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Abstract: Fiber optofluidic laser (FOFL) integrates optical fiber microcavity and microfluidic
channel and provides many unique advantages for sensing applications. FOFLs not only inherit the
advantages of lasers such as high sensitivity, high signal-to-noise ratio, and narrow linewidth, but
also hold the unique features of optical fiber, including ease of integration, high repeatability, and
low cost. With the development of new fiber structures and fabrication technologies, FOFLs become
an important branch of optical fiber sensors, especially for application in biochemical detection. In
this paper, the recent progress on FOFL is reviewed. We focuse mainly on the optical fiber resonators,
gain medium, and the emerging sensing applications. The prospects for FOFL are also discussed. We
believe that the FOFL sensor provides a promising technology for biomedical analysis and
environmental monitoring.
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1. Introduction Also fiber Bragg grating (FBG) sensors have been

successfully commercialized for strain, temperature,

Optical fiber sensors have been widely applied
in a variety of fields, owing to their immunity to
electromagnetic  interference,  capability  for
operation in harsh environments and at ultra-long
distance without power supply, high robustness,
high repeatability, and small cross-sectional size
[1-3]. Fiber optic gyroscope can be treated as a very

successful example of an optical fiber sensor [4].
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and pressure monitoring [5—7]. Distributed optical
fiber sensors have been breaking the ground in many
fields including oil/gas exploration, earthquake
monitoring, safety inspection, and structural health
monitoring [8—11]. Most successes of optical fiber
sensors are for physical parameter sensing and
comparatively, optical fiber biochemical sensing is
still on the way.
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Thanks to the high sensitivity, small size, and
biocompatibility, fiber biochemical sensors have
been explored to monitor biochemical information
such as the refractive index (RI), concentration,
molecular structure, molecular weight, and
interaction between molecules [12—14]. With the
development of advanced fabrication technologies,
different types of fiber gratings, including tilted
FBG and long-period fiber gratings, have been
sensing [15]. The
fiber-optic micro-interferometers such as
Mach-Zehnder (MZ) and Fabry-Perot (FP)

interferometers can achieve very high sensitivity

presented for biochemical

based on phase detection [16]. One of the most
popular sensing principles is to employ the
evanescent wave of the optical fiber to interact with
the surrounding analytes. A number of optical
micro-/nano-fibers or tapered optical fibers have
been designed to enhance these interactions [17].
Also surface plasmonic resonance (SPR) based on
optical fibers have been extensively investigated for
biochemical analysis and have shown ultrahigh
sensitivity [18]. The sensors make it possible to
monitor the kinetics of biomolecule binding in real
time. Benefitted from the rich luminescent materials,
fluorescence based fiber biochemical sensors can
detect through the

principles of fluorescent resonance energy transfer

biochemical information
(FRET), or the detection of intensity, polarization, or
lifetime [19].

Laser-based biochemical sensors can offer a
great enhancement of light-analyte interaction due to
the amplification of optical microcavity and laser
generation process, enabling a high signal-to-noise
ratio and high sensitivity [20-22]. In this paper, we
review the recent progress in fiber optofluidic lasers
(FOFLs) and their applications for biochemical
sensing. A brief overview of the FOFL technological
components, especially the microresonator structure
and gain materials are provided. Typical applications
using FOFLs for biochemical sensing, cell labeling,
and tissue mapping are also given. Finally, we

discuss the future directions of the FOFL

development.

