR droplet laser (93, 94). 
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Chapter V 

Intracavity DNA Melting Analysis with Optofluidic Lasers 
 
 
 

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 diffcult 

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 
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demonstrated. The intracavity detection developed here will lead to novel optofluidic 

devices that enable rapid and simple analysis of DNAs with very long sequences. 

 

5.1 Introduction 

5.1.1 DNA sequence analysis 
 

For a few decades, considerable efforts have been made to develop DNA 

analyzers, owing to the key role of DNA in the transfer of genetic information.(48, 49) A 

DNA sequence may have a single-base change resulting from biological processes such 

as single point mutation or cytosine methylation. Distinguishing the sequence difference 

at the level of single-base-mismatch in DNAs can provide valuable information for 

disease diagnosis, medicine development, and genomic research.(3, 44, 45, 47, 50, 105, 

106) In particular, it is important to detect and monitor the polymorphism, which is 

caused by mutation, for medical and food diagnosis, environmental control, and 

homeland security. Many technological advances have been made to provide us with the 

tools to analyze single base-mismatch. Most of those technologies utilize fluorescence 

from the dye labeled on a DNA probe, which adds costs and detection processes. 
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5.1.2 Hybridization-based methods 

 

Figure 5.1 (a) Detection of target DNA using Molecular beacon. (b) DNA array on chip. 
Reprinted from Ref. (51, 62) with permission. 

 

As DNA molecules consist of base pairs, DNA sequences can be detected 

utilizing the hybridization of the DNA strands. Fig. 5.1 shows widely used methods 

detecting DNA sequence in interest based on the hybridization.(51, 62) The methods 

usually rely on a fluorescence signal from dye-labeled DNA probes. The target DNA 

modifies distance between the dye and the quencher within the DNA probe with a form 

(a) 

(b) 



58 
 

of molecular beacon, resulting in changes in the fluorescence signal from the sample. 

When DNA probes are immobilized to the substrate in other hand, an optical signal from 

the DNA array chip can be used to monitor hybridization of DNA sequences. As 

compared to an enzyme-based DNA sequence analysis, the hybridization-based methods 

are simple and fast.  

However, the hybridization-based methods include labeling to the DNA probes 

with fluorescent dye molecules, which add cost and complexity to the entire process. 

DNA molecular beacon can analyze sequences only with limited base pairs, since a long 

strand cannot form the molecular beacon. DNA arrays and other optical detection 

methods need immobilization of DNA probes into the substrate which also increase costs. 
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5.1.3 DNA melting analysis 

 

Figure 5.2 (a) Concept of HRM analysis. (b) Discrimination of target and base-
mismatched DNA. 

 

Nucleic acid thermodynamics studies an effect of temperature on the double-

stranded DNA (dsDNA).(42, 43, 50) The dsDNA is bound by a bonding energy of base 
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pair, thus it can be melt down into single-stranded DNA (ssDNA) when thermal energy 

exceeds the bonding energy. 

High resolution melting (HRM) analysis is a newly developed technology for 

analyzing DNA, in particular, after polymerase chain reaction (post-PCR) (107-111), in a 

contamination-free closed-tube manner.(44, 45, 47, 56-61, 112) It is a unique technology 

that relies on intercalating saturation dyes to monitor double-stranded DNA (dsDNA). 

Saturation dye has a very high fluorescence quantum yield in the presence of dsDNA, but 

its quantum yield diminishes when dsDNA becomes single-stranded DNA (ssDNA) at 

relatively high temperature. HRM uses the saturation dye directly and does not require 

any costly labeling processes. Therefore, it is a powerful method to discriminate base-

mismatches. HRM relies on the thermal dynamic difference between the target and the 

single-base-mismatched DNA to distinguish them. As illustrated in Fig. 5.2, 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, dsDNA dissociates into a single-stranded DNA (ssDNA). 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 beacons and 

DNA arrays (51, 54), 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 
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solution without involving surface immobilization of DNA probes. Particularly, in 

contrast to the molecular beacons and DNA arrays that handle only short DNA sequences 

(~20-30 bases), HRM is capable of analyzing DNA sequences of hundreds of bases. 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. HRM has to scan the temperature to 

differentiate the base-mismatch from the target, which makes the overall detection slow. 

In addition, the fluorescence difference between the target DNA and the single-base 

mismatched DNA is small, which affects the HRM’s capability in differentiating 

mismatch. 

