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Abstract: Due to the stimulated emission amplification, lasers with excellent characteristics,
including the high energy density, ultra-narrow spectral linewidth, and high directionality, are
extremely favorable for sensing, detection, and imaging. Bringing these merits into the micro/nano
scale, micro/nano lasers with miniaturized device sizes further enable outstanding spatial
and temporal confinement, greatly boosting the light-matter interaction and bridging the size
mismatch between light and biomolecules. Thanks to these advantages, micro/nano lasers have
drawn widespread attention and opened new opportunities for a variety of biomedical and
biochemical applications. In this paper, we review recent developments in biomolecular sensing and
cellular analysis based on micro/nano lasers. We first describe the fundamental building blocks of
micro/nano lasers, with discussions on gain material considerations, cavity structures, and pumping.
We then review recent applications using micro/nano lasers as biosensors and bioprobes, including
biomolecule  (mainly proteins and DNAs) sensing, wavelength-multiplexed cell
labeling/tracking/probing, and high-resolution cellular/tissue bioimaging. Finally, an outlook of the
challenges and potential developments of micro/nano lasers for biological sensing and clinical
applications is provided.
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. and the magic mesoscopic world, emerged as a
1. Introduction . o
powerful tool for a variety of applications [1-10].

Dating back to the 20th century, lasers, one of When the device size reaches the wavelength scale,

the greatest inventions in photonics, distinguished not only the energy consumption can be greatly
themselves from other light sources by their reduced, but also the light interacts very differently
coherence, and were heralded for high directionality, =~ with the matter than it does on the macroscale. For a
irradiance, and monochromaticity. Nowadays, with micro/nano laser, it is possible to confine light
the revolutionary development of lasers towards simultaneously in frequency, time, and space,
miniaturized  dimensions, micro/nano lasers, generating the lasing emission with the ultra-small
combining the intrinsic merits of a coherent source =~ mode volume, high energy density, and extremely
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narrow linewidth [5, 6, 11]. Thanks to these
capabilities, micro/nano lasers have opened new
perspectives for biomolecular sensing and cellular
analysis, which may overcome the limitations of
current fluorescence-based bioanalytical methods in
of the
figure-of-merit, throughput, and spatial-temporal
resolution [1, 3, 4, 8, 10, 12].

For  conventional

terms sensitivity, signal-to-noise ratio,

bioanalytical = methods,
characteristics of fluorescence emission (e.g., the
intensity or spectrum) from fluorophores, such as
dyes and fluorescent proteins, are widely used as
sensing signals. However, fluorescence, originating
from spontaneous emission, radiates in all directions
with a relatively weak intensity and broad spectral
30 nm—100 nm). The lack of

directionality leads to inefficient signal out-coupling;

linewidth (e.g.,

the weak intensity is susceptible to background
noise; the broad linewidth adversely affects the
ability to distinguish a spectral shift [13-15].
Therefore, the performance of the sensing is greatly
limited by the broad
conventional

deteriorated. Meanwhile,
linewidth, the
approach supports no more than a few detection

fluorescence-based

channels in the visible range without spectral
overlapping, adding a barrier to the high-throughput
and multi-channel detection [4, 16].

With a completely different emission process
from that of the fluorescence, the laser features high
directionality, enabling an efficient signal
out-coupling for detection [8, 17, 18]. Moreover,
when the pump energy is above the lasing threshold
where the gain of the active medium compensates
for the cavity loss, light in micro/nano lasers can
circulate almost infinite roundtrips inside the cavity.
By incorporating bio-materials in the gain medium
or in the vicinity of the lasing mode, each time the
light circulates in the laser cavity, the sensing signals
or tiny changes in biological processes can be
multifold amplified by the stimulated emission,
of the

biological changes with a high signal-to-noise ratio

offering extremely sensitive readouts

that can be orders of magnitude greater than the
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fluorescence-based method [1, 3, 10]. Meanwhile,
the light circulation results in an ultra-narrow
linewidth (<1 nm), a merit desired for a high
figure-of-merit (defined as sensitivity/linewidth)
sensing [19, 20] and wavelength-multiplexed cell
tagging and imaging [4, 16, 21].