2. Optical feedback in FOFLs

2.1 Fabry-Perot cavity

Fabry-Perot cavities are the most frequently used
optical feedback structures for traditional lasers, due
to their numerous advantages of simple structure and
ease of fabrication. For example, metal or dielectric
films, or even two surfaces with Fresnel reflections
at optical fiber end-face can be used for the
formation of the FP cavity. Figure 1(a) shows the
fiber FP cavity proposed by Zhou et al. [23]. It was
achieved by coating a gold film on the end-faces of
single-mode fibers using a physical vapor deposition
method. Two capillaries served as microfluidic
channels and were used to ensure the alignment of
the end-faces. The lasing wavelength can be tuned
from 564 nm to 581 nm by changing the cavity
length from 3 mm to 20 mm. Employing the easy
mixture property of liquid, Kou et al. [24]
demonstrated a dual-color FOFL by mixing two
kinds of dyes as gain medium. Fast switching of
FOFL was also achieved by the alternation of
different dye droplets in oil flow and exhibited a
single-longitudinal-mode emission [Fig. 1(b)] [25].

The methods for constructing a fiber FP cavity
are similar to those based on reflective mirrors.
However, the small cross-section of fiber makes a
weak adhesion of reflective films, even if an
intermediate adhesion-improving film like titanium
is deposited. Hence, an all-fiber optofluidic laser
was developed by employing the Fresnel reflections
as optical feedback [26]. Even with only 4%
reflection, lasing emission was observed by using
Rhodamine 640 (Rh640) as the gain medium and the
threshold can be less than 1 pJ per single pulse.
Eliminating the coating process makes it simpler and
cost-effective, however, the additional plugs for
withdrawing the liquid results in a complex structure

in the microfluidics part.
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Fig. 1 Schematic diagrams of fiber optofluidic lasers based
on fiber FP cavities: (a) FOFL with the tunable wavelength [23]
and (b) fast switching of FOFL via the alternation of droplets
that contain two different dyes [25].

Fiber FP cavity and optical fiber itself have the
spectral filtering effect, enabling a single-mode laser
emission. By using a single-mode fiber, instead of
the multimode fiber, to deliver the pump laser, the
number of transverse modes can be greatly reduced
[26]. Through shortening the fiber FP cavity length
down to 18 um, a single-mode laser with a full width
at half maximum (FWHM) of 120 pm was
demonstrated [25]. The FWHM of a single-mode
FOFL was further
using the filtering effect of the cross-section

reduced to 53 pm by

of a twin-hole microstructured optical fiber
(MOF) [27].
2.2 Fiber microring resonator

On-chip microring resonators have been

extensively investigated and used for ultrahigh
sensitive detection of a single particle or molecule,
and for the development of compact optical
[28-30]. Different from the
on-chip resonator on a planar substrate, fiber

frequency combs

Photonic Sensors

micro-resonators are based on the microring in the
cross-section of optical fibers. There are many
unique properties of the fiber microring resonators,
including high reproducibility, ease of fabrication,
low cost, and natural integration of microfluidic
channel. The most promising one is the highly
reproducible microrings achieved by the precise
control of geometry during the fiber drawing
process.

2.2.1 Telecom optical fiber

With the fast development of optical fiber
communications, telecom optical fibers have been
mass-produced by commercial fiber draw towers at
a very low cost. During the fiber drawing process,
the surface tension makes the optical fiber form a
round geometry and a smooth surface. The round
outer surface can serve as a microring resonator to
provide optical feedback for lasing and its Q-factor
can be as high as 107 [31]. The Q-factor relies on the
properties of the outer surface, including smoothness,
roundness, and absorption, but regardless of the
axial waveguide properties of the fiber core,
including single- or multimode. There are two main
structures of FOFLs based on telecom optical fibers.
One is by using a gain medium in the bulk solution
and the other is based on a gain layer attached to the
outer surface of the fiber.

The fiber-in-capillary structure was often used
for demonstrating the FOFLs with bulk liquid gain
[32-34]. In this structure, the fiber microring
resonator provides optical feedback and the glass
capillary is used as a microfluidic channel. The
capillary is also helpful to limit the lateral volume of
the bulk gain and consequently to reduce the
fluorescent background.

