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Abstract: The laser is considered one of the greatest inventions of the 20th century. Biolasers employ
high signal-to-noise ratio lasing emission rather than regular fluorescence as the sensing signal,
directional out-coupling of lasing and excellent biocompatibility. Meanwhile, biolasers can also be
micro-sized or smaller lasers with embedded/integrated biological materials. This article presents
the progress in biolasers, focusing on the work done over the past years, including the molecular,
cellular, tissue, and organism levels. Furthermore, biolasers have been utilized and explored for
broad applications in biosensing, labeling, tracking, bioimaging, and biomedical development due to
a number of unique advantages. Finally, we provide the possible directions of biolasers and their
applications in the future.

Keywords: biolaser; microlaser; sensing of life; whispering-gallery mode

1. Introduction

An embryo in its first stage of life undergoes an extraordinary transformation from
a single cell to a dozens of centimeters long fetus with immune, digestive, and nervous
systems, limbs and toes, etc. Tissue engineering involves myriad cellular and molecular
events of complexity. Therefore, studying the various bioactivities at the molecular, cellular,
tissue, and even living organism levels is very important to life science. Furthermore, the
research provides a way to comprehend life’s nature and meaning. The most recent review
and perspective papers on kinds of methods were published a decade ago. The specific
fluorescence of a molecular trajectory is tracked by kinds of super-resolution methods from
the fluorescence [1–6], material [7–11], and nanotechnology fields [12–19]. As we know, a
large number of molecules comprise a cell, and various functional cells construct a tissue or
organ, and there are many methods of researching cell bioactivities and tissue functions. A
tremendous amount of research has been undertaken, with a significant number of papers
published [20–29]. Compared to fluorescence, material, and nanotechnology, laser emission
is an advanced method to detect various bioactivities at any life level. Biological lasers have
many advantageous points in applications. The strong intensity of the laser beam leads to
a high signal-to-noise ratio. The directional out-coupling of lasing is easily detected and
monitored, and the perfect and high-sensitivity optical feedback mechanism senses small
changes in biological processes in real time. Moreover, the narrow linewidth of the lasing
beam leads to spectrally multiplexed detection, imaging, and tracking.

Owing to the strengths of biolasers, kinds of biolasers have been utilized to detect
or monitor various bioactivities at the molecular [30–56], cellular [57–75], tissue [76–88],
and organism levels [89–97], Recently, their applications in cell tracking, labeling/probes,
implantable devices, and cell/tissue imaging have started to emerge. However, molecular,
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cell, and tissue functions should be independently distinguished in the complex biological
field, and all of the previous reviews have not separated and described various bioactivities
at the molecular, cellular, tissue, and organism levels with kinds of biological lasers. In
this review, we discuss distinct biolasers and their potential biological and biomedical
applications at all levels, as shown in Figure 1. In the end, we present an outlook on the
possible challenges and future directions of biolasers.

Figure 1. The overview of biolasers in different life levels, including organisms, tissues, cells, and molecules.

2. Biosensing with Biolasers
2.1. Environment and Molecular Detection with Biolasers

Recently, the emerging technology of biolasers has offered highly sensitive ways to
detect biomarkers contained in biological environments [33,34,36,39,41–43,51,56,97], such
as pH, temperature, bio-electrostatics, humidity, and osmotic pressure, as well as some bio-
logical molecules such as proteins [30,32,37,38,46,47,50,52–55] and DNA [31,40,44,45,48,49].
In this aspect, the laser is an important tool in biological sensing due to its famous proper-
ties of perfect directionality, high intensity, and monochromatic emission. In the following
parts, we present a series of outstanding achievements in the biosensor field.

2.1.1. Biological Environment Detection

Over the last couple of decades, many works about the detection of biological en-
vironments have been performed. For example, in pH sensing, Watanabe et al. utilized
the intensity of lasering emissions based on a photonic crystal nanolaser fabricated with
GaInAsP which is controlled by the change in the redox potential to identify the pH of a
solution [35]. In 2017, a pH optical sensor based on random lasing was developed, and
it showed pH sensitivity 200-fold higher than that of previous fluorescence sensors [38].
The high sensitivity makes the laser signal promising for biosensing applications. The
detectable shifts in spectra are able to assume the role of an indication of the hydrogen ion
concentration which is released from the enzymatic reaction. In the same period, Wang et al.
reported a microdroplet-based pH sensor created by liquid crystals (LCs) and investigated
the capacity of monitoring enzymatic reactions in penicillinase [34]. The combination of
molecules and surfaces of LC droplets can alter the electromagnetic property and alignment
of the LC droplet’s internal structure, resulting in distinct laser emissions with various
wavelengths and modes. Figure 2a presents a pH sensor based on LC droplets doped with
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4′-pentyl-biphenyl-4-carboxylic acid (PBA). Characterizing biosensing properties using
changes in lasing spectra and modes is becoming more and more attractive. In this mech-
anism, the designed micrometer-sized microdroplets show transitions in configuration
from bipolar to radial as the value of phosphate buffer solution (PBS) pH increases by 0.3,
resulting in distinct signals in laser emission spectra.

Figure 2. Environment and molecular detection with biolasers. (a) I: Schematic diagram of liquid
crystal (LC) microlaser setup. II: Schematic diagram of structural change of microdroplets based
on PBA-doped 5CB with different pH values (5.7, left; 6.0, right). III: Polarized optical microscope
(POM) figures of the microdroplets based on PBA-doped 5CB in PBS solution with distinct pH values.
Scale bars 20 µm. (Adapted with permission from [34]. Copyright 2017 Elsevier B.V.) (b) The fixed
LC C6-doped microdroplet was pumped with a laser. The microdroplets were coated with PLL
solution to create a surface with a positive charge, which attracts molecules with negative charges.
Inset marked in orange: lasing spectra collected before and after adding PSS solution to the LC
microdroplet. (Adapted with permission from [43]. Copyright 2020 The Royal Society of Chemistry.)
(c) Lasing cavity frame of the optofluidic catalytic laser, emission spectra, and threshold times of the
optofluidic catalytic laser with different S2− concentrations. (Adapted with permission from [30].
Copyright 2017 Elsevier B.V.) (d) Schematic diagram of FP microlaser. Molecules are sandwiched with
an FP cavity. Spectrum figures show the difference between perpendicular and parallel polarized
lasing of fluorescein binding with glycine. (Adapted with permission from [51]. Copyright 2020
American Chemical Society.)

In addition, electrostatics plays a critical role in a biological environment. As depicted
in Figure 2b, in 2020, a bioelectrostatic-responsive microlaser fabricated using LC droplets
was produced and employed for the identification of negatively charged biomolecules [43].
Similarly, the response of the charge and the molecular electrostatic variations on the
surface of the LC microdroplet cause the lasing wavelength to shift in a dynamic range of
4 orders of magnitude.

Because of the widespread adverse effects of sulfide ions on both environment and
organism health, another biological environment study was carried out on the sensitive
detection of sulfide ions based on an optofluidic catalytic laser [30]. As illustrated in
Figure 2c, the gain medium for this lasing is highly fluorescent resorufin which is produced
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from a catalytic reaction. Utilizing sulfide ions inhibitors can slow down the catalytic
reaction, which in turn leads to a time delay in the laser, thus providing sensing information.
In consequence, a detection limit of 10 nM is obtained with a dynamic range of three orders
of magnitude.

In addition, the biological environment contains many components. In 2020, a strategy
was proposed to extract and amplify polarized lasing signals of small molecules [51]. By
exploiting the coherence of the strong optical feedback and stimulated emission provided
by the resonant cavity, the microrotation effect of the molecule can be amplified (Figure 2d).
Via detection of molecular rotation correlation times by excitation and emission, small
molecules such as glycine, L-leucine, L-glutathione, and insulin could be distinguished. As
far as the authors know, this is the first time an optical approach that can recognize various
small molecules has been reported. This method provides new insight into the sensing of
the components of the biological environment.

2.1.2. Protein and Protein Appendage Detection

Enzyme-linked immunosorbent assay (ELISA) is a potent approach for biomolecular
detection. Traditional ELISA uses light intensity as the detection signal. Due to nonspecific
binding, material autofluorescence, and excitation light leakage, it often encounters a large
background, which affects its detection limit and dynamic range. Nowadays, biolasers are
becoming a common trend in biological monitoring research. In 2014, Wu et al. demon-
strated an optofluidic laser that allows ELISA to occur inside the laser cavity [56]. The
laser onset time can serve as the sensing signal; it is inversely proportional to the enzyme
concentration and thus can represent the analyte concentration. In this work, interleukin-6
was used, presenting a 1 fg/mL sensing limit and a dynamic range of 6 orders of magnitude,
indicating a promising potential for biological sensors. Gong et al. utilized hollow optical
fibers (HOFs) to provide a compact microcavity on the fiber, causing a uniformly distributed
lateral lasing [32]. 1D DFOFL was intergraded by several microfluidic channels in order to
realize chip-scale array monitoring of horseradish peroxidase (HRP) enzymes. By using
wavelength and spatial multiplexing techniques in 2D microfluidic chips, wavelength
tunability of hundreds of nanometers was developed for rapid, high-throughput, and
multifunctional detection instruments. In 2018, Tan et al. performed improvements to the
ELISA detection system. Experimenters directly microfabricated array microscale reaction
wells on dielectric mirrors for sensing in ELISA. The resulting interleukin-6 detection limit
of about 0.1 pg/mL was achieved [52].

With the development of 3D printing technologies, researchers have started to fabri-
cate ELISA detection channels. As presented in Figure 3a, Ouyang et al. achieved rapid
fabrication of high-Q disk whispering-gallery-mode (WGM) microcavities with the optical
3D printing technology which can be fabricated using maskless ultraviolet lithography [47].
This optofluidic chip widely used in ELISA is able to detect HRP-streptavidin by chro-
mogenic reaction at a 0.3 ng mL−1 concentration. Additionally, the ability to differentiate
the disease biomarker vascular endothelial growth factor (VEGF) at a very low concen-
tration level of 17.8 fg mL−1 is more than 2 orders of magnitude higher than that of
commercially available ELISA kits. Such a polymer biolaser-integrated optofluidic chip
can offer a low-cost way to produce high-performance biochips for the sensitive diagnosis
of multiple disease biomarkers. In 2021, a different approach based on a fiber optofluidic
laser according to a sequential bioconjugation protocol for rapid testing without wash-out
technologies for ELISA was proposed (Figure 3b). In this strategy, various chemicals were
consecutively sucked into the miniaturized HOF to realize specific binding and resid-
ual rinsing with the capillary phenomenon. The wash-out-free, low-consumption, and
high-integration approach can identify different concentrations of avidin from 10 pM to
100 pM. [41] Turbidimetric inhibition immunoassay (TIIA) is a similar method to ELISA
and is also widely applied to biomarker sensing. Through the incorporation of the micro-
lasers, immunoreaction occurs in the cavity, which significantly increases the signal via the
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amplification effect of the laser. A dynamic range of 5 orders of magnitude and an excellent
detection limit of 0.18 ng/L were obtained [55].