In this chapter, we demonstrate a lasing from the saturation dye in the presence of 

dsDNA, and propose a novel technique for rapid and direct detection of the target DNA 

and the base-mismatched DNA. Sample solution containing the saturation dye and the 

probe ssDNA is mixed with different DNA sequences, and is analyzed with a 

downstream optofluidic laser. Clear difference in lasing characteristics from the target 

and the single base mismatched DNA is observed. 
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5.2 Our approach 
 

 

Figure 5.3 (a) Conventional HRM analysis. (b) Idea of DNA melting analysis based on 
laser. 

 

We attempt to amplify the thermodynamic difference using an optical feedback 

provided by a laser cavity as shown in Fig. 5.3. Our scheme involves placing DNA 

(b) 

(a) 
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samples and saturation dyes inside an optofluidic laser cavity for intra-cavity detection. 

Instead of fluorescence, stimulated emission from a laser is used as the sensing signal. 

When temperature varies the laser gain and 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 intra-cavity detection, the small yet intrinsic 

thermal dynamic difference between the target and the single-base mismatched DNA can 

be optically amplified, resulting in orders of magnitude improvement in differential 

signal (the ratio between the fluorescence from the target and 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 

accurately define and precisely determine the DNA transition temperature; (3) In addition 

to temperature ramping as in the conventional melting analysis, the high differential 

signal allows to scan 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 demonstrate this scheme with an optofluidic ring resonator (OFRR). 
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5.3 Theoretical study 
 
5.3.1 Calculation of dsDNA fraction 

 

Γ is the fraction of the saturation dye molecules that contribute to lasing as well as 

fluorescence, and can be presented by: 

Γ = ndsDNA
nT

                                                     (5.1) 

where nT is the total concentration of the dye and ndsDNA is the concentration of the dye 

that binds to dsDNA, which is proportional to the dsDNA concentration. To determine 

the concentration of the dsDNA formed from ssDNAs, the hybridization reaction is first 

expressed by: 

[ssDNA1] + [ssDNA2] ↔ [dsDNA],                               (5.2) 

while the equilibrium constant Kd for this reaction can be obtained by: 

Kd = [dsDNA]
[ssDNA1][ssDNA2]

.                                             (5.3) 

According to thermodynamics,(42, 43) the relation between the binding energy (change 

in Gibbs free energy), ΔG, and Kd is 

ΔG = −RT ln Kd                                                  (5.4) 

where R is the ideal gas constant and T is temperature. 

Assuming that there is same number of the ssDNA1 and the ssDNA2; 

[ssDNA1] = [ssDNA2],                                            (5.5) 

and the total number of ssDNA copies remains same through the reaction (as same as our 

experimental conditions); 

[dsDNA] = 1-[ssDNA1] = 1-[ssDNA2],                               (5.6) 

Γ can be obtained by combining (5.1), (5.3) and (5.4): 
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Γ = 1 − �e
ΔG
RT

2
�−1 + �1 + 4e−

ΔG
RT��.                                     (5.7) 

On the other hand, ΔG can be calculated by nearest neighbor method.(113) ΔG is 

given by: 

ΔG0(total) = ΔHtotal
0 − TΔStotal0 ,                                       (5.8) 

where enthalpic, ΔH, and entropic, ΔS, parameters can be determined for the ten possible 

base pair patterns given in Table 5.2.(113) As the DNA sequences of our 21, 40 and 100 

bases-long DNAs are given in Table 5.1, ΔG can be calculated and plugged into Eq. 5.7 

to calculate Γ as a function of temperature. Γ obtained here can be directly used in our 

calculations for the laser thresholds, outputs and fluorescence signals. 
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Table 5.1 DNA sequences used in the calculations/experiments 

Length of 

DNAs 

Sample Description Sequence (Red character denotes intentional base 

mismatch.) 