By using the surface conjugation, Chen et al. [35]
have demonstrated a fiber optofluidic laser with a
single layer of gain molecules (Fig.2). All the gain
molecules can interact with the evanescent wave,
strongly enhancing the light-matter interaction and
further improving the laser efficiency and threshold.
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Compared with bulk gain medium, this kind of
FOFL greatly reduces the number of gain molecules
and thus the

fluorescent background. It is
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Fig. 2 Fiber optofluidic laser based on telecom optical fiber with a single layer of gain molecules [35]: (a) cross-sectional view of
the FOFL in liquid and (b) schematic of the experimental setup. ATT: attenuator; L1/L2/L3: lenses; BS: beam splitter; F: filter;

D: detector.

2.2.2 Hollow optical fiber

Hollow optical fiber (HOF) can serve as a
liquid-core optical ring resonator (LCORR) for
lasing when being filled with liquid gain [Fig.3(a)].
It also acts as a perfect one-dimensional microfluidic
channel withdrawing the liquid into the HOF by the
capillary action.

For the thin-walled HOF, light circulates in the
thin wall of the HOF and interacts with the liquid
gain via evanescent wave [Fig.3(b)] [37]. The laser
emission can be collected by either tapered fiber or
free-space optics. By using an array of tapered fiber,
it is available to collect laser emission from different
sections of the HOF. The Q-factor can reach ~ 10’
which leads to a low threshold [38].

Thick-walled HOF can also be employed for
optofluidic lasers, when the RI of the gain solution
exceeds that of the silica [39]. Total internal

reflections in the inner wall provide optical feedback.

Owing to the strong overlap between the resonant
mode and the gain medium, a low threshold is
achievable by using R6G in quinolone as gain
medium [40].

2.2.3 Microstructured optical fiber

Microstructured optical fiber has air holes in its

cross-section, which can serve as microfluidic

channel for liquid gain. The microstructures provide
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Fig.3 FOFL based on thin-walled hollow optical fiber [37]:
(a) structure of LCORR and (b) experimental setup for FOFL
with fiber taper to evanescently couple out the laser emission.
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a large surface-to-volume ratio for immobilizing
biomolecules to achieve high sensitivity. The
resonance mechanism of MOF-based microcavity
depends on its structure [41-43]. For example,
Li et al. [44] demonstrated a fiber optofluidic laser
based on hollow-core MOF [HC-MOF, Fig.4(a)]. A
370-nm-thick
whispering-gallery-mode (WGM) to provide optical
feedback for lasing [Fig.4(b)]. A low threshold of
185nJ)/pulse was demonstrated by using 3mM R6G

silica microring supported

in ethanol as the gain medium. The microring
resonator embedded in the MOF made the laser
output immune to the perturbation from the ambient
environment, including changes of humidity, or
contamination on the outer surface.

(a) 4 CCD Spectrometer

| | Microring
resonator

Fig.4 FOFL based on a MOF [44]: (a) optical micrograph of
the cross-section of the HC-MOF and (b) simulated light field
distribution of high order mode supported by the dye-filled
HC-MOF.

3. Gain materials

Activated gain materials can provide gain for
optofluidic lasing via stimulated emission. Various
kinds of luminescent materials, including organic
dyes, rare-earth dopants, quantum dots (QDs),
polymer dots, upconversion materials, biomaterials,
and semiconductors, have been demonstrated as gain

Photonic Sensors

medium for lasing at a different wavelength ranging
from ultra-violet (UV) to infrared [45-51]. Most
gain materials can combine with the optical fiber
microresonators discussed in Section 2, and their
emission properties can be tuned by using different
solvents. Here, we introduce organic dyes,
nanocrystals (NCs), and biological gain materials for

fiber optofluidic lasing.
3.1 Organic dyes

Organic dyes have been the most commonly
used gain materials for liquid lasers, due to their
high quantum yield, high brightness, broad spectrum
coverage, low threshold, and low cost. However, the
photobleaching of organic dye is harmful to the
achievement of stable laser output. This adverse
effect could be reduced by using a continuous flow
of dye solution, or decreasing the repetition rate of