Figure 3. Protein, protein appendage, and DNA detection with biolasers. (a) Diagram of the WGM
microlaser optofluidic biochip for ELISA and photo of the fabricated optofluidic chip. (Adapted
with permission from [47]. Copyright 2020 The Royal Society of Chemistry.) (b) Schematic of
the sequentially bioconjugated fiber optofluidic laser (FOFL). (Adapted with permission from [41].
Copyright 2021 The Royal Society of Chemistry.) (c) Illustration of interfacial FRET laser. (Adapted
with permission from [42]. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
(d) Diagram of the molecular orientation of LC 5CB before and after the enzymatic reaction of
lipase and glycerol trioleate. (Adapted with permission from [53]. Copyright 2020 The Royal
Society of Chemistry.) (e) Illustration of the principle of biolasers based on silk protein conformation
sensing before and after treatment with methanol. (Adapted with permission from [54]. Copyright
2021 American Chemical Society.) (f) Conceptual illustration of optofluidic ring resonator (OFRR)
FRET lasing fabricated using DNA scaffolds. (Adapted with permission from [44]. Copyright 2010
Proceedings of the National Academy of Sciences of the United States of America.) (g) Left: The
ion-dependent folding of the DNA Holliday junction with and without Mg2+. Right: Schematic of
the OFRR bio-switchable lasing. (Adapted with permission from [49]. Copyright 2012 The Royal
Society of Chemistry.)

Moreover, proteins, as the basic participants of vital life activities, control the final
biological process of life activities. It is important to monitor the expression level of proteins
in all stages of life activities. In 2016, milk containing rhodamine 6G was pumped by 532 nm
laser pulses, resulting in a random lasing associated with the fat volume concentrations,
showing that such a random laser technology is able to be applied to monitor the important
fat volume concentration parameters [39]. As depicted in Figure 3c, in 2020, Yuan et al.
employed Forster resonance energy transfer (FRET) to WGM microlasers. Various laser
spectra can distinguish molecules of diverse absorption properties related to binding. Then,
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research about small fluorescent molecules and photosynthetic proteins was carried out [42].
This work not only proves the wide application potential of the microlaser outer cavity in
molecular sensing applications, but also provides a new angle for cavity energy transfer in
laser physics. Lipases perform a significant function in lipid metabolism. These enzymes
are broadly found in almost all living things and control processes such as digestion,
absorption, and metabolism. As shown in Figure 3d, authors developed a method of lipase
concentration monitoring using a liquid crystal microfiber biolaser. Through the enzymatic
reaction of lipase with triolein, a self-assembled monolayer of surfactant is formed at the
LC/aqueous solution interface, and the laser can capture the surfactant and quantitatively
characterize it by wavelength shift. With this method, lipase concentrations as low as
0.01 µg mL−1 can be discovered within 200 s [53]. However, it seems difficult to reuse
the biosensor based on microfiber. The distinguishing of protein conformational changes
has been the focus of much research because of the growing number of diseases linked to
protein misfolding and aggregation, such as Huntington’s, Alzheimer’s, and Parkinson’s
diseases. Biological microlasers are also applied to detect conformational changes in
proteins. In 2021, microsphere biolasers fabricated using proteins were assembled by
combining organic gain media with spherical silk fibroin with the use of emulsion-solvent
evaporation (Figure 3e). The laser spectrum responded sensitively to the structural changes
of the protein induced by the methanol vapor treatment [54]. This study provides an
effective means for monitoring changes in protein conformation and demonstrates the
relationship between a biological microstructure and its photon characteristics. In the same
year, bionic liquid crystal droplets having self-assembling lipid monolayers were placed in a
Fabry–Pérot chamber, and a topological transformation of the output vector beam triggered
a subtle protein–liposome interaction. This work was proved by exploring the interaction
between amyloid β (Aβ) and a lipid membrane, which can be regarded as a complex
laser mode and polarization topology, which can offer a new idea for sensing [98]. Many
other works about the detection of proteins, including fluorescent protein [50], human
epidermal growth factor receptor 2 (ErbB2) protein [37], acetylcholinesterase [46], based on
microlasers were carried out. These works offer important ideas for people to understand
the role of proteins in life activities and provide monitoring methods for life activities at
the protein level, which will be beneficial to the development of biomedical engineering.

2.1.3. DNA Detection

DNA, which is important for all life forms, is a molecule consisting of two polynu-
cleotide chains that are wound around to form a double helix, carrying genetic instructions
about function, development, growth, and heredity for the vast majority of living organ-
isms. Bioinspired optofluidic ring resonator (OFRR) FRET lasers that can be precisely
controlled by DNA scaffolds were demonstrated, as displayed in Figure 3f. This kind of
biolaser is a rising technology that cooperatively integrates microfluidics and a dye laser
for miniaturized lasing sources possessing straightforward sample delivery and extremely
small sample volumes [99–104]. Through DNA scaffolds, almost 100% energy transfer can
be realized without considering the concentration of donor and acceptor. As a consequence,
the laser can be obtained at a very low acceptor concentration, approximately 1000-fold
lower than that of traditional optofluidic dye lasers [44]. DNA is one of the four important
types of biomacromolecules which are essential in life processes. The normal activity of
DNA determines genome stability to maintain life. However, changes to the DNA sequence
may occur, namely base changes caused by biological processes such as mutation and cyto-
sine methylation, which are of great significance in disease diagnosis and customization.
In 2012, Lee et al. proposed an intracavity DNA melting analysis mechanism based on an
optofluidic laser. The tiny signal change between the DNA with single-base mismatching
and the target was optically amplified by the resonant laser, causing an orders of magni-
tude larger signal than fluorescence methods. The difference between two DNA sequences
greater than 100 bases long was proved [40,48]. In addition, changing the structure of
DNA can achieve the control of the biolasers. By controlling the Mg2 + concentration in the



Sensors 2022, 22, 3149 7 of 19

solution, a DNA Holliday-based biofluidic laser was successfully manufactured (Figure 3g).
The two laser gain media (Cy3 and Cy5) attach to the same DNA structure at the same
time, and the invertible wavelength conversion can be realized by inducing DNA confor-
mational changes (e.g., Mg2+) [45,49]. Another attractive property of DNA is that DNA
is negatively charged because of the phosphate groups. The above-mentioned GaInAsP
semiconductor photonic crystal nanolaser has the capacity to detect surface charge [35].
Once the device encounters the plasma and the charged DNA is adsorbed, a big wavelength
difference ∆λ exceeding 1 nm occurs. Hence, it also is used to identify DNA at very low
concentrations [36]. Through various methods to distinguish error, DNA can play a key
role in disease inspection, customized medicine, and basic life research [36,48,105–107].
In addition, DNA can be used to prepare biometric switching laser emission devices. A
DNA-based self-switchable laser was proposed in which the laser uses a biological interface
between the Fabry–Pérot microcavity in the nonlabeled DNA molecule and the dye-doped
liquid crystal matrix. By using the DNA conformation and the change in the liquid crystal
direction, laser emission switching between different wavelengths and strength is achieved,
possessing a wide spectral range of reversibility and wavelength adjustability which can
play an important role in biological monitoring [108].

2.2. Cellular Detection with Biolasers
2.2.1. Extracellular Biolasers

Extracellular biolasers whose resonator is usually located outside the cell are commonly
fabricated with a Fabry–Pérot (FP) cavity with two highly reflective mirrors [58,59,68,73,76,109–111].

In 2011, two cooperation groups in the USA and Scotland, led by Seok Hyun Yun and
Malte Gather, respectively, demonstrated the first extracellular biolaser with green fluores-
cent protein (GEP), as indicated in Figure 4a. By pumping with nanojoule and nanosecond
pulses, the microlaser based on a transfected GEP cell produces high, directional, and
narrowband laser emission. Compared with the surrounding media, the cytoplasm has a
higher refractive index; the cell was able to act as a convex lens in the FP cavity which can
be used to inhibit the extracellular laser. In addition, the threshold was only 14 nJ, which
was much lower than the cell damage threshold [68]. In addition, to employ the cell as
a gain medium, a gain medium based on dye can be injected extracellularly into the FP
cavity. In 2015, Humar et al. demonstrated a more flexible experimental design in which
the gain medium can exist everywhere in the FP cavity (Figure 4b). The laser resonant
modes were determined by the shape and internal components of the cell, which possessed
the ability to detect osmotic pressure [59]. Aside from gene transfection, synthetic fluores-
cent molecules can also be used to realize intracellular lasers. 5-Chloromethylfluorescein
diacetate (CMFDA) was applied to the first cell laser demonstration. It only takes less
than an hour to introduce synthetic dyes into normal living cells, which is much faster
than instantaneous transfection that can provide sufficient fluorescent proteins for laser
emissions [58].