21 bases Target 5’-ACA ACA AAG AAC ATA CAT AGG-3’ 
5’-CCT ATG TAT GTT CTT TGT TGT-3’ 

Mismatch 5’-ACA ACA AAG AAC ATA CAT AGG-3’ 
5’-CCT ATG TAT ATT CTT TGT TGT-3’ 

40 bases Target 5’-ACA ACA AAG AAC AAA TAT ACA TAT ATG 
ATA TAA CAA CAA A-3’ 
5’-TTT GTT GTT ATA TCA TAT ATG TAT ATT 
TGT TCT TTG TTG T-3’ 

Mismatch 5’-ACA ACA AAG AAC AAA TAT ACA TAT ATG 
ATA TAA CAA CAA A-3’ 
5’-TTT GTT GTT ATA TCA TAT ATA TAT ATT 
TGT TCT TTG TTG T-3’ 

100 bases Target 5’-AAA AAC AAA AAA CAA AAA AAA CAA AAA 
AAA AAC AAA AAA AAA AAA AAA ACA AAA 
AAA AAA AAC AAA AAA CAA AAA CAA AAA 
AAA AAA CAA AAA CAA AAA A-3’ 
5’-TTT TTT GTT TTT GTT TTT TTT TTT GTT TTT 
GTT TTT TGT TTT TTT TTT TTG TTT TTT TTT 
TTT TTT TGT TTT TTT TTT GTT TTT TTT GTT 
TTT TGT TTT T-3’ 

Mismatch 5’-AAA AAC AAA AAA CAA AAA AAA CAA AAA 
AAA AAC AAA AAA AAA AAA AAA ACA AAA 
AAA AAA AAC AAA AAA CAA AAA CAA AAA 
AAA AAA CAA AAA CAA AAA A-3’ 
5’-TTT TTT GTT TTT GTT TTT TTT TTT GTT TTT 
GTT TTT TGT TTT TTT TTT TTA TTT TTT TTT 
TTT TTT TGT TTT TTT TTT GTT TTT TTT GTT 
TTT TGT TTT T-3’ 
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Table 5.2 Nearest-neighbor parameters for base pair patterns 

Nearest-neighbor sequence 
(5'-3'/3'-5') ΔH° (kJ/mol) ΔS° (J/(mol·K)) 

AA/TT -33.1 -92.9 

AT/TA -30.1 -85.4 

TA/AT -30.1 -89.1 

CA/GT -35.6 -95.0 

GT/CA -35.1 -93.7 

CT/GA -32.6 -87.9 

GA/CT -34.3 -92.9 

CG/GC -44.4 -113.8 

GC/CG -41.0 -102.1 

GG/CC -33.5 -83.3 

Terminal A-T base pair 9.6 17.2 

Terminal G-C base pair 0.4 -11.7 
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5.3.2 Laser threshold and output 
 

According to the laser theory (114), the lasing threshold, Ith, is determined by: 

,
γ

γ
−Γ

=thI                                                    (5.9) 

where g 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).(6, 62, 68, 

100) Γ is the fraction of the dye molecules that contribute to the lasing, i.e.: 

,
T

dsDNA

n
n

=Γ                           (5.10) 

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: 

],[][ ssDNAdsDNA
dK

⇔                        (5.11) 

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. Detailed calculation of Γ is described in the previous chapter. 

For the laser output intensity, it is linearly proportional to the external pump energy level, 

Ipump, above the lasing threshold, i.e.: 

.1)1()1( −−
Γ

×=−∝
γpump

th

pump
output I

I
I

I                              (5.12) 
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Through Eq. (5.9)-(5.12), we can gain insight into how the optofluidic laser can 

be controlled by DNA thermodynamics. Note that Γ also reflects the fluorescence 

intensity from the dye in the conventional DNA melting analysis, i.e., 

 .Γ∝outputI                            (5.13) 

Eqs. (5.12) and (5.13) allow us to compare the melting curves obtained with the 

intra-cavity detection and the conventional fluorescence method, respectively. 

 

 

Figure 5.4 Lasing threshold calculated for the target and the single-base-mismatched 
DNA with 21, 40, 100 and 500 bases. γ is set to be 0.8. 
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Fig. 5.4 shows the calculated lasing thresholds for the target DNA of 21, 40, 100 

and 500 bases long and their single-base-mismatched counterparts, as a function of 

temperature (see Table 5.1 in 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 

lasing emission to regular fluorescence with orders of magnitude change in output 

intensity. According to Eqs. (5.9)-(5.13), the target DNA always has a slightly higher 

transition temperature than the mismatched DNA for a given pump energy level, which is 

shown in Fig. 5.4. In addition, when Ipump is sufficiently high, the difference in the 

transition temperature is independent of Ipump, which, in conjunction with the sharp phase 

transition, allows us to accurately determine the transition temperature difference for 

clear distinction between the target and the mismatched DNA, as discussed next. 
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Figure 5.5 Corresponding normalized laser output intensity and fluorescence using eqs 4 
and 5. All the DNA sequences are listed in Table 5.1. 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 75.25 °C  and 
73.52 °C for the 40 bases long target and the single-base mismatch. 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. 