the pump laser, even a single-pulse pump.
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Generally, laser dyes are complex organic
compounds containing long chains of conjugated
double bonds, which lead to many vibrational and
rotational levels within a single electronic state [52,
53]. Hence, organic dyes have strong and wide
absorption bands in the UV and visible regions. As
shown in Fig.5(a), upon optical excitation to upper
states ( E, ), the dye molecules rapidly relax to the
bottom of the first-excited single state ( £,) within
picoseconds via non-radiative vibrational relaxation
and then relax back to the ground state (E,) by
emitting a photon via fluorescence on a timescale of
nanoseconds. When the number of dye molecules in
E, is larger than E, (population inversion), the
stimulated emission occurs, thus providing optical
amplification for lasing. The details of the lasing
process using a laser dye were described in [52].
Thanks to the reconfigurability of microfluidics,
dye lasers cover a spectral range of hundreds of
nanometers, making it promising as an on-chip laser
source as well as wavelength multiplexing. The
wavelength of dye lasers can be tuned in several
ways. One is to change the organic dyes directly
[54]. Laser dyes are commercially available with
emission wavelength ranging from UV to
near-infrared (NIR), which are provided by Exciton
Inc., Radiant Dye Laser & Accessories GmbH, etc.
The laser wavelength can be precisely tuned by
adjusting the concentration of the organic dye or
using different types of solvents. For example, using
R6G as a gain medium, the laser emission was tuned
from 560nm to 610nm by changing the solvents of
ethanol, tetracthylene glycol, methanol, and
quinolone [31, 38, 55, 56]. Moon et al. [31]
demonstrated a tunable band of 35 nm by altering
the concentration of R6G in a mixed solvent of
ethanol and ethylene glycol. In addition, the laser
wavelength can be modulated by the optical
property of organic dye, e.g., the reabsorption effect.
By adjusting the cavity length of the fiber FP cavity
from 3mm to 20 mm, the laser wavelength can be
shifted by 18 nm [23]. Similarly, the RI of dye

solution would influence the resonance properties of
the optical fiber microcavities and thus induce the
spectral shift of lasing [57, 58]. Combining with
FRET, the tunability of laser wavelength can be
further enlarged. Gong ef al. [59] achieved a 250nm
wavelength tunability based on microfluidics and
FRET.

Lasing can also be achieved based on dyes
solidified in a film. A thin film with a thickness of
I um — 2 um concentrates the dye molecules in a
which
efficiency and reduces the fluorescence background.

small volume, improves the pumping
In sensing applications, the solid gain medium could
be spatially separated with the biosample to
minimize the undesired effects on biosamples. They
were demonstrated by coating a thin film of the
dye-doped polymer or the conducting polymer itself
either on the inner surface of HOF or on the outer
surface of telecom optical fiber [60—64]. Polymers
including polystyrene, polyvinyl-pyrrolidone, and
poly (benzyl methacrylate) are attractive frame
materials for hosting dyes [61, 65—67].

3.2 Nanocrystals

Nanocrystals, a type of nanomaterials with at
least one-dimension smaller than 100 nm, exhibit
strongly size-dependent optical and electrical
properties [68]. It provides gain for lasing with the
principle of quantum traps. For the QDs, an
electron-hole pair generates after the absorption of
energy, and a photon is produced when the
electron-hole pair recombines. Compared to organic
dyes, NCs serve as a promising gain medium thanks
to their high photostability and large Stokes shift [69,
70]. NCs often have a large absorption cross-section,
which is critical for low threshold lasing. The pump
wavelength is flexible for NCs as long as the photon
energy is higher than its band gap, while for dyes it
must fall in the narrow absorption band. Their
emission wavelengths can be tuned by the crystal
size or their composition [71]. Usually, the emission

spectra of NCs are narrow, so that NCs are capable



268

of multiplexing applications such as multi-color
labeling or cell tagging [72, 73].