The above three works have difficulty in achieving high-throughput sensors. Cell
lasing analysis based on an integrated array platform is vital for high-efficiency sensing.
In 2017, the Fan group proposed a microwell array with an FP cavity for cell-based laser
research. Various cells were trapped in the microwells, and then the emission occurred
under the pumping laser. The multichannel lasing signals could provide a tool for cell
tagging, trapping, and abnormal identification [73]. Furthermore, it does not need a high-
quality FP cavity to support cellular lasing; it only needs dyed cells with low-quality factor
resonators made up of a disposable poly(methyl methacrylate) (PMMA) cell counting plate.
The simple method without conventional high-reflectivity optical cavities allows a rapid
expansion of cellular lasers [58].
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Figure 4. Cellular detection with biolaser. (a) Diagrams of the single-cell lasers. A living eGFP-expressing
cell is captured by an FP cavity with two distributed Bragg reflectors. I–III: Figures of a single cell
outside the cavity under the microscope. (Adapted with permission from [68]. Copyright 2011 Nature
Publishing Group.) (b) Cells are injected between two highly reflective mirrors and then sink to the
surface of the bottom mirror. The cells are irradiated in such a way that the whole cell or a series of cells
is excited. Laser mode hyperspectral figures of various kinds of cells. I, II, III: Superposition of bright
field picture and laser picture (Adapted with permission from [59]. Copyright 2015 Optical Society
of America.) (c) I: Lasing based on live cells that internalize a microcavity. II: Cytoplasm (red), nuclei
(blue), and internalized microsphere resonators (green) of macrophages from cellular laser spectroscopy
and confocal laser scanning microscopy (CLSM) information. (Adapted with permission from [64].
Copyright 2015 American Chemical Society.) (d) I: Pictures of oil microinjection in the cytoplasm. II,
III, IV: Cell pictures in the experiment. V: Plot of droplet output light intensity versus pump pulse
energy, presenting obvious lasing threshold (marked by red arrow). (Adapted with permission from [61].
Copyright 2015 Nature Publishing Group.) (e) Schematic of the microfluidic laser optical setup. I:
The wavelength series of WGM peaks recognized from the fluorescence subtraction spectra create the
“spectral barcode” of cells. II: Diagram captured by CCD of a cell (marked by yellow arrow) with two
beads. (Adapted with permission from [71]. Copyright 2017 The Royal Society of Chemistry.) (f) Sketch
(top) and experiment picture (below) of the movement of cells that ingested nanodisk microcavities
through the microporous membrane. (Adapted from [66].) (g) Combination map of 400 single-mode
emission laser microcavities of distinct wavelengths. I: HeLa cells, defect-free semiconductor laser
particles (CLPs), and surface-introduced defects give omnidirectional emission. (Adapted from [57].)
(h) Photonic nanoprobe design and single-cell interrogation. (Adapted with permission from [69].
Copyright 2013 American Chemical Society.) (i) Graph of CdS NW lasing based on a cell. (Adapted
with permission from [70]. Copyright 2018 The Royal Society of Chemistry.)
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2.2.2. Intracellular Biolasers
Intracellular Microlaser Based on Microspheres and Microdisks

Intracellular biolasers refer to the resonators with gain medium internalized by cells, in
which internalization is usually achieved by phagocytosis. Whispering-gallery-mode (WGM)
microlasers are popular in intracellular applications and have many appealing features, including
small size, high Q-factor, and low lasing threshold [57,60–64,66,67,71–74,89,112–115].

To obtain a high Q-factor, which is significant for sensing applications, WGM res-
onators need near-spherical, smooth surfaces with small scattering losses. The first demon-
stration of an intracellular spherical biolaser was realized by Hummar et al. with Nile-red-
dyed oil microdroplets acting as soft WGM cavities in cells, as exhibited in Figure 4d. These
authors injected the oil into the cells using a microsyringe attached to a glass microtube
with an outer diameter of 1 µm. Due to the immiscibility of the oil droplets and the pressure
of the cytoplasm, the droplets can keep good shapes. The droplets were first introduced
into the cells, and the free space exciting approach of the oil immersion objective was used
to excite the WGMs and collect the signal. Fortunately, there are cells that naturally contain
lipid droplets, such as adipocytes. With the development of various fields, many similar
cavities have appeared [116,117]. Following mixing with lipophilic fluorescent dyestuff
and excitation by a nanosecond laser, an adipocyte containing a single lipid droplet re-
alized WGM lasing. Aside from soft cavities, solid cavities are also popular due to their
stability and usability [118–120]. A non-deformable WGM cavity can be produced using
solid microspheres, such as polystyrene (PS) microspheres. PS microspheres are easily
internalized by cells. Researchers achieved different WGM lasers with multiple positions
of gain material, distributed on the inside, outside, and surface of the beads. Moreover,
distinct PS microspheres with various diameters could create a set of output spectra that
can operate as a fingerprint identification code for cell tagging, tracking, and sensing [61].

In 2015, the Gather group realized long-time single-cell tagging and tracking in ex-
periments, which can be utilized for diverse cell types. Cells embedded with microsphere
cavities can survive for several weeks in normal circumstances. The method was applied
to identify and track different primary macrophage cells, as shown in Figure 4c [64]. In
order to obtain a more precise and wider range identification ability, barcoding based on
WGM is attractive for its noninvasive and repeated action at high speed. Intracellular
microspheres with diameters from 5 to 12 µm created barcodes on basis of lasing spectra,
as shown in Figure 4e. Microlasers in different cells have distinct barcodes. By comparing
them to the barcodes in a database, identification with high accuracy is achieved [71]. In
2017, Schubert et al. took advantage of cell tagging and tracking technology based on
WGM lasers to realize the long-term analysis of mitosis in real time. The authors performed
tracking experiments on mitotic 3T3 fibroblasts. Over the course of the experiment, the
cell underwent three cycles of cell division. The cell completed division, and the two
daughter cells each received a microcavity from the mother cell and could create a lasing
signal for tracking separately, which carries major implications for the study of the life
activity of cells [72]. There are many other materials for WGM cavities [116–120], such as
high-refractive-index microsphere (n = 1.9) [61], biocompatible protein microspheres [74],
and organic microspheres [62]. For instance, in 2017, Ta et al. designed biolasers that are
assembled by bovine serum albumin (BSA) protein and biological polysaccharide extracted
from terrestrial plants. This approach of microsphere fabrication based on biomaterials
allows long-term implantable biosensing devices [74].

In addition to microsphere WGM cavities, microdisks [57,66,89] are also famous for
WGM cavities. In 2018, Fikouras et al. designed a process of high-throughput manufacture
and intracellular integration of nanodisk lasing (Figure 4f). Utilizing the huge gain and
high refractive index of quantum wells fabricated with GaInP/AlGaInP, a lasing threshold
500 times smaller than the energy usually found in two-photon microscopy with the
threshold of 0.13 pJ was achieved. Long-term and uninterrupted lasing excitation on
nanodisks in human macrophages, NIH 3T3s, primary mouse neurons, and primary
human T cells showed that the life activity of a single cell can be monitored in real time [66].
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Moreover, as shown in Figure 4g, in 2021, Toropov et al. studied the stability of laser
emissions from microcavity disks in HeLa cells for cell tracking applications. Combined
with barcode technology, the laser signal emitted by cells can be continuously tracked for
up to 2 h, and the microcavity in the cell cytoplasm can be stably observed without losing
the signal [57]. Apart from microsphere and micodisk cavities, microring, microbubble,
microtube, and microgoblet WGM cavities have been demonstrated in biosensing.

Intracellular Biolasers Based on Nanowires

Nanowires and nanotubes are able to stably penetrate the cells, with potential applica-
tions for intracellular biodetection [36,40,41]. Compared to the internalized WGM cavity,
most signals based on nanowires connected with fibers are easy to collect. A nanowire
cavity with a tapered tip fiber could introduce light into living cells and is able to obtain
lasing signals from subcellular regions at ultrahigh spatial resolution. A nanowire can
deliver payloads into cells. For example, quantum dots (QDs) were attached to a nanowire
tip. After the quantum dots were inserted into Hela cells, the functional nanowire re-
leased the QDs into the desired location within 1 min of ultraviolet laser illumination. A
highly directed laser from a nanoprobe can selectively excite the QDs, which can perform
ultrahigh-resolution and ultrahigh-contrast subcellular microoperation [65].

Long work time is necessary for cell sensing. Shambat et al. performed vitality studies
of nanowires. Their experiment showed that the probe possessed minimal cytotoxicity
to cells and the laser could be guided into cells and monitored for serval days, as shown
in Figure 4h. In this process, the cells can undergo regular division. Additionally, a
device for the detection of streptavidin represents a route to real-time biomarker and
biomolecule detection within single cells [69]. Nanowires are able to be internalized like
WGM cavities and act as individual microlasers in cells. A cadmium sulfide (CdS) nanowire
microlaser was demonstrated that can be spontaneously internalized into cells and serve as
an independent intracellular probe based on green laser emission whose peak linewidth is
very narrow, only 0.5 nm (Figure 4i). Upon regulation of the cell culture medium of human
umbilical vascular endothelial cells (HUVECs) with sodium chloride (NaCl) solution,
HUVECs first contracted and then partially recovered [70]. During this progress, changes
in cell volume led to variations in intracellular solute concentration and then resulted in a
change in the refractive index of cell cytoplasm. By monitoring the lasing wavelength of the
nanowire which is related to the surrounding refractive index, the cellular environmental
changes could be observed in real time.

2.3. Tissue-Based Sensing with Biolasers

Apart from cellular microlasers, lasing in tissues, which comprise a series of cells
trapped in the complex extracellular matrix, is very attractive in real applications. Because
it can create the actual biological environment in vivo. As a result, tissue lasers may lead to
a wide range of applications in biological detection, disease recognition, and histological
engineering. Due to the light scattering characteristics of tissues, it is difficult to ensure
the quality transport of light in tissues. Hence, laser-speckle imaging is usually employed
to monitor deep tissues [56]. However, it is the scattering property that leads to the
prevalence of random lasers, as it is easy to achieve by combination with fluorescent
dyes and all kinds of tissues, such as muscular tissue, nervous tissue, brain tissue, bone
tissue, and some cancerous tissues [121–125]. Because random lasing is strongly linked to
the structural features of random material, the emission signal is suitable for extracting
structural information [81–83,87]. As shown in Figure 3a, in 2017, Wang et al. investigated
the sensing ability of a random tissue laser embedded with a nanotextured organic dye
applied to healthy and cancerous breast tissue. The findings showed more lasing signals
in cancer tissues since there was more disordered scattering in cancer tissue. Therefore,
the divergence of random tissue lasers with various malignant grades can be utilized for
diagnosis [83]. Most of the traditional random lasers are used for solid tissues with dense
scattering. In 2019, He et al. demonstrated a random laser cytometer in an optofluidic



Sensors 2022, 22, 3149 11 of 19

chip with dilute human breast normal and cancerous cells (Figure 5b). Light was scattered
multiple times between microscale human cells and promoted random lasing. Through the
power Fourier transformation of the lasing signal, cancerous cells in tissue mixtures can be
diagnosed [87].