Compared to fluorescence-based methods,
micro/nano-laser-based approaches also provide
versatilities in sensing and detection. For example,
laser emission (LE) features the nonlinear threshold
behavior. The lasing output intensity has a very large
contrast (10* fold-10° fold) below and above the
threshold, which can be exploited to distinguish the
subtle changes occurring in a biological process [1],
such as a single base mismatched deoxyribonucleic
acid (DNA) during melting [22-25], metabolic
activities in a single cell [26], and cell/tissue
differentiation in early-stage cancer development
[14, 27].

In this paper, we review the recent progress of
biomolecular sensing and cellular analysis
applications based on micro/nano lasers. We first
elaborate three building blocks for constructing
micro/nano lasers, looking into the key parameters
and general consideration for the materials and
structures in terms of the biocompatibility,
light-biomolecule interaction, quality factor, mode
volume, and exposure limit (EL) requirement. We
then review various applications in biomolecular
sensing and cellular/tissue analysis using different
types of micro/nano lasers, as shown in Fig. 1. For
the biomolecular sensing, we focus on sensing
important biomolecules, such as DNAs and proteins,
with different sensing mechanisms and strategies.
For the cellular/tissue analysis, we review recent
advances in utilizing micro/nano lasers as biological
probes for cell labeling/tracking/probing and
imaging platforms for cell/tissue differentiation,
cancer screening, and immunodiagnosis. Finally, we
discuss the future perspectives and challenges to
turn micro/nano lasers into powerful tools for

biomedical research and disease diagnosis.



Xiaoqin WU et al.: Micro/Nano Lasers for Biomolecular Sensing and Cellular Analysis

Biological analytes

Biomolecular sensing

Laser sensing 1000 nm
mechanisms :
& %R

e

&
THA | 100 nm

ety A
Enzyme

inhibition

Laser sensing
strategies

Polarization |

Laser onset
time

Chirality

Laser intensity/
peaks/thresholds

PhC lasers

NW lasers _\ K

2

WGM lasers

Page 3 of 33
Cellular/tissue analysis
Bacteria Intracellular
laser probes
Input (pump)
% Virus w e
® Lo osome Ltece pasmon Spasers
wr Protein f«ésc
— / Semiconductor
DNA disks
; LE
imaging/mapping

B

Tissue imaging

Single cells mapping

Plasmonic lasers

/-Random lasers

(F—P lasers

Micro/nano lasers

Fig. 1 Tree plot of typical micro/nano lasers and their bio-applications. The root of the tree denotes typical types of micro/nano
lasers including the whispering gallery mode (WGM), Fabry-Perot (F-P), nanowire (NW), random, photonic crystal (PhC), and
plasmonic laser, giving birth to various applications in biomolecular sensing of analytes ranging from DNAs to bacteria with different
sensing mechanisms and strategies, as well as cellular/tissue analysis with intracellular laser probes and LE imaging/mapping. The
sensing mechanisms include refractive-index (RI) induced lasing features changes, and laser intracavity sensing combined with other
technologies, such as fluorescence resonance energy transfer (FRET), enzyme-linked immunosorbent assays (ELISA), enzyme
inhibition, turbidimetric inhibition immunoassay (TIIA), etc. The sensing strategies include using laser intensity/peak
wavelengths/thresholds, laser onset time, chirality, polarization, and transverse mode pattern as output signals. (The references of the

items in Fig. 1 are listed in Appendix Table 2.)

2. History of biological micro/nano

lasers

An early version of biological micro/nano lasers
can be dated back to Gourley’s work in the 1990s, in
which unlabeled cells were placed inside the F-P
laser cavity containing the semiconductor gain
the
characteristics [28]. Without the need for chemical

medium to passively modulate laser
staining, these biolasers became a simple and
high-speed platform for cellular analysis, such as

measuring intracellular biomolecular concentrations,

studying cell cycles and abnormal growth, and

distinguishing individual cancerous cells from
normal cells [29-31]. Since its first demonstration,
the concept of the biolaser has gradually expanded
from its initial definition, a laser with biomaterials
(e.g., the cells mentioned above) incorporated as
part of the passive cavity, to a wide range of lasers
integrating biological gain media or/and embedded
within biomaterials. For example, in 2010, the Fan
group [32] introduced biomolecules in the gain
medium (i.e., donor-acceptor dyes in a DNA