Lasing action of NCs has been extensively
investigated in solid-state laser, however, its
research for lasing in a liquid is scarce. Several
factors may influence its lasing efficiency in liquid,
including the non-radiative Auger recombination,
the loading fraction of NCs in solution, and the
photo-induced absorption associated with the
surface or interface defects [74]. Nevertheless,
NC-based FOFLs have already been
demonstrated, such as CdSe/ZnS QDs in glycerol/
water solution, CdZnS/ZnS QDs in toluene, and
carbon dots in PEG [48,75,76]. The first FOFL using

NCs was implemented by infiltrating CdSe/ZnS

several

QRs hexanes solution into a fiber-in-capillary
microcavity, in which the high Q-factor of the
telecom optical fiber provides the necessary
conditions to achieve lasing and overcome the
competing non-radiative loss [77]. Due to the high
photostability of NCs, Wei’s group [78] developed
an azimuthally polarized radial laser emission by
filling CdSe/CdZnS/ZnS QDs hexane solution in
photonic bandgap fiber, offering a solution for
omnidirectional display and phototherapy with
minimal invasion. Lasing with aqueous QDs is
crucial for their applications in biomedical
environments. Kiraz et al. [79] have demonstrated
low-threshold (0.1 wJ/mm?) lasing emission from
aqueous CdSe/ZnS QDs in an LCORR. With the
development of new materials, other NCs are
emerging for lasing, imaging, and sensing. For
example, carbon dots doped polymer achieved
lasing at the visible region by coating on an optical
fiber, or the m-conjugated polymer was filled in a
high-Q cavity to finely tune its emission spectra by

mechanically stretching the resonator [48, 80].
3.3 Biological gain materials

to their
embedded/
implanted in cell or tissue to analyze the biological

thanks
can be

Biological gain materials,

excellent biocompatibility,
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process [50, 81-84]. A series of biological gain

materials have been demonstrated for lasing,
including luciferin, fluorescent protein, chlorophyll,
riboflavin, and indocyanine green (ICG) [35, 85-89].
The lasing mechanism of these biomaterials is
similar to that of a quasi-four-level laser system
shown in Fig.5. Because the lifetime of biological
gain materials in the excited state is typically a few
nanoseconds, population inversion can be achieved
most conveniently by optical pumping with
nanosecond or shorter pulses [50].

In contrast to the dyes and NCs, which might be
cytotoxic, biological gain materials are inherently
biocompatible and easily biodegradable. A great
variety of these materials together with their
excellent optical properties, such as large transition
cross-sections [> 2x107'® cm? for riboflavin and
green fluorescent protein (GFP)], make them cover
almost the entire visible band [90, 91]. The sources
of the biomaterials are very wide. It can be
generated reproducibly in a biological system. For
example, GFP is synthesized in genetically
programmed Escherichia coli bacteria, mammalian
cells, and jellyfish Aequorea victoria [50, 92, 93].
With fluorescent protein serving as a donor-acceptor
pair, biomolecule interactions can be investigated.
This group of gain medium include eGFP-eCherry,
cyan fluorescent protein (CFP)-yellow fluorescent
protein (YFP), and Clover-mRuby2 [86, 94]. In
addition, the biomaterials can be also synthesized
chemically. ICG, as the only NIR dye approved by
the U.S Food and Drug Administration (FDA) for
clinical use, was employed to demonstrate lasing in

human serum and whole blood [89].

4. Pump and detection

A pump source is necessary to provide energy
for the system of FOFL. It can pump the gain
molecules from the low energy level to the high
level and generate stimulated emission. O-switched
nanosecond laser and optical parametric oscillator
(OPO) are the most frequently used pump source.
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The use of optical fibers in FOFL enables high
coupling efficiency of the pump and remote
pumping. For example, the optical fiber FP cavity
[24, 26] and photonic bandgap fiber [78, 95, 96] can
transmit the pump laser into the optical microcavity
to interact with the gain medium. The wavelength
for pumping should be well-matched with the
absorption band of the gain medium [Fig.5(b)]. The
pulse duration is approximately one-tenth to several
times of the excited-state lifetime of the gain
medium [21], otherwise the lasing properties may
degrade as the excitons would go to the unintended
[Fig. 5(a)] [52] or the
nonradiative recombination centers/defects would

