
10 µm

June 2016  www.laserfocusworld.com    Laser Focus World 54

O P T O F L U I D I C S

FRET optofluidic microlasers 

enhance biological sensing
YASIN KARADAG, ALEXANDR JONÁŠ, and ALPER KIRAZ

Biological molecules—proteins or nu-

cleic acids—are commonly studied by 

tagging them with light-emitting fluo-

rescent markers. When two different 

markers with suitable spectral profiles 

are linked to a single molecule of in-

terest, fluorescence resonance energy 

transfer (FRET) between these mark-

ers can serve as a precise ruler for mea-

suring distances within or between the 

molecules with atomic-scale resolution. 

Changes of intramolecular and intermo-

lecular distances then directly report on 

the molecular activity triggered by con-

trolled external stimuli.

Typically, the intensi-

ty of spontaneous FRET 

light emitted from the 

sample is detected and 

evaluated. However, 

the level of the sponta-

neous emission is often 

too low to collect a suf-

ficient amount of pho-

tons. Amplified stimulated emission 

from the sample placed inside an opti-

cal cavity can lead to FRET lasing and, 

subsequently, a significant increase in 

the emission intensity. Because of the 

optical feedback provided by the cav-

ity, a small molecular change induced 

by underlying biological processes is 

significantly amplified, leading to a 

dramatic change in the laser output 

characteristics.

In our research, optofluidic FRET 

lasers are obtained using liquid solu-

tions of fluorescent dyes or quantum 

dots as the gain media placed inside a 

microcavity. Highly 

sensitive amplified 

stimulated emission 

in the microcavity 

with high quality (Q) 

factors leads to up to 

100X enhancement 

in detection sensitivities. By exploiting 

material characteristics and geometri-

cal shapes of liquids, we create minia-

turized light sources embedded direct-

ly on a chip for optimizing biological 

sensing applications.

FRET-based biosensing

Reliable detection and identification of 

biologically relevant molecules present 

in solution in low concentrations, often 

masked by the background of other sim-

ilar molecules, is a task of utmost im-

portance in biomedical analysis, envi-

ronmental monitoring, or fundamental 

research in cell and molecular biology.

To achieve the selectivity needed for 

discriminating between molecules with 

very similar structures, most state-of-

the-art sensors are based on the recog-

nition of the target analyte by its natu-

ral or artificially engineered molecular 

counterpart that binds the analyte with 

high affinity and specificity (e.g., anti-

body and antigen, ligand and receptor, 

or complementary DNA strands).1 Such 

specific interactions between the two 

binding partners can be visualized us-

ing nonradiative FRET between a pair 

of donor and acceptor dye molecules 

displaying sufficient spectral overlap 

that are attached to one or both 

binding partners.

When biomolecules labeled 

with the donor and acceptor dyes 

undergo a conformational change 

or binding/unbinding process, the 

distance between the donor and 

acceptor changes, resulting in a 

Aqueous 

microdroplets located 

on a superhydrophobic 

surface are placed in 

a chamber with a fixed 

relative humidity.

The marriage of liquid-based optical 

microcavities with engineered 

biological gain media using 

fluorescence resonance energy transfer 

(FRET) creates unique miniature lasers 

capable of ultra-sensitive biochemical 

detection.
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change of the emission intensity of optical-

ly pumped donor and acceptor that consti-

tute the FRET sensing signal (see Fig. 1).

While FRET can provide information 

on molecular-scale processes, quanti-

tative changes of the spectral profile of 

spontaneous FRET emission are usual-

ly small (on the order of a few percent). 

Consequently, signal-to-noise ratio of the 

traditional FRET-based detection is rather 

low, making reliable readout of the sens-

ing signal challenging.

Recently, optofluidic lasers have 

emerged as a promising alternative, reme-

diating the problem of noisy signal detec-

tion in convention-

al FRET assays.2 

Optofluidic lasers 

integrate laser gain 

material and opti-

cal microcavities 

into liquid envi-

ronments contained 

within microfluidic 

chips. Analytes un-

der study then form 

the laser active me-

dium located di-

rectly within the 

cavity. Thus, am-

plified lasing emis-

sion rather than ordinary spontaneous 

fluorescence serves as the sensing signal. 