Figure 5. Tissue-based sensing with microlasers. (a) Microscopic pictures with HE dye and lasing
spectra of human breast tumor tissues: malignancy grade I, malignancy grade II, and malignancy
grade III. (Adapted from [83].) (b) Diagram of the laser path loop in a biofluidic random laser.
The pink background indicates the gain medium in the solution. I, II, III: Immunostaining of three
kinds of cells. (Adapted with permission from [87]. Copyright 2019 American Chemical Society.)
(c) Diagram of the configuration for neuron lasing, where neurons are trapped in an FP cavity
composed of two highly reflective mirrors. I: Fluorescence image of OGB-1-labeled primary rat
cortical neurons cultured on a mirror. II: Brightfield image of a neuron on a mirror. (Adapted with
permission from [76]. Copyright 2020 American Chemical Society.) (d) I: Position of injection of the
bead microcavity dispersion. II: A 40 µm diameter bead in blood. The beads are surrounded by red
blood cells. III: Principle of operation of a laser in skin tissue. (Adapted with permission from [77].
Copyright 2017 Optical Society of America.) (e) I: Oil droplet controlled by ultrasound lasers in
blood. II: Laser spectroscopy of oil droplet laser mixing human whole blood and applying ultrasonic
pressure before, during, and after loading into capillaries. (Adapted with permission from [84].
Copyright 2019 American Chemical Society.) (f) I: Diagram of exciting and lasing in energy-looping
nanoparticle (ELNP)-coated beads. Inset: Diagram presenting WGMs in a microsphere. II: Simulated
NIR spectrum of WGMs supported by a 5 µm polystyrene microsphere, overlaid on the experimental
emission spectrum of ELNPs and ELNP-coated beads pumped near excitation. (Adapted from [88].)

Due to the much greater scattering and absorption of tissues than cells, a greater light
field strength is required to obtain the signal. An FP cavity is an excellent choice that can
support a high-power standing-wave field. In this regard, Fan’s group has completed a
series of studies. A scanning laser emission microscope for mapping laser emission in
human tissue was proposed. Patients’ tissues labeled with particular dyes for various
biomarkers were sandwiched in an FP cavity. Subsequently, an optical parametric oscillator
(OPO) pulsed laser was guided into the cavity to build a laser-emission image that can show
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the deviation between cancer and normal lung tissues [79]. Similar lasers were proposed
for many other tissues, such as bone tissue, blood tissue, muscle tissue, adipose tissue, and
other functional tissues. As depicted in Figure 5c, by exciting and recording single neurons
from neural networks, neuron activities can be recognized, which can help us understand
neurological diseases and signaling [76].

Besides random lasers and FP lasers, implantable and biosafe WGM lasers are good
choices for tissue microlaser detection [77,80,84,88]. For example, as shown in Figure 5d,
several types of biocompatible microlasers assembled using dye-doped PS and polymer
microspheres were embedded in the cornea and skin. Under the pumping of 475 nm and
5 ns pulsed lasers, the microlasers performed lasing of cornea tissues. Moreover, a single
bead implanted by a tattoo machine at a depth of 100 µm below the skin surface was
irradiated by a 532 nm 1 ns laser. There was a strong and narrow emission that possessed
narrow linewidth (<0.2 nm) and a low threshold (<4 µJ) at the fluorescence peaks [77].
However, fixed-size microspheres can only support a certain range of refractive index
environments. Microspheres with dynamic and adjustable lasing are of great significance
in practical application. For this improvement, Li et al. proposed an ultrasonic modulated
droplet laser based on WGM, as presented in Figure 5e. When the ultrasonic pressure
exceeds a certain threshold, the laser power of the oil droplet can be increased 20 times.
Dynamic lasing was achieved with various ultrasound frequencies and pressures, which
can bring more options for biosensing [84]. Small cavities inevitably lead to large losses and
require larger input powers to reach lasing thresholds. Therefore, most of the microlasers are
realized by pulsed lasers with high peak power. For a wide application, the replacement of
pulsed lasers with low-cost continuous-wave (CW) lasers is encouraged. In 2018, Fernandez-
Bravo solved this problem with the energy-looping pumping method in Tm3+-doped
upconverting nanoparticles (UCNPs) to realize CW upconverted lasing in independent
5 µm microcavities under the excitation energy of 14 kWcm−2 (Figure 5f). Coupling the
energy-looping nanoparticles with the WGM of PS microspheres resulted in stable lasing
for up to five hours at blue and near-infrared wavelengths. When the microcavities were
immersed in fetal bovine serum, lasing was realized with CW excitation in the biologically
transmissive second near-infrared window, which shows the ability of microlaser sensing
with CW pumping [88]. The researchers demonstrated that optical microcavity probes
entering intracellular microcavities can be perceived with a single cell for a long period of
time over the depth of the optical transmission length, while they could also be perceived
through the particular spectrum characteristics of the WGM, which are not subject to tissue
scattering, absorption, and spontaneous fluorescence [126].

2.4. Monitoring the Life Activities of Living Organisms with Biolasers

We have reviewed a series of biolaser sensors related to different life stages, including
biological molecules, cells, and tissues. From the clinical application perspective, the
ultimate goal of biosensing is living organism detection. Although they are the simplest
biological system, viruses influence almost every organism [91,92]. As shown in Figure 6a,
He et al. proposed a real-time microlaser based on WGM to detect influenza A virions in
air. The WGM microlaser has a toroid-shaped construction prepared by erbium-doped
silicon dioxide with a 20–40 µm diameter. In this method, a single virus binding event
was translated into discrete frequency shifts of the heterodyne beat information which can
be detected by a monitor [91]. Nevertheless, such a sensing device is unable to identify
specific biomarkers. To achieve this goal, a biolaser fabricated with an M13 phage, which is
a rod-like filamentous phage with a 7 nm diameter and a 900 nm length, for biosensing was
introduced, as shown in Figure 6b. Making use of phage display, the M13 phage can be
routinely programmed to bind diverse particular target biomolecules, resulting in a specific
detection capability and showing a high sensitivity of less than 100 fmol mL−1 [92].
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Figure 6. Monitoring the life activities of living organisms with biolasers. (a) I: Diagrams presenting
how the lasing spectra change as one and two nanoparticles (blue spheres) are connected to the
microcavity. II: Discrete variation in beat frequency with time when influenza A virions are bound
to a WGM microlaser. Red circles represent single virus binding situations. Inset: Two InfA virions
on the microlaser captured by scanning electron micrograph. (Adapted with permission from [91].
Copyright 2011, Nature Publishing Group.) (b) I: Atomic structural model of the M13 phage laser
probe covalently modified with fluorescein dye. II: Threshold behavior based on virus-lasing probes
with different fluorescein concentrations. (Adapted from [92].) (c) Diagram indicating the concept
of the image-based E. coli biolaser microarray. (Adapted with permission from [93]. Copyright
2021 American Chemical Society.) (d) I: Cells marked with laser particles (LPs) and fluorochrome
were injected intravenously into a living mouse. II: Optical communication of the tumor spheroid
at different times (12 h, 60 h, and 108 h). Spatial distribution of LPs among tumors. Each point on
the graph represents an LP, and its wavelength is color-coded. (Adapted with permission from [89].
Copyright 2019 Springer Nature.) (e) I: Diagram of microlasers in living zebrafish embryos. II: Two to
four microlasers are inserted into three embryos, and contraction information is received from three
microlasers in one embryo. (Adapted with permission from [96]. Copyright 2020 Springer Nature.)
(f) I: SEM images for the ZnO nanowires synthesized. II: Comparison of mouse skin speckle pictures
below (left) and above (right) the laser threshold. (Adapted with permission from [90]. Copyright
2019 The Royal Society of Chemistry.)

Representing another application in addition to virus sensing, bacteria are rela-
tively widely distributed in the organisms of the world [93,94]. In 2021, to achieve high-
throughput application, a microdroplet laser array encapsulated by Escherichia coli was
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printed on a high-refractive-index mirror, as illustrated in Figure 6c. With the pumping of
490 nm wavelength, a laser emission image that can serve as evidence of dynamic changes
in living organisms was obtained [93]. More exciting results are emerging in larger organ-
isms, such as zebrafish and mice [89,90,95,96]. Large-scale single-cell tracking was achieved
based on WGM laser microdisks made of silica-coated semiconductors, which can support
single-mode emission over 1170 nm to 1580 nm with sub-nanometer linewidths. Cells
stained with dyes and loaded with microparticles were injected into the tail vein of a mouse
to mimic a model of blood-vein micrometastases. Fifteen minutes later, the lung tissue
was imaged, showing the ability of multiplexed tagging of a large number of cells even in
scattering tissues. More details about the three-dimensional tracking of the tumor spheroid
model are depicted in Figure 6d [89]. Recently, Gather and co-workers achieved organ mon-
itoring with the aid of WGM microlasers, as shown in Figure 6e. Microsphere resonators
with diameters between 10 and 20 µm were inserted in the heart, receiving a wavelength
shift of 50 pm caused by the cardiac contraction, which allowed accurate monitoring of
organ-scale contractility in live zebrafish with extraordinary repair and regeneration ability
and mouse heart tissues. The microspheres were implanted using a micro-syringe into the
outer wall of the atrium of the zebrafish. Under the optical pumping, lasing wavelength
from microlasers displayed a redshift corresponding to the heartbeats [96].

Aside from WGM microlasers, random lasers were also successfully applied in mice,
which was the first application of curvature-tunable random in vivo biological imaging,
as demonstrated in Figure 6f. The device was assembled with disordered scatterers com-
posed of ZnO nanowires, well-known piezoelectric materials, whose curvature could be
modulated by bending the flexible polyethylene terephthalate (PET) substrate [90]. In
this way, the spectral emissions of a random laser excited by such a tunable light source
were constructed in in vivo mouse ear skin images with high speckle contrast, possessing
a good ability for the study of the physiological phenomena of fast movement such as
hemodynamics.