scaffold) within a microcapillary-based WGM laser
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cavity, in which the laser characteristics can be
sensitively modulated by the DNA scaffolds,
defining a novel class of actively modulated
biolasers. In 2011, the Yun group [33] sandwiched
single live cells expressing green fluorescent
proteins (GFPs) as a viable gain medium into an F-P
cavity, successfully realizing the first biological cell
laser. In 2015, the Yun group [34] injected soft or
hard WGM microlasers (i.e., oil, lipid droplets, or
polystyrene microspheres) in cells to realize
intracellular lasing and cellular probing and tagging.
To date, various types of materials (e.g., fluorescent
biomolecules, products of enzyme-substrate
reactions, semiconductors, quantum dots, organic
dyes, and rear-earth elements) [1, 3, 35, 36] and
[e.g., F-P, WGM, PhCs,

nanowires, and plasmonic cavities] [5, 6, 810, 37]

micro/nano cavities
have been utilized to realize biolasers, which have
been successfully applied to detect a variety of
bioactivities at the molecular, cellular, and tissue
levels, offering a powerful tool for biomedical
research with promising potential for clinical
applications [1, 3, 38-40]. To promote the research
in micro/nano biolasers and their applications, two
Gordon research conferences entitled “Lasers in
Micro, Nano, and Bio Systems” were held in 2018
(chaired by Xudong FAN & Seok-Hyun YUN) and
2023 (chaired by Malte C. GATHER), respectively,
with focuses on progress in cavity designs, emerging
material platforms and biomedical applications
(https://www.grc.org/lasers-in-micro-nano-and-bio-
systems-conference).

3. Building blocks in micro/nano lasers
for biosensing

Micro/nano lasers share many similarities with
conventional lasers in working principles. They
consist of three major components: the pump, cavity,
and gain medium. Generally, the pump provides the
energy for population inversion in the gain medium,
allowing light to be amplified in the form of
stimulated emission; the cavity provides optical
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feedback and selects the light with a certain
frequency and emission direction for amplification
while suppressing other light that does not meet the
resonance conditions.

3.1 Gain medium

As the stimulated emission occurs in the medium,
the gain medium determines most of the LE
characteristics. For biosensing and cellular analysis,
apart from the key properties of conventional lasers
(e.g., the emission wavelength, gain bandwidth, and
quantum yield), the compatibility of the gain
medium with the biological system, namely
biocompatibility, is another important factor needed
to be considered. Gain media typically used in
micro/nano laser based biosensors include:
fluorescent dyes or biomaterials [41-44], products
of enzyme-substrate reactions [13, 45, 46], inorganic
20, 47],
(conjugated) polymers [18, 48], quantum dots
[49, 50], and rare-earth elements [51, 52], which can

be synthesized within or attached to biomolecules or

semiconductors [16, semiconducting

cells. Among them, organic dyes (e.g., cyanine and
rhodamine) are one of the favorable fluorescent
materials with wide applications in optofluidic or
solid-state micro/nano lasers, providing a promising
sensing platform with excellent biocompatibility
[53]. Besides, fluorescent biomaterials, including the
GFP [43], monomeric Cherry (mCherry) [41],
indocyanine green (ICG) [44], luciferins [42], and
vitamins [54], are intrinsically biocompatible, since
they can be found in living organisms [35, 55].
Moreover, they can be seamlessly merged with
droplet cavities to form the biological laser operated
in the liquid environment [1, 3, 35, 37], showing
great potential for in-vivo sensing. These advantages
aside, most fluorescent materials are subject to
photobleaching that may affect their lasing and
sensing performance in terms of the signal intensity,
long-term stability, and repeatability. Compared to
rare-earth elements

fluorescent materials,

(e.g., samarium, neodymium, erbium, thulium, and
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holmium) [56] and organic/inorganic semiconductor
materials (e.g., CdSe, HgTe, and CdSe/ZnS) [5] are
usually more photostable and have been successfully
demonstrated for constructing micro/nano lasers,
while challenges still exist regarding how to use
them in biosensing. Micro/nano lasers with
rare-earth elements usually require high pump
power for lasing [8], which may potentially perturb
underlying biological processes. As to the

semiconductors, their toxic materials in the
composition restrict the application in biosensing
[20, 57, 58], which might be overcome by coating a
Other

semiconductor materials such as perovskite can also

dielectric layer for protection [16].
be used as the gain medium for bioimaging [59],
while their current applications are mainly in gas
sensing, since they usually suffer from the low

photostability and aqueous compatibility/stability
[8].
3.2 Cavity

Similar to conventional lasers, the gain medium
for the micro/nano laser is placed inside or
integrated with a cavity. Besides providing the
feedback mechanism for amplification, the cavity
also offers the confinement of light. Intuitively,
when light is stored longer and concentrated in a
smaller volume within a cavity, the light-matter
interaction, an important factor for improving the

sensing and detection performance, can be enhanced.