triplet states of dyes

generate in the case of NCs [76]. A single-pulse
pump should be
photobleaching effect, but on the other hand,

implemented to reduce the

multiple pulses can improve the output stability. In
addition, the polarization of the pump laser has an
impact on the emission [34, 43]. Depending on the
high Q-factor of the optical fiber microresonator and
the strong light-matter interaction, the threshold for
the FOFL is often on the order of several to tens of
micro Joule per square millimeter and can be as low
as 15 nJ/mm* or 16 nJ/pulse [42, 78, 85, 97]. In
addition to the pulsed pump, continuous-wave (CW)
lasers, electrical, and chemical pump are promising
for the development of low cost and compact
microlasers, but they have not been demonstrated in
FOFLs. These ideas are promising and doable
because of the easy integration of electrodes on
optical fibers and versatile methods in the toolbox
for the fiber
microstructures [98, 99].

microfabrication of functional

The readout of the lasing signals is very
important for the analysis of laser property and the
application of sensing, labeling, and imaging. The
laser emission can be directionally and efficiently
coupled out of the microlaser by using optical fiber.
The properties of the laser emission, such as
wavelength (spectrum) [51], polarization (spectrum)
[34, 43], lasing mode (spectrum and imaging)

[83, 84, 100], and intensity (spectrum, imaging, and
photoelectric) [22, 101], are recorded by different
devices. The spectrum is the fingerprint of laser
emission to reveal the intrinsic properties of the gain
medium and the optical microcavity, like threshold,
free spectral range (FSR), phase, and lasing modes.
The laser characteristics reflected by spectra have
been employed for the detection of tiny changes in
the biological process [102—104]. Imaging can
acquire the laser mode pattern and the spatial
distribution of laser emission, which is promising to
integrate with a smartphone [105]. Yun’s group [50,
106, 107] has investigated the spatial distribution of
the laser transverse modes in living cell lasers by
imaging. Photoelectric detection can rapidly respond
to the high data throughput, which is attractive to
explore in optofluidic laser.

5. Sensing applications

FOFLs have gained considerable interest for
biochemical applications due to their high sensitivity,
high signal-to-noise ratio, narrow linewidth, high
reproducibility, and high integration. In this section,
we review the applications of FOFLs for molecular
detection and microorganism analysis.

5.1 Biomolecular analysis

FOFLs are sensitive to the subtle changes of
gain and analyte molecules in the microresonator,
high Q-factor fiber
microcavity can extend many times of circulation of

because the of optical
photons in the microcavity and the nonlinear lasing
process further elevates the sensitivity to the analyte.
Typical optical properties of the laser, including
wavelength [108], intensity [109, 110], polarization
[111], and other features, can be used as sensing
output to perform biomolecular detection.

Thanks to its simple setup and low cost, the
intensity of FOFLs is the most frequently used
sensing output to reflect the detailed information of
analytes, such as concentration, RI, and molecular
structure. The target can be linked to the gain
medium molecules by specific binding between
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biomolecules such as Dbiotin-streptavidin and
antibody-antigen. On the other hand, the liquid gain
can be directly mixed with the biomolecular in the
label-free

biodetection. Various types of intensity-modulated

homogeneous assay to achieve
FOFL biosensors have been developed and applied
for  high-performance  biomolecular analysis,
including DNA analysis [36, 112, 113], protein
detection [103], and chemicals test [114]. For
example, the magnesium ionic strength induced
conformational change of DNA can be detected by
combining optofluidic laser with FRET [Fig. 6(a)]
[115]. The conformational change of DNA Holliday