 

 

Fig. 5.5 plots the normalized laser emission and fluorescence emission 

corresponding to the samples used in Fig. 5.4. 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 intensity changes drastically. 
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Figure 5.6 Calculated differential ratios of the laser outputs (red curves) and the 
fluorescence intensities (black curves) from the target and the mismatch: (a) 
40-bases-ling DNAs, (b) 100-bases-long DNAs. Note that the ratio for the 
laser output shows extremely high value near the transition temperature while 
the ratio for the fluorescence remains under 10 and is deteriorated by 
embedded noises. 

 

This cut-off behavior provides an extremely high differential signal. The emission 

ratio between the target and the mismatched DNA is shown in Fig. 5.6. It enables 

accurate determination of the difference in transition temperature in actual experiments. 

Based on Fig. 5.4, the transition temperature difference is approximately 1.73 °C 

obtained with the laser emission, very close to the difference of 1.70 °C in the DNA 

melting temperature calculated with 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 the target and mismatched DNA 

melting curves with the laser emission exhibit appreciable difference at a lower 

temperature at which the melting curves from the conventional method are virtually the 

same, highlighting the underlying optical amplification mechanism of the intra-cavity 

detection. 
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To mimic the actual measurement, the same level of noise is added to both laser 

emission and fluorescence as the instrument noise (such as 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) 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). 

Fig. 5.4 and 5.5 also show the lasing thresholds and the laser/fluorescence 

intensities corresponding to the target and the single-base-mismatched DNA of 21, 100 

and 500 bases long as well. As compared to the 40 bases long DNA, the phase transition 

for longer DNAs occurs at a higher temperature, as expected. While the transition 

temperature differences become smaller, the differential remains the same and is not 

degraded by the noise. It should be emphasized that the theoretical analysis discussed 

here is very generic and the detection principle is applicable to any optofluidic laser 

cavities, such as a ring resonator, Fabry-Perot cavity, and distributed feedback laser 

cavity. 
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5.4 Materials and methods 
 

 
 

Figure 5.7 (a) DNA melting analysis with the saturation dye. The saturation dye has 
strong fluorescence in the presence of double-stranded DNAs (dsDNAs). As 
the temperature increases, dsDNAs melt into single-stranded DNAs. 
Consequently, fluorescence from the saturation dye diminishes. (b) 
Schematic of the glass capillary based optofluidic ring resonator (OFRR) 
laser. The whispering gallery mode (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 from the center part of the 
OFRR, which has no interaction with the WGM. 

 

In this paper, we use the optofluidic ring resonator (OFRR) to demonstrate an 

intra-cavity DNA melting analysis, as illustrated in Fig. 5.7(b). 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 as explained previously. 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. 
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5.4.1 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 (7, 29, 62, 93, 115-117). Briefly, the fused silica capillary with an 

outer diameter and inner diameter of 850 µm and 700 µm, respectively, is wet-etched 

with 5% hydrofluoric acid for 48 hours and pulled under CO2 laser radiation. The outer 

diameter and the wall thickness of the microcapillary after the pulling process are 80 µm 

and 5 µm, respectively. 

 

5.4.2 Sample preparation. 

The linearly structured DNA sequences used in the experiments (the target DNA 

and the single-base-mismatched DNA with 21, 40, and 100 bases long) are given in Table 

5.1. 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 both DNAs and the saturation dye. 

 

5.4.3 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 fused silica 

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 
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energy density is controlled by a neutral density filter. The laser signal and the 

fluorescence emission free-space-coupled into the multi-mode fiber are measured by the 

spectrometer (HR550i, Horiba Jobin Yvon) simultaneously. 
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5.5 Results and discussion 

5.5.1 Laser emission spectra 

 

Figure 5.8 Signature multi-mode lasing emission spectrum for our OFRR based DNA 
laser. The sample solution containing 40-bases-long target DNAs and the 
saturation dye with the concentration of both 250 µM is optically pumped 
inside of the capillary OFRR. The pump energy density is 0.98 mJ/mm2. 
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Figure 5.9 Examples of the lasing spectra for (a) the target DNA and (b) the single-base-
mismatched DNA with 40 bases above and below their respective laser 
transition temperature. The concentration of the DNA and the saturation dye 
are both 250 µM. The pump energy density is 980 µJ/mm2 per pulse. Curves 
are vertically shifted for clarity. The DNA sequences are listed in Table 5.1. 