The storage time corresponds to the temporal
confinement of light quantified by the quality factor
(Q), and the concentration refers to the spatial
confinement characterized by the mode volume (V)
[60]. A high Q/V ratio represents the ability to
realize a tight and long-lasting confinement of light,
and can be achieved by either enhancing Q as
usually seen for dielectric cavities or reducing V as
usually seen for metal cavities [61].

3.2.1 WGM cavity

For dielectric cavities, ring resonators are one of

the most widely used types in microlasers [8], which
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utilize WGMs that were first discovered by Lord
Rayleigh for sound waves in the whispering gallery
of St. Paul’s Cathedral around a concave surface.
High-quality WGMs exist in various micro/nano
structures  including  microcapillaries [44],
microspheres [21], microdisks [16], liquid droplets
[62], and microbubbles [63, 64] [Fig. 2(a)]. Due to
the origin of the WGM formed by the total internal
reflection at the circular boundaries, the confinement
of the ring resonator depends on the refractive index
(RI) contrast and size [8, 9, 65], which is thus
usually of several times of A* (A: wavelength) and
faces challenges for further miniaturization [66]. For
example, for a polystyrene microsphere (RI=1.6)
widely used inside cells [15, 21, 34], as the diameter
decreases below 6 um, the bending loss becomes
significant, leading to a degradation in the QO-factor
that hinders its ability to lase in an aqueous
environment. Some attempts to mitigate this issue
include using high RI materials [16, 47, 67] and
integrating with PhC geometries [68]. For instance,
the former uses GalnP/AlGalnP quantum wells to
achieve a O-factor of 10°~10* in a 750-nm-diameter
and 180-nm-thick nanodisk [47]. The

incorporates an array of holes at the perimeter of the

latter

microdisk to confine the WGM in a limited angular
range, resulting in a Q-factor of ~10° and a mode
volume of 0.52 (A/n)’ in a 2.56-pm-diameter and
325-nm-thick microdisk [68].

3.2.2 F-P cavity

F-P cavities are another common resonating
structure of good compatibility with fluidic channels,
and thus have been widely used for constructing
microlasers  for

optofluidic biological and

biochemical sensing. Conventional F-P
microcavities consist of two parallel reflective
mirrors separated by a distance ranging from a few
micrometers to a few hundreds of micrometers
[26, 69]. Among F-P microcavities composed of
different

mirrors  with morphology,  the
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plano-concave type [Fig.2(b)(i)] can offer a
relatively small mode volume while maintaining a
high O-factor [70-73]. For example, a mode volume
of ~0.3 pm® (~1.74%) with a Q-factor of 18 000 has
been demonstrated by using a plane mirror and a
concave (4-um radius) mirror separated by 1 um
[74]. However, such a micrometer-level concave
mirror with a low surface roughness often requires a
complex and high-cost fabrication process. In
contrast, the plano-plano type [Fig. 2(b)(ii)] can be
readily fabricated and is commonly used in the
optofluidic microlasers based on F-P cavities [3, 75].
However, it lacks confinement in the lateral
direction such that the mode volume is usually large.
This issue can be solved by the integration with a
vertical dielectric interface [Fig. 2(b)(iii)] [76] or a
microsphere [Fig. 2(b)(iv)] [77], which introduces a
focusing effect with an enhanced Q-factor up to
1x10*-5x10* and a low effective mode volume
down to 0.3 pm’-5.1 um® in an F-P cavity filled

with liquids.
3.2.3 NW cavity

As a typical one-dimensional nanostructure,
NWs serve as promising building blocks for
constructing next-generation waveguiding
nanophotonic devices [2, 78-80]. For an NW with a
finite length, an F-P cavity is formed in the
longitudinal direction due to the reflection of light
between the two end facets with high reflectivity
[Fig. 2(c)(D],

morphology [81, 82].

depending on the end facet
Although Q-factors of
NW-based F-P cavities are usually on the order of
10 [78], NWs, in contrast to conventional F-P
cavities, can offer much tighter confinement in the
transverse cross-section with a considerably larger
field enhancement at the NW surface, greatly
boosting the light-matter interaction on the
sub-wavelength scale [79, 83—-85]. This transverse
confinement ability can be further strengthened by

introducing symmetry breaking structures [86—88],
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engineering cross-sectional shapes [89, 90],
integration with 2D materials [91], or using coupled
NW cavities [92].