junction leads to the variation of the FRET ratio,
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which in turn corresponds to the Mg®* concentration
at a much higher sensitivity with laser-based
detection than that of traditional FRET detection.
Yang et al. [116] have demonstrated disposable
FOFLs for protein detection [Fig. 6(b)]. The
disposability is originated from the mass-production
of optical fibers, enabling the optical microcavities
with high reproducibility and low cost [40, 117].
Owing to the narrow linewidth of laser and the small
size of optical fiber, a highly integrated array can be
constructed for high throughput detection [40, 59].
Gong et al. [59] proposed a distributed FOFLs and
demonstrated its

high-throughput sensing in

colorimetric detection [Fig. 6(c)].
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Fig. 6 FOFL for application in biomolecular analysis application of fiber optofluidic laser: (a) detection of the conformational
change in a Holliday junction upon addition of Mg** [115], (b) disposable FOFL for the detection of protein [116], (c) array of FOFL
for colorimetric detection [59], and (d) wavelength-modulated random laser with the Ag nanoparticles as scatterers [120].

Wavelength is another sensing parameter. In the
passive microcavities, the RI variation of the
surrounding medium alters the resonance mode,
resulting in a shift of resonant peaks, mode splitting,
or broadening. Similarly, for the FOFLs, the laser

wavelength can also be modulated by the RI around
the optical cavities. The narrow linewidth of the
laser provides a high resolution for detecting the
wavelength shift. Ren et al. [118] have proposed a
label-free RI sensor, in which two coupled HOFs
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were finely adjusted to achieve the Verner effect to
break the limit of sensitivity and reduce the
detection noise. By monitoring the wavelength shift,
a noise equivalent detection limit of 2.6x10°RIU
was achieved [118]. It has been reported that the
sensitivity can be further improved [119]. Shi et al.
[120] have developed a plasmonic random laser for
detecting IgG where the shift of wavelength was
monitored [Fig. 6(d)].

5.2 Cell labeling and tissue mapping

Various microlasers have been demonstrated for
labeling, tracking, and imaging of biomolecules,
cells, and tissues due to their spectral multiplexing
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capability, strong background suppression, and high
contrast ratio [50, 51, 105]. Optofluidic lasers have
also been widely applied in investigating the
interaction between proteins [86], exploring the
metabolic functions and biostructure in living
organisms [121], and screening the tumor tissues
visually [105, 122]. The microlasers in cell, blood,
and tissue can be labeled with intrinsic (fluorescent
proteins [50, 81, 82, 84, 123]) or exogenous (dyes
[106,
conventional (microbeads [83], liquid droplets [124],

107]) gain materials and devised using

and FP cavity [125]) or derived (random scattering
[126, 127]) optical microresonators.
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Fig.7 Lasing in blood and tissue: (a) chlorophyll laser with a high Q-factor optofluidic ring resonator [87], (b) lasing in human
whole blood by using ICG to detect lipoproteins and albumins [89], (c) cellular laser from fat tissue by inserting an optical fiber into
the subcutaneous fat layer to guide the pump laser and collect the laser emission [83], and (d) a biocompatible hydrogel optical fiber

for WGM lasing [129].

Initially, cell lasers were achieved by

sandwiching the cell in an external FP cavity, which

is more versatile and can be applied for any type of
cell. Chen et al. [125] have integrated a microwell
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array within the FP cavity for addressable and
To be
microlasers with micrometer sizes were embedded

automated cell laser. implantable, the
inside the living cells to achieve massive tagging
and subsequent tracking of cells. Yun’s group [51]
investigated the real-time tracking of thousands of
individual cells by implanting the laser particles in
the cells. The

(collection of cells) can also be mapped by laser

spatial information of tissue

emissions, such as cancerous tissue [105, 122] and
[128]. Chen et al. [105] has
demonstrated the mapping of cancer tissue by

bone tissue
laser-based imaging, which has the potential for
cancer screening and immunodiagnosis. The
imaging has a subcellular and sub-micrometer
resolution.