3. Outlook, Challenges, and Conclusions

Although multiple technological advances have been achieved in the past decades, as
a rising and attractive technology, there are many directions that can be used and explored
in the field of biolasers; meanwhile, biolasers are still facing challenges: (1) According to
the results of previous studies, construction for high-throughput cell and tissue analysis
will be interesting and important for biological research and biomedicine. The existing
biolasers are based on a cell array in which individual cells reside in walls or flow through
a microfluidic channel, resulting in an imaging limit at the cellular and tissue levels with
biolasers, especially in time series analysis. (2) Rich spectral characteristics of the laser
can be utilized, including narrow linewidth, mode profile, and polarization. Cell tagging
and tracking via lasing micro/nanosize markers with multiple characteristics will become
increasingly attractive. (3) In the detection of pH, temperature, local biomolecular concen-
tration, local force/pressure, etc., lasers are highly sensitive to any environmental small
changes. (4) Compared with conventional technologies such as X-ray testing, ultrasonic
testing, computed tomography (CT), and magnetic resonance imaging (MRI), the biolaser
can provide a way to realize super-resolution imaging achieving single-molecule biosens-
ing, labeling, and tracking. Meanwhile, the biocompatibility of biolasers can protect the
biological material from electromagnetic radiation. Therefore, biolasers can be used for cell
monitoring purposes, and every individual cell can be uniquely observed.

Some properties are intrinsic to all biolasers, and others may be related to a particular
laser cavity, biomaterial, or application. In the following, we list several challenges that we
hope will be overcome by future research and development: (1) The cavity of the laser is
in need of high pump intensity when the cavity has a relatively low Q-factor or low con-
centration of the gain medium, resulting in the damage of biological samples. Meanwhile,
sophisticated and expensive equipment is also required, which limits the application of bio-
lasers. Therefore, researchers of biolaser application hope that the smaller and inexpensive



Sensors 2022, 22, 3149 15 of 19

continuous-wave lasers can take place of the expensive pulsed pump in the future. (2) Due
to the accumulative effect of laser output along the depth direction, information from the
depth direction may be lost during laser imaging. Thus, the recovery of lost information in
biolaser imaging would be a significant step in the biolaser development. (3) According to
the theory of laser emission, a biolaser requires the fluorophore to reach a certain concen-
tration to overcome the threshold with the help of external pumping. However, the low
fluorophore concentrations of the molecules and cells may be missed due to being below
the lasing threshold. (4). The intensity of a biolaser is weak, and the signal of lasing is
absorbed by environmental materials. Moreover, the traditional methods employ perfect
signal collection and processing systems. Therefore, biolasers are combined with traditional
methods to explore new and interesting fields. Thus, the low labeling concentration or low
density of molecules that can be successfully identified by enhancing the dynamic range
would be another challenging yet significant topic in the biolaser application field.

Author Contributions: Writing—original draft preparation, H.S.; writing—review and editing, H.S.
and H.D.; visualization, X.C. and H.D.; supervision, X.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (NSFC) (grant
number 12104298, 12192252, 11764020, and 11974245).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Laissue, P.P.; Alghamdi, R.A.; Tomanca, P.; Reynaud, E.G.; Shroff, H. Assessing phototoxicity in live fluorescence imaging. Nat.

Methods 2017, 14, 657–661. [CrossRef] [PubMed]
2. Vangindertael, J.; Camacho, R.; Sempels, W.; Mizuno, H.; Dedecker, P.; Janssen, K. An introduction to optical super-resolution

microscopy for the adventurous biologist. Methods Appl. Fluoresc. 2018, 6, 022003. [CrossRef] [PubMed]
3. Schermelleh, L.; Ferrand, A.; Huser, T.; Eggeling, C.; Sauer, M.; Biehlmaier, O.; Drummen, G. Super-resolution microscopy

demystified. Nat. Cell Biol. 2019, 21, 72–84. [CrossRef] [PubMed]
4. Betzig, E.; Patterson, G.; Sougrat, R.; Lindwasser, O.; Olenych, S.; Bonifacino, J.; Davidson, M.; Lippincott-Schwartz, J.; Hess, H.

Imaging intracellular fluorescent proteins at nanometer resolution. Science 2006, 313, 1642–1645. [CrossRef]
5. Manley, S.; Gillette, J.M.; Lippincottschwartz, J. Single-Particle Tracking Photoactivated Localization Microscopy for Mapping

Single-Molecule Dynamics. Methods Enzymol. 2010, 475, 109–120.
6. Müller, D.T.; Schumann, C.; Kraegeloh, A. STED microscopy and its applications: New insights into cellular processes on the

nanoscale. Chemphyschem 2012, 13, 1986–2000. [CrossRef]
7. Vicidomini, G.; Bianchini, P.; Diaspro, A. STED super-resolved microscopy. Nat. Methods 2018, 15, 173–182. [CrossRef]
8. Tam, J.; Merino, D. Stochastic optical reconstruction microscopy (STORM) in comparison with stimulated emission depletion

(STED) and other imaging methods. J. Neurochem. 2015, 135, 643–658. [CrossRef]
9. Wu, Y.; Shroff, H. Author Correction: Faster, sharper, and deeper: Structured illumination microscopy for biological imaging. Nat.

Methods 2018, 15, 1011–1019. [CrossRef]
10. Guo, Y.; Li, D.; Zhang, S.; Yang, Y.; Liu, J.J.; Wang, X.; Liu, C.; Milkie, D.E.; Moore, R.P.; Tulu, U.S. Visualizing intracellular

organelle and cytoskeletal interactions at nanoscale resolution on millisecond timescales. Cell 2018, 175, 1430–1442. [CrossRef]
11. Schöneberg, J.; Dambournet, D.; Liu, T.L.; Forster, R.; Hockemeyer, D.; Betzig, E.; Drubin, D.G. 4D cell biology: Big data

image analytics and lattice light-sheet imaging reveal dynamics of clathrin-mediated endocytosis in stem cell-derived intestinal
organoids. Biophys. J. 2019, 116, 167a. [CrossRef]

12. Wldchen, F.; Schlegel, J.; Gtz, R.; Luciano, M.; Sauer, M. Whole-cell imaging of plasma membrane receptors by 3D lattice
light-sheet dSTORM. Nat. Commun. 2020, 11, 887. [CrossRef]

13. Mir, M.; Reimer, A.; Haines, J.E.; Li, X.Y.; Darzacq, X. Dense Bicoid hubs accentuate binding along the morphogen gradient. Genes
Dev. 2017, 31, 1784–1794. [CrossRef]

14. Xu, K.; Zhong, G.; Zhuang, X. Actin, spectrin, and associated proteins form a periodic cytoskeletal structure in axons. Science
2013, 339, 452–456. [CrossRef]

http://doi.org/10.1038/nmeth.4344
http://www.ncbi.nlm.nih.gov/pubmed/28661494
http://doi.org/10.1088/2050-6120/aaae0c
http://www.ncbi.nlm.nih.gov/pubmed/29422456
http://doi.org/10.1038/s41556-018-0251-8
http://www.ncbi.nlm.nih.gov/pubmed/30602772
http://doi.org/10.1126/science.1127344
http://doi.org/10.1002/cphc.201100986
http://doi.org/10.1038/nmeth.4593
http://doi.org/10.1111/jnc.13257
http://doi.org/10.1038/s41592-018-0211-z
http://doi.org/10.1016/j.cell.2018.09.057
http://doi.org/10.1016/j.bpj.2018.11.928
http://doi.org/10.1038/s41467-020-14731-0
http://doi.org/10.1101/gad.305078.117
http://doi.org/10.1126/science.1232251


Sensors 2022, 22, 3149 16 of 19

15. Bger, C.; Hafner, A.S.; Schlichthrle, T.; Strauss, M.T.; Malkusch, S.; Endesfelder, U.; Jungmann, R.; Schuman, E.M.; Heilemann, M.
Super-resolution imaging and estimation of protein copy numbers at single synapses with DNA-point accumulation for imaging
in nanoscale topography. Neurophotonics 2019, 6, 035008. [CrossRef]

16. Hak, L.S.; Chaoyi, J.; En, C.; Pinghua, G.; Yuji, I.; Wen, T.K.; De, T.A.A.; Duncan, N.; Murat, B.; Okunola, J. Super-resolution
imaging of synaptic and Extra-synaptic AMPA receptors with different-sized fluorescent probes. eLife 2017, 6, 27744.

17. Schedin-Weiss, S.; Caesar, I.; Winblad, B.; Blom, H.; Tjernberg, L.O. Super-resolution microscopy reveals γ-secretase at both sides
of the neuronal synapse. Acta Neuropathol. Commun. 2016, 4, 29. [CrossRef]

18. Chen, B.C.; Legant, W.R.; Wang, K.; Shao, L.; Milkie, D.E.; Davidson, M.W.; Janetopoulos, C.; Wu, X.S.; Hammer, J.A.; Liu, Z.
Lattice light-sheet microscopy: Imaging molecules to embryos at high spatiotemporal resolution. Science 2014, 346, 1257998.
[CrossRef]

19. Aguet, F.; Upadhyayula, S.; Gaudin, R.; Chou, Y.Y.; Kirchhausen, T. Membrane dynamics of dividing cells imaged by lattice
light-sheet microscopy. Mol. Biol. Cell 2016, 27, 3418–3435. [CrossRef]

20. Macropinosome formation by tent pole ruffling in macrophages. J. Cell Biol. 2018, 217, 3873–3885. [CrossRef]
21. GoTtfert, F.; Wurm, C.A.; Mueller, V.; Berning, S.; Cordes, V.C.; Honigmann, A.; Hell, S.W. Coaligned dual-channel STED

nanoscopy and molecular diffusion analysis at 20 nm resolution. Biophys. J. 2013, 105, L01–L03. [CrossRef] [PubMed]
22. Hofmann, M.; Eggeling, C.; Jakobs, S.; Hell, S.W.; Hofmann, M.; Eggeling, C.; Jakobs, S.; Hell, S.W. Breaking the diffraction barrier

in fluorescence microscopy at low light intensities by using reversibly photoswitchable proteins. Proc. Natl. Acad. Sci. USA 2006,
102, 17565–17569. [CrossRef] [PubMed]

23. Brakemann, T.; Stiel, A.C.; Weber, G.; Andresen, M.; Testa, I.; Grotjohann, T.; Leutenegger, M.; Plessmann, U.; Urlaub, H.;
Eggeling, C. A reversibly photoswitchable GFP-like protein with fluorescence excitation decoupled from switching. Nat. Biotech-
nol. 2011, 29, 942–947. [CrossRef] [PubMed]