Because of the optical feedback provided 

by the cavity, a small change in the gain 

medium induced by underlying intermo-

lecular interactions is significantly ampli-

fied, leading to a dramatic change in the 

laser output characteristics.3-4

A biosensor based on optofluidic FRET 

lasing can be constructed by placing the 

studied analyte complex labeled with a 

suitable FRET acceptor-donor pair inside 

a laser cavity or, more precisely, within the 

cavity mode volume. Changes in FRET ef-

ficiency brought about by modulation of 

the separation distance between the donor 

and acceptor molecules will then translate 

into modulation of the laser output energy.

Recent research has demonstrated that 

the same change of FRET efficiency can 

result in changes in the lasing emission in-

tensity from the donor and/or the acceptor 

that are orders of magnitude larger than 

those observed in conventional FRET 

based on spontaneous fluorescence.

Furthermore, besides intensity and po-

larization of the emitted light, laser out-

put consists of additional parameters that 

can be monitored and serve as a measure-

ment signal, such as the lasing threshold, 

lasing efficiency, and spatial profile of the 

lasing mode. Therefore, optofluidic FRET 

lasers provide a powerful complementa-

ry technology to analyze minute chang-

es and interactions in biomolecules that 

may otherwise remain indistinguishable 

in the background noise.

Selecting the optimal cavity

Various experimental strategies for cre-

ating optical microcavities for integrat-

ed optofluidic lasers have been proposed 

and tested to date. Most frequently, the 

cavity is formed from a solid material. 

Examples of this approach include min-

iaturized versions of conventional Fabry-

Perot cavities, distributed-feedback grating 

resonators, and optofluidic ring resona-

tors (OFRRs) based on thin-wall capil-

laries that can support whispering gal-

lery modes (WGMs)—spectrally narrow 

optical resonances with extremely high 

Q-factors of around 107 and small mod-

al volumes localized in the proximity of 

the resonator surface.

The OFRR geometry is particular-

ly well suited for optofluidic sensing 

applications, as it allows fast and easy 

exchange of the working fluid within 

the cavity. As a result, it is possible to 

FIGURE 1. In a FRET-based biosensor, when the target molecule 

(denoted by red pentagon) binds to its specific counterpart labeled 

with the FRET donor-acceptor pair, the relative intensity of the 

donor and acceptor fluorescence emission changes as a result of 

conformational change of the receptor induced by analyte binding.
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quickly analyze different samples us-

ing the same experimental system. 

Furthermore, high-Q OFRRs facili-

tate the observation of lasing at com-

paratively low pump powers.

While all the above-described solid 

optical microcavities are fully function-

al, they require microfabrication and/or 

alignment steps that bring additional ex-

perimental challenges to the process of 

creating a working optofluidic sensor. 

In the simplest possible scheme, liquid 

alone—without any additional external 

solid structures—can be used to build 

the resonator. This is possible because 

of the tendency of liquids to minimize 

their surface area by transforming into 

perfectly spherical droplets. Liquid drop-

lets with a refractive index higher than 

that of the surrounding medium (either 

air or another liquid immiscible with the 

droplet liquid) can then serve as alterna-

tive self-assembled ring resonators host-

ing high-Q WGMs.5

In contrast to OFRRs where WGMs 

residing inside the capillary wall inter-

act with the analyte only through eva-

nescent mode coupling, analytes can be 

placed directly into the cavity of a liq-

uid droplet resonator. In this scheme, the 

analyte molecules that are located near 

the droplet surface can interact with the 

peak WGM fields, achieving very strong 

light-matter coupling. Moreover, aqueous 

microdroplets provide natural environ-

mental conditions for biological mole-

cules and live cells, making droplet cavities 

an ideal platform for sensing of biologi-

cal species.

Despite these benefits, droplet-based 

cavities have found limited use in prac-

tical sensing applications to date—most-

ly because of difficulties with controlling 

and stabilizing the size and position of the 

droplets. However, as shown in our ex-

perimental work, the problem of droplet 

stability can be addressed by deposition 

of aqueous aerosol droplets on a super-

hydrophobic surface in an environment 

with controlled relative humidity or by 

suspending the droplets in an immiscible 

host liquid with a sufficient contrast of 

refractive index and confining them with 

the use of optical trapping techniques (see 

Fig. 2). The latter strategy is particular-

ly amenable to integrating droplet-based 

cavities into lab-on-a-chip analytical and 

preparative microsystems.