The diversity in gain material and structures of
microresonators makes many kinds of FOFLs
possible. The biocompatible materials are crucial for
bio-applications of cells and tissues. Chen et al. [87]
have developed a chlorophyll laser shown in
Fig.7(a). The most abundant pigment in the plant —
chlorophyll a (Chla) — was applied in the FOFLs as
a gain medium to investigate its lasing mechanism
and it has shown dual lasing bands at around 680 nm
and 730 nm. The chlorophyll laser provides an
important insight into the photosynthesis process
inside plants. Chen et al. [89] demonstrated a blood
laser by injecting the ICG into the human serum and
whole blood at clinically acceptable concentrations
[Fig. 7(b)]. Optical fiber is an ideal candidate for
developing endoscopes and performing surgery with
reduced invasive injury, thanks to its high aspect
ratio and high optical transparency. Figure 7(c)
illustrates a cellular laser in tissue, in which an
optical fiber is inserted into the subcutaneous fat
layer to optically pump adipocytes to collect the
lasing emission from the tissue [83]. Besides, the
optical fiber can be fabricated with biocompatible
and biodegradable materials, enabling the possibility
of implanting optical fiber into the tissue for
mapping. For example, the high flexibility of

Photonic Sensors

hydrogel optical fibers allows them to be easily
[129] have
observed a light amplification in the tangential

implanted into tissue. Choi et al.

direction of core-clad step-index hydrogel optical
fiber through WGM lasing [Fig. 7(d)].

6. Perspectives

Fiber optofluidic lasers have become a hot
research topic in recent years. They have been
developed as both a new category of tunable laser
devices and a high performance sensing technology.
In the next decade, the FOFLs will be undoubtedly
developing quickly due to the innovations in
materials and fiber designs, as well as the utilization
of advanced fabrication technologies.

The laser emission depends strongly on the
material properties. For example, a full-color laser
can be developed by combining the reconfigurability
of microfluidics and the diversity of gain material,
highly
semiconductors, upconversion nanoparticles, and

such as the photostable  organic
conjugated polymers [130-132]. In addition, the
biocompatible and soft polymers can be easily
fabricated to
implantable into a tissue for in situ monitoring [129,
133].

integrated with FOFLs to achieve ultrafast laser,

form an optical microcavity

Saturable absorber materials might be

through  Q-switching or mode-locking, for
monitoring ultrafast biochemical reactions [134, 135].

Thanks to the structural flexibility of optical
fibers (such as size, microstructure, and length),
of FOFLs
expected, such as high-throughput bioassay. The

novel applications become highly

advanced micromachining technologies enable
various microstructures to be inscribed inside the
optical fiber for achieving high integration and
multi-functionality [136]. The microstructures can
also be mass-produced with high repeatability and
low cost by designing the fiber preform and the fiber
drawing process [137]. Owing to the large aspect
ratio of optical fiber, the lab-on-fiber tip biolaser is
hopeful

to achieve remotely space-constrained



Xi YANG et al.: Recent Progress in Fiber Optofluidic Lasing and Sensing 273

imaging like endoscope and sub-diffraction limit
imaging in the far-field [138].

7. Conclusions

Fiber optofluidic laser possesses a set of unique
advantages related to both optical fiber (high
repeatability, low cost, large aspect ratio, and high
integration) and laser (optical feedback, threshold
behavior, narrow linewidth, and rich spectral
characteristics), which make them serve as a
promising  platform  for  high-performance
biochemical sensing. This review has summarized
the recent progress of fiber optofluidic lasers,
including the optical fiber microcavities, gain
materials, and pump and detection methods for this
of FOFLs in

biomolecular analysis, cell labeling, and tissue

novel laser. The applications
mapping have also been highlighted. The prospects
of further development and research directions are
also discussed. We believe that the innovations in
gain material and biomaterials, as well as the novel
design of optical fiber microresonators will
continuously push forward the fiber optofluidic

lasers and their applications.
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