confinement down to the sub-nm level has recently

An extreme optical field

been demonstrated in a slit cavity formed by a
coupled CdSe NW pair [Fig. 2¢(ii)] [92], opening
new opportunities for nano lasers. For improving the
longitudinal mode confinement capability, NWs can
be fabricated or assembled into the photonic crystals
[Fig. 2(c)(ii1)] [58], Sagnac loop mirrors [Fig. 2¢(iv)]
[94] with enhanced
QO-factors. Apart from the aforementioned merits,

[93], and ring resonators

when light is guided along NWs, it leaves a large
amount of energy outside NWs as evanescent waves
[95-97] that can be exploited for sensing either
biomolecules attached onto the sidewalls or changes
in the surrounding environment [57, 58]. NW-laser
biosensors media and

working in aqueous

intracellular environments have already been
demonstrated [19, 20, 59], showing high sensitivity

and good biocompatibility.
3.2.4 PhC cavity

As an optical analogue to a crystal, where the
periodic potential and band structure are introduced
by the crystal atoms, a PhC cavity consists of
periodic patterns of high and low Rls with a pitch on
the wavelength scale [98—101]. This type of cavity
can concomitantly have extremely high (O-factors
and small mode volumes, allowing light to be tightly
confined temporally and spatially in line [102], point
[103], nanoslit defects [98], or point-shift areas [104]
of the two-dimensional (2D) PhC slabs with periodic
airholes [Fig. 2(d)]. For example, formed by a line
defect in a 2D PhC, a nanocavity with a Q-factor of
~1.1x10" and a mode volume of 1.44* has been
demonstrated [105]. While a PhC offers unprecedent
spatial and temporal confinement, its overall size
including the large periodic areas is usually on the
order of 10 pum, resulting in a total device volume

larger than 1* [66]. In biosensing, lasers based on
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nanoslit-integrated PhC can be used to achieve
ultrasensitive protein detection with an extremely
low limit of detection (LOD) of ~16zM [106],
their
maximally exploited.

where confinement capability can be

3.2.5 Plasmonic cavity

By coupling light with collective -electron
oscillations, plasmonic cavities, usually made of
noble metals such as Au and Ag, provide the
unprecedented ability to confine light on the
deep-subwavelength scale, bridging the spatial
mismatch between the light and biomolecules with
the feature size on the nanometal level [5, 91, 107].
Although such confinement ability comes at the
expense of a high loss that limits the O-factor to the
range of 10° to 10% [61], an extremely high O/V can
still be obtained due to the small mode volume
beyond the diffraction limit [108]. For example, by
placing an Au nanoparticle on an Au film with a
sub-nm molecular spacer, a nanoparticle-on-mirror
(NPoM) can be formed with a Q/V of 3.5X 10,
which is over an order of magnitude higher than a
typical dielectric cavity such as the PhC and
micropillar (~10°), enabling the interaction between
light and a single molecule into the strong coupling
regime [109]. A variety of plasmonic cavities or
hybrid plasmonic structures have been successfully
demonstrated for plasmonic nano lasers or spasers
[Fig. 2(e)], including metal nanoparticles [110, 111],
[112, 113],
semiconductor nanopatches/NWs on metal films
[114-117], and metal NWs [118]. In contrast to the
ones made of dielectric cavities with feature sizes
the diffraction

plasmonic cavities can be fabricated with footprints

nanodisks  with metal layers

limited by limit, lasers with
on the deep-subwavelength scale [5]. For example,
the spaser made of a single Au nanoparticle with a
silica shell doped with dyes is only a few tens nm in
diameter [110, 111], making it an ideal candidate as
in-vitro and in-vivo

a Dbiological probe for

applications [111].
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3.2.6 Other cavities

In addition to the aforementioned structures,
cavities with liquid crystals (LCs) have recently
attracted widespread attention [119—-123]. LCs are
complex fluids with good reconfigurability and
biocompatibility,  allowing  for  assembling
topological structures for light manipulations in
biological systems [124]. By integrating such soft
topological materials with optical cavities [e.g.,
WGM and F-P cavities, see Fig. 2(f)], the emission
of laser vector beams with diverse intensity/
polarization/phase profiles can be generated and
tailored, representing a novel class of coherent
vector sources that can potentially be used in the
study of the light-molecule interaction such as
detecting nano-structural dynamics of intracavity
biomolecules [119, 120].