24. Balzarotti, F.; Eilers, Y.; Gwosch, K.C.; Gynna, A.H.; Westphal, V.; Stefani, F.D.; Elf, J.; Hell, S.W. Nanometer resolution imaging
and tracking of fluorescent molecules with minimal photon fluxes. Science 2017, 355, 606. [CrossRef]

25. Dempsey; Graham; Vaughan; Joshua; Chen; Kok; Hao; Bates Evaluation of fluorophores for optimal performance in localization-
based super-resolution imaging. Nat. Methods 2011, 8, 1027–1036. [CrossRef]

26. Butkevich, A.N.; Mitronova, G.Y.; Sidenstein, S.C.; Klocke, J.L.; Kamin, D.; Meineke, D.; Este, E.D.; Kraemer, P.; Danzl, J.G.;
Belov, V.N. Fluorescent rhodamines and fluorogenic carbopyronines for super-resolution STED microscopy in living cells. Angew.
Chem. Int. Ed. 2016, 55, 3290–3294. [CrossRef]

27. Bottanelli, F.; Kromann, E.B.; Allgeyer, E.S.; Erdmann, R.S.; Baguley, S.W.; Sirinakis, G.; Schepartz, A.; Baddeley, D.; Toomre, D.K.;
Rothman, J.E. Two-colour live-cell nanoscale imaging of intracellular targets. Nat. Commun. 2016, 7, 10778. [CrossRef]

28. Winter, F.R.; Loidolt, M.; Westphal, V.; Butkevich, A.N.; Gregor, C.; Sahl, S.J.; Hell, S.W. Multicolour nanoscopy of fixed and living
cells with a single STED beam and hyperspectral detection. Sci. Rep. 2017, 7, 46492. [CrossRef]

29. Gibson, T.J.; Seiler, M.; Veitia, R.A. The transience of transient overexpression. Nat. Methods 2013, 10, 715–721. [CrossRef]
30. Gong, C.; Gong, Y.; Oo, M.K.; Wu, Y.; Rao, Y.; Tan, X.; Fan, X. Sensitive sulfide ion detection by optofluidic catalytic laser using

horseradish peroxidase (HRP) enzyme. Biosens. Bioelectron. 2017, 96, 351. [CrossRef]
31. Rivera, J.A.; Eden, J.G. Flavin mononucleotide biomolecular laser: Longitudinal mode structure, polarization, and temporal

characteristics as probes of local chemical environment. Opt. Express 2016, 24, 10858–10868. [CrossRef] [PubMed]
32. Gong, C.; Gong, Y.; Zhao, X.; Luo, Y.; Chen, Q.; Tan, X.; Wu, Y.; Fan, X.; Peng, G.-D.; Rao, Y.-J. Distributed fibre optofluidic laser

for chip-scale arrayed biochemical sensing. Lab Chip 2018, 18, 2741–2748. [CrossRef] [PubMed]
33. Gao, Z.; Zhang, W.; Yan, Y.; Yi, J.; Dong, H.; Wang, K.; Yao, J.; Zhao, Y.S. Proton-controlled organic microlaser switch. Acs Nano

2018, 12, 5734–5740. [CrossRef] [PubMed]
34. Wang, Y.; Zhao, L.; Xu, A.; Wang, L.; Zhang, L.; Liu, S.; Liu, Y.; Li, H. Detecting enzymatic reactions in penicillinase via liquid

crystal microdroplet-based pH sensor. Sens. Actuators B Chem. 2018, 258, 1090–1098. [CrossRef]
35. Watanabe, K.; Kishi, Y.; Hachuda, S.; Watanabe, T.; Mai, S.; Nishijima, Y.; Baba, T. Simultaneous detection of refractive index and

surface charges in nanolaser biosensors. Appl. Phys. Lett. 2015, 106, 021106. [CrossRef]
36. Watanabe, T.; Saijo, Y.; Hasegawa, Y.; Watanabe, K.; Nishijima, Y.; Baba, T. Ion-sensitive photonic-crystal nanolaser sensors. Opt.

Express 2017, 25, 24469–24479. [CrossRef]
37. Martinez-Perdiguero, J.; Merino, S.; Morales-Vidal, M.; Boj, P.G.; Quintana, J.A.; Villalvilla, J.M.; Díaz-García, M. Organic

distributed feedback laser for label-free biosensing of ErbB2 protein biomarker. Sens. Actuators B Chem. 2016, 223, 261–265.
38. Gaio, M.; Caixeiro, S.; Marelli, B.; Omenetto, F.G.; Sapienza, R. Gain-based mechanism for pH sensing based on random lasing.

Phys. Rev. Appl. 2017, 7, 034005. [CrossRef]
39. Abegão, L.M.G.; Pagani, A.A.C.; Zílio, S.C.; Alencar, M.A.R.C.; Rodrigues, J.J. Measuring milk fat content by random laser

emission. Sci. Rep. 2016, 6, 35119. [CrossRef]
40. Wonsuk, L.; Xudong, F. Intracavity DNA melting analysis with optofluidic lasers. Anal. Chem. 2012, 84, 9558–9563.
41. Yang, X.; Gong, C.; Wang, Y.; Luo, Y.; Rao, Y.J.; Peng, G.D.; Gong, Y. A sequentially bioconjugated optofluidic laser for wash-out-

free and rapid biomolecular detection. Lab Chip 2021, 21, 1686–1693. [CrossRef]
42. Yuan, Z.; Wang, Z.; Guan, P.; Wu, X.; Chen, Y. Lasing-encoded microsensor driven by interfacial cavity resonance energy transfer.

Adv. Opt. Mater. 2020, 8, 1901596. [CrossRef]

http://doi.org/10.1117/1.NPh.6.3.035008
http://doi.org/10.1186/s40478-016-0296-5
http://doi.org/10.1126/science.1257998
http://doi.org/10.1091/mbc.e16-03-0164
http://doi.org/10.1083/jcb.201804137
http://doi.org/10.1016/j.bpj.2013.05.029
http://www.ncbi.nlm.nih.gov/pubmed/23823248
http://doi.org/10.1073/pnas.0506010102
http://www.ncbi.nlm.nih.gov/pubmed/16314572
http://doi.org/10.1038/nbt.1952
http://www.ncbi.nlm.nih.gov/pubmed/21909082
http://doi.org/10.1126/science.aak9913
http://doi.org/10.1038/nmeth.1768
http://doi.org/10.1002/anie.201511018
http://doi.org/10.1038/ncomms10778
http://doi.org/10.1038/srep46492
http://doi.org/10.1038/nmeth.2534
http://doi.org/10.1016/j.bios.2017.05.024
http://doi.org/10.1364/OE.24.010858
http://www.ncbi.nlm.nih.gov/pubmed/27409906
http://doi.org/10.1039/C8LC00638E
http://www.ncbi.nlm.nih.gov/pubmed/30094434
http://doi.org/10.1021/acsnano.8b01607
http://www.ncbi.nlm.nih.gov/pubmed/29790732
http://doi.org/10.1016/j.snb.2017.12.012
http://doi.org/10.1063/1.4904481
http://doi.org/10.1364/OE.25.024469
http://doi.org/10.1103/PhysRevApplied.7.034005
http://doi.org/10.1038/srep35119
http://doi.org/10.1039/D0LC01332C
http://doi.org/10.1002/adom.201901596


Sensors 2022, 22, 3149 17 of 19

43. Wang, Z.; Zhang, Y.; Gong, X.; Yuan, Z.; Chen, Y.C. Bio-electrostatic sensitive droplet lasers for molecular detection. Nanoscale
Adv. 2020, 2, 2713–2719. [CrossRef]

44. Sun, Y.; Shopova, S.I.; Wu, C.-S.; Stephen, A.; Fan, X. Bioinspired optofluidic FRET lasers via DNA scaffolds. Proc. Natl. Acad. Sci.
USA 2010, 107, 16039–16042. [CrossRef]

45. Lee, W.; Chen, Q.; Fan, X.; Yoon, D.K. Digital DNA detection based on a compact optofluidic laser with ultra-low sample
consumption. Lab Chip 2017, 16, 4770–4776. [CrossRef]

46. Duan, R.; Hao, X.; Li, Y.; Li, H. Detection of acetylcholinesterase and its inhibitors by liquid crystal biosensor based on whispering
gallery mode. Sens. Actuators B Chem. 2020, 308, 127672. [CrossRef]

47. Ouyang, X.; Liu, T.; Zhang, Y.; He, J.; He, Z.; Zhang, A.P.; Tam, H.Y. Ultrasensitive optofluidic enzyme-linked immunosorbent
assay by on-chip integrated polymer whispering-gallery-mode microlaser sensors. Lab Chip 2020, 20, 2438–2446. [CrossRef]

48. Sun, Y.; Fan, P.D.X. Distinguishing DNA by analog-to-digital-like conversion by using optofluidic lasers. Angew. Chem. 2012, 51,
1236–1239. [CrossRef]

49. Zhang, X.; Lee, W.; Fan, X. Bio-switchable optofluidic lasers based on DNA Holliday junctions. Lab Chip 2012, 12, 3673–3675.
[CrossRef]

50. Chen, Q.; Zhang, X.; Sun, Y.; Ritt, M.; Sivaramakrishnan, S.; Fan, X. Highly sensitive fluorescent protein FRET detection using
optofluidic lasers. Lab Chip 2013, 13, 2679–2681. [CrossRef]

51. Yuan, Z.; Cheng, X.; Zhou, Y.; Tan, X.; Chen, Y.C. Distinguishing small molecules in microcavity with molecular laser polarization.
ACS Photonics 2020, 7, 1908–1914. [CrossRef]

52. Tan, X.; Chen, Q.; Zhu, H.; Zhu, S.; Fan, X. A Fast and reproducible ELISA laser platform for ultrasensitive protein quantification.
ACS Sens. 2019, 5, 110–117. [CrossRef]

53. Duan, R.; Li, Y.; He, Y.; Yuan, Y.; Li, H. Quantitative and sensitive detection of lipase using a liquid crystal microfiber biosensor
based on the whispering-gallery mode. Analyst 2020, 145, 7595–7602. [CrossRef]

54. Zhang, Y.; Zhang, C.; Fan, Y.; Liu, Z.; Zhao, Y.S. Smart protein-based biolasers: An alternative way to protein conformation
detection. ACS Appl. Mater. Interfaces 2021, 13, 19187–19192. [CrossRef]