Fluorescent dyes or 

quantum dots?

Gain media formed by the analyte/re-

ceptor complex of interest linked to suit-

able chromophores (the “color-carrying” 

markers) that serve as the FRET acceptor 

and donor pair represent the crucial com-

ponent of an optofluidic biosensor based 

on FRET lasing.

Fluorescent dyes are the most straight-

forward choice for selecting the FRET 

pair, as they can be attached covalently 

to the analyte and/or its receptor with-

out disturbing the native complex confor-

mation, have large 

emission cross-sec-

tion and quan-

tum yield of fluo-

rescence, and are 

widely available as 

both polar mole-

cules (suitable for 

aqueous environ-

ments) and nonpo-

lar molecules (suit-

able for oil-like 

environments), cov-

ering the whole vis-

ible spectral range 

(see Fig. 3). And be-

cause of their high 

quantum yield, flu-

orescence-based 

gain media do not 

require resonant en-

hancement of the 

excitation light, 

which would have 

FIGURE 3. The lasing spectra are shown for (a) a 15.6 μm diameter 

droplet doped with 1Cy3-3Cy5 and (b) a 16.4 μm diameter droplet 

doped with 3Cy3-1Cy5 self-assembled DNA complexes with identical 

Cy5 concentration of 25 μM. In these systems, Cy3 dye serves as 

the donor and Cy5 dye serves as the acceptor. The insets illustrate 

tetrahedral geometry of the respective DNA-dye complexes.

FIGURE 2. A schematic (a) shows an optofluidic FRET laser based on an aqueous droplet 

microcavity supported by a superhydrophobic surface. Sample FRET lasing spectra (b) from 

surface-supported microdroplets containing R6G (donor)/R700 (acceptor) fluorescent dyes 

are shown in different relative concentrations.
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to be achieved by careful matching of 

the cavity size to the wavelength of the 

optical pump beam.

A disadvantage of fluorescent dyes, 

however, is that they are inherently vul-

nerable to chemical damage because of 

light-induced bleaching, which alters 

the molecule such that eventually it be-

comes unable to fluoresce. Quantum 

dots, which can absorb and emit sev-

eral-orders-of-magnitude-more photons 

before bleaching effects begin, can help 

overcome this limitation and allow for 

significant extension of the sensor oper-

ating lifetime.

Because of their high light-absorption 

capability in the blue and ultraviolet spec-

tral regions, quantum dots can collect ex-

citation light more efficiently, resulting 

in a significantly lower lasing threshold. 

Moreover, quantum dots emitting in dif-

ferent spectral regions can be readily ex-

cited using a single pump beam, allowing 

for parallel sensing of several analytes.

The recent demonstration of lasing in an 

aqueous optofluidic FRET system using 

quantum dots as the donor and Cy5 flu-

orescent dye as the acceptor in the FRET 

pair with incident pump fluence as low 

as 14 µJ/mm2 is an important step on the 

route towards a practical biosensing plat-

form (see Fig. 4).6

Although optofluidic FRET biosensors 

are still in an early stage of development, 

the fundamental proofs-of-principle have 

already been demonstrated, bringing 

them closer to practical applications in 

hospitals, environmental-monitoring sta-

tions, and for countless other applica-

tions as optofluidic technology contin-

ues to advance. 
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FIGURE 4. An experimental setup (a) is shown for optofluidic FRET lasing using OFRR and 

aqueous solution of quantum dots (QDs) and Cy5 fluorescent dye as the gain medium. The 

emission spectra is shown (b) for a QD-Cy5 system (black curves) and Cy5 alone (red curve) 

when pumped optically at 450 nm. For the QD-Cy5 system, FRET lasing is observed upon 

crossing the pump threshold of 14 µJ/mm2. Without QDs, no lasing is observed even at pump 

fluence levels >170 µJ/mm2.
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