 

Figure 5.8 and 5.9 present the laser emission spectra from the 40 bases long target 

and the corresponding single-base-mismatched DNA at various temperatures. At low 
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temperature, all samples show the signature multi-mode lasing emission peaks as in Fig. 

5.8 for a higher resolution laser spectrum. With increased temperature, the laser intensity 

for both the target and the mismatched DNA decreases and eventually disappears, 

indicating a phase transition from laser emission to fluorescence. However, the transition 

temperature for the target is higher than that for the mismatched DNA. For example, the 

laser emission from the target DNA still persists at 53°C (see Fig. 5.9(a)), whereas the 

mismatched DNA shows virtually no lasing signal (see Fig. 5.9(b)). 
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5.5.2 Signal intensity vs temperature 

 

Figure 5.10 Spectrally integrated lasing intensity for the target and the single-base-
mismatched DNA as a function of temperature obtained from Fig. 3 with 
finer temperature increment. The lasing transition, at which point the laser 
signal disappears, occurs at approximately 56°C 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 temperature of 23°C. Error bars are obtained by 5 
measurements. 

 

Fig. 5.10 shows the OFRR laser based DNA melting curves extracted from the 

spectra in Fig. 5.9 with a finer temperature increment. Meanwhile, the fluorescence based 

DNA melting curves are also obtained simultaneously under otherwise the same 

conditions. Overall, both the laser emission and the fluorescence curves agree 
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qualitatively with the respective theoretical predictions. For the fluorescence based 

melting curves, the melting temperature of the target and the mismatched DNA is 72 °C 

and 68 °C, respectively, which is further verified by a commercial DNA melting analysis 

instrument (Chromo4TM CFB-3240G, Bio-rad). In contrast, the laser emission exhibits a 

very sharp transition, with the transition temperature difference of approximately 4 °C. 

The maximal differential signal is over 104 around 53 °C for intra-cavity detection, 

whereas the differential signal is approximately 10 at best and only 1.4 at the melting 

temperature (68 °C) for the conventional detection. Furthermore, the relative noise level 

is dramatically reduced for the laser due to its orders-of-magnitude higher signal intensity. 

Fig. 5.11 shows the differential signal extracted from Fig. 5.10, which agrees 

qualitatively with the theoretical analysis in previous chapter. 
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Figure 5.11 Differential signal for laser output (red curve) and fluorescence intensity 
(black curve) extracted from Fig. 5.10. 
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5.5.3 Signal intensity vs pump energy density 

 

Figure 5.12 (a) Spectrally integrated lasing intensity as a function of pump energy 
density for the target and the single-base-mismatched DNA listed in Table 
5.1, 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 5 measurements. 
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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 the temperature constant. Fig. 5(a) presents the spectrally 

integrated laser intensities for the same target and mismatched DNA used in Figs. 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 such large difference between the signal 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 Fig. 5.12(b) where the pump 

energy density is 1.84 mJ/mm2. The integrated laser intensity for the target is 

approximately 25 times higher than 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 same temperature for the conventional 

fluorescence detection, according to Fig. 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 Fig. 5.13.), while 

conventional melting curve analysis shows virtually no discrimination isothermally. (see 

Fig. 5.14.) 
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Figure 5.13 (a) Spectrally integrated lasing intensity as a function of pump energy 
density for the target and the single-base-mismatched DNA of 21 bases long 
at room temperature. The signal from the target has a lasing threshold of 
approximately 305 µJ/mm2 and shows typical lasing characteristics with a 
high lasing efficiency. The mismatch shows only small lasing signal, even at 
high pump intensities. (b) Representative lasing spectra for the target and the 
mismatch when the pump intensity is 809 µJ/mm2. The integrated lasing 
intensity of the target shows 21.4 times higher than that of the mismatch. The 
curves are vertically shifted for clarity. 
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Figure 5.14 Standard melting curve analysis for 21 bases long DNAs obtained with 
Chromo4TM CFB-3240G (Bio-rad). Note that the target and the mismatch 
show virtually identical fluorescence at room temperature. The details of the 
DNA samples are given in Table 5.1. 
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5.5.4 100 bases long DNA sequences 