55. Yang, X.; Shu, W.; Wang, Y.; Gong, Y.; Gong, C.; Chen, Q.; Tan, X.; Peng, G.D.; Fan, X.; Rao, Y.J. Turbidimetric inhibition
immunoassay revisited to enhance its sensitivity via an optofluidic laser. Biosens. Bioelectron. 2019, 131, 60–66. [CrossRef]

56. Wu, X.; Oo, M.; Reddy, K.; Chen, Q.; Sun, Y.; Fan, X. Optofluidic laser for dual-mode sensitive biomolecular detection with a large
dynamic range. Nat. Commun. 2014, 5, 3779. [CrossRef]

57. Toropovo, N.; Vollmer, F. Whispering-gallery microlasers for cell tagging and barcoding:the prospects for in vivo biosensing.
Light Sci. Appl. 2021, 10, 77. [CrossRef]

58. Nizamoglu, S.; Lee, K.B.; Gather, M.C.; Kim, K.S.; Jeon, M.; Kim, S.; Humar, M.; Yun, S.H. A simple approach to biological
single-cell lasers via intracellular dyes. Adv. Opt. Mater. 2015, 3, 1197–1200. [CrossRef]

59. Humar, M.; Gather, M.C.; Yun, S.H. Cellular dye lasers: Lasing thresholds and sensing in a planar resonator. Opt. Express 2015, 23,
27865–27879. [CrossRef] [PubMed]

60. McGloin, D. Cellular lasers. Nat. Photonics 2015, 9, 559–560. [CrossRef]
61. Humar, M.; Yun, S.H. Intracellular microlasers. Nat. Photonics 2015, 9, 572–576. [CrossRef] [PubMed]
62. Zheng, L.; Man, Z.; Xu, Z.; Feng, C.; Yong, Y.; Liao, Q.; Xu, W.; Zheng, L.; Fu, H. Intracellular near-infrared microlaser probes

based on organic microsphere-SiO2 Core-shell structures for cell tagging and tracking. ACS Appl. Mater. Interfaces 2018, 10,
32981–32987.

63. Himmelhaus, M.; Francois, A. In-vitro sensing of biomechanical forces in live cells by a whispering gallery mode biosensor.
Biosens. Bioelectron. 2010, 25, 418–427. [CrossRef] [PubMed]

64. Schubert, M.; Steude, A.; Liehm, P.; Kronenberg, N.M.; Karl, M.; Campbell, E.C.; Powis, S.J.; Gather, M.C. Lasing within live
cells containing intracellular optical microresonators for barcode-type cell tagging and tracking. Nano Lett. 2015, 15, 5647–5652.
[CrossRef]

65. Yan, R.; Park, J.H.; Choi, Y.; Heo, C.J.; Yang, S.M.; Lee, L.P.; Yang, P. Nanowire-based single-cell endoscopy. Nat. Nanotechnol. 2011,
7, 191–196. [CrossRef]

66. Fikouras, A.H.; Schubert, M.; Karl, M.; Kumar, J.D.; Powis, S.J.; Falco, A.D.; Gather, M.C. Non-obstructive intracellular nanolasers.
Nat. Commun. 2018, 9, 4817. [CrossRef]

67. Septiadi, D.; Barna, V.; Saxena, D.; Sapienza, R.; Cola, L.D. Biolasing from individual cells in a low-Q resonator enables spectral
fingerprinting. Adv. Opt. Mater. 2020, 8, 1901573. [CrossRef]

68. Gather, M.C.; Yun, S.H. Single-cell biological lasers. Nat. Photonics 2011, 5, 406–410. [CrossRef]
69. Shambat, G. Single-cell photonic nanocavity probes. Nano Lett. 2014, 13, 4999–5005. [CrossRef]
70. Wu, X.; Chen, Q.; Xu, P.; Chen, Y.C.; Wu, B.; Coleman, R.M.; Tong, L.; Fan, X. Nanowire lasers as intracellular probes. Nanoscale

2018, 10, 9729–9735. [CrossRef]
71. Humar, M.; Upadhya, A.; Yun, S.H. Spectral reading of optical resonance-encoded cells in microfluidics. Lab Chip 2017, 17,

2777–2784. [CrossRef]
72. Schubert, M.; Volckaert, K.; Karl, M.; Morton, A.; Gather, M.C. Lasing in live mitotic and non-phagocytic cells by efficient delivery

of microresonators. Sci. Rep. 2017, 7, 40877. [CrossRef]

http://doi.org/10.1039/D0NA00107D
http://doi.org/10.1073/pnas.1003581107
http://doi.org/10.1039/C6LC01258B
http://doi.org/10.1016/j.snb.2020.127672
http://doi.org/10.1039/D0LC00240B
http://doi.org/10.1002/anie.201107381
http://doi.org/10.1039/c2lc40183e
http://doi.org/10.1039/c3lc50207d
http://doi.org/10.1021/acsphotonics.0c00387
http://doi.org/10.1021/acssensors.9b01795
http://doi.org/10.1039/D0AN01187H
http://doi.org/10.1021/acsami.0c22270
http://doi.org/10.1016/j.bios.2019.02.013
http://doi.org/10.1038/ncomms4779
http://doi.org/10.1038/s41377-021-00517-6
http://doi.org/10.1002/adom.201500144
http://doi.org/10.1364/OE.23.027865
http://www.ncbi.nlm.nih.gov/pubmed/26480446
http://doi.org/10.1038/nphoton.2015.158
http://doi.org/10.1038/nphoton.2015.129
http://www.ncbi.nlm.nih.gov/pubmed/26417383
http://doi.org/10.1016/j.bios.2009.07.021
http://www.ncbi.nlm.nih.gov/pubmed/19699629
http://doi.org/10.1021/acs.nanolett.5b02491
http://doi.org/10.1038/nnano.2011.226
http://doi.org/10.1038/s41467-018-07248-0
http://doi.org/10.1002/adom.201901573
http://doi.org/10.1038/nphoton.2011.99
http://doi.org/10.1021/nl304602d
http://doi.org/10.1039/C8NR00515J
http://doi.org/10.1039/C7LC00220C
http://doi.org/10.1038/srep40877


Sensors 2022, 22, 3149 18 of 19

73. Chen, Q.; Chen, Y.C.; Zhang, Z.; Wu, B.; Coleman, R.; Fan, X. An integrated microwell array platform for cell lasing analysis. Lab
Chip 2017, 17, 2814–2820. [CrossRef]

74. Ta, V.D.; Caixeiro, S.; Fernandes, F.M.; Sapienza, R. Microsphere solid-state biolasers. Adv. Opt. Mater. 2017, 5, 8. [CrossRef]
75. Tang, S.J.; Dannenberg, P.H.; Liapis, A.C.; Martino, N.; Yun, S.H. Laser particles with omnidirectional emission for cell tracking.

Light Sci. Appl. 2021, 10, 23. [CrossRef]
76. Chen, Y.C.; Li, X.; Zhu, H.; Weng, W.H.; Fan, X. Monitoring neuron activities and interactions with laser emissions. ACS Photonics

2020, 7, 2182–2189. [CrossRef]
77. Humar, M.; Dobravec, A.; Zhao, X.; Yun, S.H. Biomaterial microlasers implantable in the cornea, skin, and blood. Optica 2017, 4,

1080–1085. [CrossRef]
78. Chen, Y.C.; Chen, Q.; Tan, X.; Chen, G.; Bergin, I.; Aslam, M.N.; Fan, X. Chromatin laser imaging reveals abnormal nuclear

changes for early cancer detection. Biomed. Opt. Express 2019, 10, 838–854. [CrossRef]
79. Chen, Y.C.; Tan, X.; Sun, Q.; Chen, Q.; Fan, X. Laser-emission imaging of nuclear biomarkers for high-contrast cancer screening

and immunodiagnosis. Nat. Biomed. Eng. 2017, 1, 724–735. [CrossRef]
80. Chen, Y.C.; Chen, Q.; Fan, X. Lasing in blood. Optica 2016, 3, 809–815. [CrossRef]
81. Song, Q.; Xiao, S.; Xu, Z.; Liu, J.; Sun, X.; Drachev, V.; Shalaev, V.M.; Akkus, O.; Kim, Y.L. Random lasing in bone tissue. Opt. Lett.

2010, 35, 1425–1427. [CrossRef]
82. Polson, R.C.; Vardeny, Z.V. Random lasing in human tissues. Appl. Phys. Lett. 2004, 85, 1289–1291. [CrossRef]
83. Wang, Y.; Duan, Z.; Qiu, Z.; Zhang, P.; Wu, J.; Zhang, D.; Xiang, T. Random lasing in human tissues embedded with organic dyes

for cancer diagnosis. Sci. Rep. 2017, 7, 8385. [CrossRef]
84. Li, X.; Qin, Y.; Tan, X.; Chen, Y.C.; Chen, Q.; Weng, W.H.; Wang, X.; Fan, X. Ultrasound modulated droplet lasers. ACS Photonics

2019, 6, 531–537. [CrossRef]
85. Chen, Y.C.; Chen, Q.; Zhang, T.; Wang, W.; Fan, X. Versatile tissue lasers based on high-Q Fabry–Pérot microcavities. Lab Chip

2017, 17, 538–548. [CrossRef]
86. Nadkarni, S.K. Characterization of atherosclerotic plaques by laser speckle imaging. Circulation 2005, 112, 885–892. [CrossRef]
87. He, J.; Hu, S.; Ren, J.; Cheng, X.; Hu, Z.; Wang, N.; Zhang, H.; Lam, R.H.W.; Tam, H.-Y. Biofluidic random laser cytometer for

biophysical phenotyping of cell suspensions. ACS Sens. 2019, 4, 832–840. [CrossRef]
88. Fernandez-Bravo, A.; Yao, K.; Barnard, E.S.; Borys, N.J.; Levy, E.S.; Tian, B.; Tajon, C.A.; Moretti, L.; Altoe, M.; Aloni, S.; et al.

Continuous-wave upconverting nanoparticle microlasers. Nat. Nanotechnol. 2018, 13, 572–577. [CrossRef]
89. Martino, N.; Kwok, S.; Liapis, A.C.; Forward, S.; Yun, S.H. Wavelength-encoded laser particles for massively-multiplexed cell

tagging. Nat. Photonics 2019, 13, 720–727. [CrossRef]
90. Lee, Y.J.; Yeh, T.W.; Yang, Z.P.; Yao, Y.C.; Chang, C.Y.; Tsai, M.T.; Sheu, J.K. A curvature-tunable random laser. Nanoscale 2019, 11,

3534–3545. [CrossRef]
91. He, L.; Zdemir, A.K.; Zhu, J.; Kim, W.; Lan, Y. Detecting single viruses and nanoparticles using whispering gallery microlasers.