 

Figure 5.15 Lasing spectra for (a) the target DNA and (b) the single-base-mismatched 
DNA with 100 bases above and below their respective laser transition 
temperature. Note that the two samples show the transition temperature 
difference of approximately 1°C. The concentration of the DNAs and the 
saturation dye are 250 µM. The pump energy density is 0.8 mJ/mm2 per 
pulse. Curves are shifted vertically. The DNA sequences are listed in Table 
5.1. 

 

We now move to validate the intra-cavity detection principles with longer DNA 

sequences. Fig. 5.15 illustrates the lasing spectra for the target DNA and the single-base-
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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. The transition temperature of the 

target and the mismatch is increased to 57.5°C 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 cut-off phase transition behavior at 57.5°C and 

56.5°C. 
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5.6 Conclusion 
 

In conclusion, we have achieved lasing from the saturation dye and the DNA 

mixture, which can be utilized to differentiate the target DNA and the base-mismatch. 

The target and the mismatch show clearly distinguishable lasing characteristics, thus 

enabling rapid and selective detection of the mismatch. The novel detection method does 

not require complexity such as labeling, and is a highly competitive technology in 

mutation scanning for medical diagnosis and biological researches. 

As a lasing activity from the saturation dye in the presence of dsDNA, we 

uncover possibilities of the OFRR laser as the DNA detecting scheme. Our next goal is to 

discriminate longer DNA sequences from mismatches through modification of 

temperature. The future work will focus on further study of this detection system relying 

on OFRR lasers. The realized system will have several advantages over existing 

genotyping methods: (1) Direct, rapid detection of the DNA can be achieved. Once the 

condition is obtained, each sample can be analyzed with a single shot of laser, which 

takes a few milliseconds. (2) Thanks to the nature of the laser, we can achieve significant 

difference in the signal intensity between the target and the mismatch, compare to 

fluorescence-based methods. (3) Refer to our droplet laser work, the OFRR laser can be 

achieved with the sample volume of down to a few nLs. The concentration of 

DNA/saturation dye we use (150 µM) associated with ~1 nL sample volume gives about 

1011 copies. For the HRM, typically uses sample volume of 50 µL with the DNA 

concentration of a few µM, approximately 1014 copies of PCR amplicons are used in a 

single analysis. 103 times difference gives a reduction of 10 PCR cycles. (4) Lasing signal 

difference occurs in the lower temperature compare to fluorescence. Since the analyzing 
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time is also extremely short, less amount of heating is applied to the sample, which is 

favorable for most biological detecting study. (5) Connecting to upstream/downstream 

optofluidic channel, the detection using the OFRR laser can be operated with not only a 

perishable bio-sample but also living cells/tissues. If the amount of DNA sequences is 

abundant, our system does not require PCR prior to the detecting procedure.  
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Chapter VI 

Summary and Suggestions for Future Work 
 
 

In previous chapters, novel optofluidic ring resonator (OFRR) laser schemes 

resolving problems of existing OFRR lasers are suggested and DNA melting analysis 

utilizing the OFRR laser is demonstrated. A PDMS-based OFRR laser using two 

optically coupled ring resonators in different sizes has addressed an intrinsic multi-mode 

emission of ring resonator laser. The single-wavelength lasing by Vernier effect can be 

tuned by modification of refractive index of the gain medium as well. A micro-bubble 

filled with liquid gain medium mimics the droplets in air that have 3-dimensional optical 

confinement. The quasi-droplet laser based on the micro-bubble shows superior lasing 

characteristics due to its sub-micron thin wall and enables repetitive interrogation and 

easy directional laser emission out-coupling without evaporation or size/shape variations. 

A microdroplet is delivered to the capillary OFRR downstream and a laser emission, 

which can be conveniently coupled into an optical fiber, is achieved. An efficient FRET 

lasing is also demonstrated making the microdroplet an attractive reaction chamber with 

small sample volume. Furthermore, an intracavity DNA melting analysis dramatically 

improves discrimination of optical signals. The laser amplifies thermodynamic difference 

in between the target DNA and the base-mismatched DNA. The OFRR laser based 

detection leads to novel optofluidic devices that enable rapid and simple analysis of DNA 

sequences. 
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6.1 Self-assembled DNA tetrahedral optofluidic lasers 
 

The OFRR lasers developed in this thesis are optically pumped dye-specific lasers, 

which has laser emission determined by dye molecules not by laser cavities. Thus, they 

should be pumped with wavelength tunable light sources according to the dye absorption 

and emission. In most cases, a variation of the external light sources is limited, requiring 

multiple lasing emissions from a single pump laser wavelength. In chapter 5, I 

demonstrated a FRET laser using microdroplets for those purpose, however it requires 

relatively high dye molecule concentration due to short energy transfer radius between 

the donor and the acceptor molecules. 

DNA has unparalleled ability of programmable hybridization through unique base 

pair recognition and is a very powerful material for bottom-up nanofabrication. Indeed, 

DNA nanostructures offer versatile ways for the anchoring of (bio)molecules and 

nanoparticles with high addressability and a nanoscale resolution of 6 nm. Sun et al. 

demonstrated nice works on optofluidic dye laser utilizing FRET via DNA scaffolds, in 

which the donor and acceptor are conjugated with DNA sequences with the 

predetermined donor-to-acceptor distance, ratio, and spatial configuration.(93) Likewise, 

DNA tetrahedral provides an ideal platform for the precise anchoring of dye molecules 

for laser applications. The DNA tetrahedral consists of a FRET pair can precisely control 

the laser characteristics of the OFRR laser and reduce required dye concentration for 

lasing as well. 
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Figure 6.1 Concept of DNA tetrahedral FRET laser. 
 

A laser gain is one of the most important parameters, which determines many 

other laser characteristics such as lasing threshold, efficiency and output power. As 

illustrated in Fig. 6.1, the gain medium of the optofluidic laser consisted of a fluorescence 

resonance energy transfer (FRET) pair, Cy3 (donor) and Cy5 (acceptor), is attached to 

the vertex of the DNA tetrahedron. Cy3 acts as an antenna to collect the excitation light 

and then transfers the energy through FRET for Cy5 to lase. 

In the future, the optofluidic laser consisted of the DNA tetrahedron will further 

be investigated. Optimization of the Cy3 and Cy5 arrangement on the DNA tetrahedron 

will result in a significant improvement in the lasing characteristics such as the lasing 
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threshold, the lasing efficiency and most of all, the molecular concentration. A theoretical 

analysis will be also carried out to elucidate the control and tuning capability of the DNA 

nanostructures. The combination of the aforementioned biological nanoengineering 

concept and the optofluidic laser takes advantage of the self-recognition and self-

assembly capabilities of biomolecules with sub-nanometer accuracy, their well-defined 

structures and stoichiometry, thus enabling the precise control and tuning of the laser 

characteristics at the molecular level. 
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6.2 Optofluidic ring resonator laser with surface gain medium 
 

In chapter 4, microdroplets are utilized as a reaction chamber in nL size revealing 

possibilities of the optofluidic laser in practical applications for bio/chemical sensing. In 

realistic cases, not only volume of the biological sample but also a concentration of 

molecules in interest can be limited. As mentioned previously, the OFRR laser requires 

relatively high dye molecular concentration to its extremely high Q-factor optical cavity. 

Since the OFRR laser to date relies on the evanescent field near the ring resonator surface, 

only a small fraction of the gain medium involves in the optical gain. On the other hand, 

laser schemes other than the OFRR such as Fabry-Perot cavity laser use most of sample 

volume for optical feedback, while they have difficulties in achieving Q-factors 

comparable to that of the OFRR. 

The FRET laser based on DNA scaffolds leads to an idea that the dye molecules 

can be concentrated on the surface of the OFRR with immobilized DNA probes. In that 

case, even a biological sample with limited concentration can achieve enough optical 

gain for laser through the OFRR surface. With the DNA probe labeled with donor 

molecule, a simply switchable OFRR laser with a single-wavelength pump can be 

demonstrated, since the gain medium in the surface can easily be replaced by controlling 

double-strand binding of the DNA scaffolds. Researches in the future may include such 

approaches for decreasing dye molecular concentrations of the OFRR lasers, not only 

from improving already high optical Q-factor of the cavities. 
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