Nat. Nanotechnol. 2011, 6, 428–432. [CrossRef] [PubMed]
92. Hales, J.E.; Matmon, G.; Dalby, P.A.; Ward, J.M.; Aeppli, G. Virus lasers for biological detection. Nat. Commun. 2019, 10, 3594.

[CrossRef] [PubMed]
93. Gong, X.; Feng, S.; Qiao, Z.; Chen, Y.C. Imaging-based optofluidic biolaser array encapsulated with dynamic living organisms.

Anal. Chem. 2021, 93, 5823–5830. [CrossRef] [PubMed]
94. Gather, M.C.; Yun, S.H. Lasing from Escherichia coli bacteria genetically programmed to express green fluorescent protein. Opt.

Lett. 2011, 36, 3299–3301. [CrossRef]
95. Galanzha, E.I.; Weingold, R.; Nedosekin, D.A.; Sarimollaoglu, M.; Nolan, J.; Harrington, W.; Kuchyanov, A.S.; Parkhomenko, R.G.;

Watanabe, F.; Nima, Z. Spaser as a biological probe. Nat. Commun. 2017, 8, 15528. [CrossRef]
96. Schubert, M.; Woolfson, L.; Barnard, I.; Dorward, A.M.; Casement, B.; Morton, A.; Robertson, G.B.; Appleton, P.L.; Miles, G.B.;

Tucker, C.S. Monitoring contractility in cardiac tissue with cellular resolution using biointegrated microlasers. Nat. Photonics 2020,
14, 452–458. [CrossRef]

97. Zhang, S.; Shi, X.; Yan, S.; Zhang, X.; Zhai, T. Single-mode lasing in plasmonic-enhanced woven microfibers for multifunctional
sensing. ACS Sens. 2021, 6, 3416–3423. [CrossRef]

98. Gong, C.; Qiao, Z.; Yuan, Z.; Huang, S.-H.; Wang, W.; Wu, P.C.; Chen, Y.-C. Topological encoded vector beams for monitoring
amyloid-lipid interactions in microcavity. Adv. Sci. 2021, 8, 2100096. [CrossRef]

99. Li, Z.; Psaltis, D. Optofluidic dye lasers. Microfluid. Nanofluidics 2008, 4, 145–158. [CrossRef]
100. Lee, W.; Hao, L.; Suter, J.D.; Reddy, K.; Sun, Y.; Fan, X. Tunable single mode lasing from an on-chip optofluidic ring resonator

laser. Appl. Phys. Lett. 2011, 98, 106–171.
101. Yang, A.H.; Erickson, D. Optofluidic ring resonator switch for optical particle transport. Lab Chip 2010, 10, 769–774. [CrossRef]
102. Gong, C.; Gong, Y.; Yang, X.; Peng, G.D.; Rao, Y.J. Pseudo whispering gallery mode optofluidic lasing based on air-clad optical

fiber. J. Lightwave Technol. 2018, 37, 2623–2627. [CrossRef]
103. Hs, A.; Hg, A.; Jie, Y.B.; Zhi, W.A.; Xl, A.; Ygl, A. A multi-sample analysis method with spatial resolution based on a single-

longitudinal-mode fiber optofluidic microring laser. Opt. Laser Technol. 2021, 138, 106835.
104. Chen, Q.; Kiraz, A.; Fan, X. Optofluidic FRET lasers using aqueous quantum dots as donors. Lab Chip 2016, 16, 353–359. [CrossRef]
105. Lewisgb, B.J. Nucleic acid analysis. Anal. Chem. 1999, 71, 425–438.

http://doi.org/10.1039/C7LC00539C
http://doi.org/10.1002/adom.201601022
http://doi.org/10.1038/s41377-021-00466-0
http://doi.org/10.1021/acsphotonics.0c00692
http://doi.org/10.1364/OPTICA.4.001080
http://doi.org/10.1364/BOE.10.000838
http://doi.org/10.1038/s41551-017-0128-3
http://doi.org/10.1364/OPTICA.3.000809
http://doi.org/10.1364/OL.35.001425
http://doi.org/10.1063/1.1782259
http://doi.org/10.1038/s41598-017-08625-3
http://doi.org/10.1021/acsphotonics.8b01537
http://doi.org/10.1039/C6LC01457G
http://doi.org/10.1161/CIRCULATIONAHA.104.520098
http://doi.org/10.1021/acssensors.8b01188
http://doi.org/10.1038/s41565-018-0161-8
http://doi.org/10.1038/s41566-019-0489-0
http://doi.org/10.1039/C8NR09153F
http://doi.org/10.1038/nnano.2011.99
http://www.ncbi.nlm.nih.gov/pubmed/21706025
http://doi.org/10.1038/s41467-019-11604-z
http://www.ncbi.nlm.nih.gov/pubmed/31399594
http://doi.org/10.1021/acs.analchem.1c00020
http://www.ncbi.nlm.nih.gov/pubmed/33734676
http://doi.org/10.1364/OL.36.003299
http://doi.org/10.1038/ncomms15528
http://doi.org/10.1038/s41566-020-0631-z
http://doi.org/10.1021/acssensors.1c01278
http://doi.org/10.1002/advs.202100096
http://doi.org/10.1007/s10404-007-0225-9
http://doi.org/10.1039/b920006a
http://doi.org/10.1109/JLT.2018.2883722
http://doi.org/10.1039/C5LC01004G


Sensors 2022, 22, 3149 19 of 19

106. Veer, L.J.V.T.; Bernards, R. Enabling personalized cancer medicine through analysis of gene-expression patterns. Nature 2008, 452,
564–570. [CrossRef]

107. Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002, 3, 415–428. [CrossRef]
108. Zhang, Y.; Gong, X.; Yuan, Z.; Wang, W.; Chen, Y.-C. DNA self-switchable microlaser. ACS Nano 2020, 14, 16122–16130. [CrossRef]
109. Wang, Y.; Yang, X.; Gong, C.; Mao, J.; Gong, Y. DC-biased optofluidic biolaser for uric acid detection. J. Lightwave Technol. 2019, 38,

1557–1563. [CrossRef]
110. Hutchinson, M.R.; Goldys, E.M.; Gong, C.; Gong, Y.; Oo, M.; Wu, Y.; Rao, Y.; Fan, X. Enzyme catalyzed optofluidic biolaser for

sensitive ion concentration detection. SPIE BioPhotonics Australas. 2016, 10013, 100131S.
111. Aubry, G.; Kou, Q.; Soto-Velasco, J.; Wang, C.; Mean, S.; He, J.J.; Haghiri-Gosnet, A.M. A multicolor microfluidic droplet dye laser

with single mode emission. Appl. Phys. Lett. 2011, 98, 111111. [CrossRef]
112. Matsko, A.B.; Ilchenko, V.S. Optical resonators with whispering-gallery modes-part I: Basics. IEEE J. Sel. Top. Quantum Electron.

2006, 12, 3–14. [CrossRef]
113. Jiang, X.; Qavi, A.J.; Huang, S.H.; Yang, L. Whispering-gallery sensors. Matter 2020, 3, 371–392. [CrossRef]
114. Ward, J.; Benson, O. WGM microresonators: Sensing, lasing and fundamental optics with microspheres. Laser Photonics Rev. 2011,

5, 553–570. [CrossRef]
115. Yang, J.; Guo, L.J. Optical sensors based on active microcavities. IEEE J. Sel. Top. Quantum Electron. 2006, 12, 143–147. [CrossRef]
116. Mai, H.H.; Trong, T.N.; Giang, K.M.; Xuan, T.D.; Ta, D. Chicken albumen based whispering gallery mode microlasers. Soft Matter

2020, 16, 9069–9073. [CrossRef]
117. Nguyen, T.V.; Mai, H.H.; Nguyen, T.V.; Duong, D.C.; Ta, V.D. Egg white based biological microlasers. J. Phys. D Appl. Phys. 2020,

53, 445104. [CrossRef]
118. Nizamoglu, S.; Gather, M.C.; Yun, S.H. Biomaterial laser: All-biomaterial laser using vitamin and biopolymers. Adv. Mater. 2013,

25, 5988. [CrossRef]
119. Wei, Y.; Lin, X.; Wei, C.; Zhang, W.; Yan, Y.; Zhao, Y.S. Starch-based biological microlasers. Acs Nano 2016, 11, 597–602. [CrossRef]

[PubMed]
120. Ta, V.D.; Caixeiro, S.; Saxena, D.; Sapienza, R. Biocompatible polymer and protein microspheres with inverse photonic glass

structure for random micro-biolasers. Adv. Photonics Res. 2021, 2, 2100036. [CrossRef]
121. Lahoz, F.; Acebes, A.; Gonzalez-Hernandez, T.; Armas-Rillo, S.D.; Soler-Carracedo, K.; Cuesto, G.; Mesa-Infante, V. Random

lasing in brain tissues. Org. Electron. 2019, 75, 105389. [CrossRef]
122. Wang, L.; Da, L.; He, N.; Jacques, S.L.; Thomsen, S.L. Biological laser action. Appl. Opt. 1996, 35, 1775–1779. [CrossRef]
123. Briones-Herrera, J.C.; Cuando-Espitia, N.; Sanchez-Arevalo, F.M.; Hernandez-Cordero, J. Evaluation of mechanical behavior of

soft tissue by means of random laser emission. Rev. Sci. Instrum. 2013, 84, 104301. [CrossRef]
124. Lahoz, F.; Martín, I.R.; Urgellés, M.; Marrero-Alonso, J.; Marín, R.; Saavedra, C.J.; Boto, A.; Díaz, M. Random laser in biological

tissues impregnated with a fluorescent anticancer drug. Laser Phys. Lett. 2015, 12, 045805. [CrossRef]
125. Ignesti, E.; Tommasi, F.; Fini, L.; Martelli, F.; Azzali, N.; Cavalieri, S. A new class of optical sensors: A random laser based device.

Sci. Rep. 2016, 6, 35225. [CrossRef]
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