Another approach for generating vector beams is
to utilize bound states in the continuum (BIC)
topological nature, and LE based on BICs is
naturally a vector beam [125, 126]. Moreover,
unlike conventional cavities that confine light with
states outside a continuous

discrete spectral

spectrum of radiation, structures with BICs localize
lying
nanocylinders, showing scalability in array sizes
from 20-by-20 to 8-by-8 [Fig. 2(g), left panel] [127].
In 2020, using a designed metasurface with BICs, a

light within peculiar states inside the

switchable vortex microlaser was demonstrated,

enabling an ultrafast all-optical switching
(1 ps—1.5 ps) between the vortex beam lasing and
linearly polarized beam lasing [Fig. 2(g), right panel]
[128]. In 2022, nano lasers utilizing BICs in PhCs
under both continuous wave (CW) and pulsed
optical pumping were demonstrated with a low
threshold of 80 W/cm? [129],

possibility of using nano lasers with CW pumping

extending the

and low power requirement in biosensing
applications (which will be further discussed in the

next section).
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Fig. 2 Typical cavities for micro/nano lasers: (a) WGM cavities based on a microcapillary [44], microsphere [21], micro/nano disks

[47], and microdroplet [62];

(b) schematics of a plano-

concave [74], plano-plano [75], interface-integrated [76],

microsphere-integrated [77] F-P cavity; (c) nanowire cavities based on a single NW [19], nanoslit in coupled NWs [92], NW PhC [58],
and Sagnac loop mirrors [93]; (d) ultra-confined 2D PhC cavities incorporating a line-defect [130], point-defect [103], point-shift [104],

and nanoslit [131] in a regular PhC slab with periodic airholes;

[112], nanopatch [115], and NWs [118]; (f) topological encoded

(e) plasmonic nanocavities based on a nanoparticle [110], nanodisk
cavities based on liquid crystal contained WGM [120] and F-P [121]

implementations; (g) BIC cavities based on semiconductor cylindrical nanoresonator arrays [127] and perovskite metasurfaces [128].

3.3 Pump

Micro/nano lasers can be pumped electrically or
optically. Compared to the electrical one, the optical
pumping enables remote and contactless excitation,
serving as the most effective method currently

available for biolasers [1]. Usually, biolasers are
pumped with a pulsed laser, and a low pumping
threshold is always favorable, not only for the
efficient energy consumption, but also for reducing
perturbations in biological media. Strategies for
reducing the lasing threshold have been discussed in
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many recent review articles [5, 108, 132]. Generally,
for biosensing applications, to minimize damage to
biomaterials, the lasing threshold should be smaller
than that of the laser EL that varies from pJ/mm? to
nJ/mm? in the visible and near IR range, according
to the factors, such as types of tissues/cells,
[133]. For
example, the skin has an EL of ~200 pJ/mm?, while

wavelengths, and pulse durations
the cornea in contrast is vulnerable to an EL of
~5 nJ/mm? [133] for a visible and ns-pulsed laser.
Due to their high QO-factors and/or small mode
volume, state-of-art plasmonic and dielectric
micro/nanolsers can realize a low threshold down to
the sub-pJ/mm? or nJ/mm? level (e.g., 0.6 pJ/mm?
for a hybrid plasmonic nanowire laser [118],
0.22 pJ/mm? in a polymer ring resonator laser [134],
25 nJ/mm? in a optofluidic WGM laser [135], and
0.93 nJ/ mm? in a BIC laser [129]), meeting the low
EL demands for most bio-applications.

Compared to pulsed lasers for excitation, CW
lasers are usually much cheaper and smaller, making
them more appealing for constructing low-cost and
compact instruments. Unfortunately, it is relatively
difficult for micro/nano lasers to achieve lasing
oscillations under CW pumping due to several
possible reasons, such as the insufficient power
intensity, strong heating effects, and dark/triplet state
absorption for organic gain materials (e.g., dyes) [1].
One possible approach to overcome this problem is
to use a metallic optofluidic cavity with a millimeter
thickness, in which a room-temperature lasing under
CW excitation can be realized with a threshold as
low as 2.1 uW/cm? [136]. For miniaturized lasers on
the microscale, one could resort to upconverting
nanoparticles (UCNPs) with long radiative lifetimes
as gain media. In 2018, utilizing a coupled structure
composed of energy-loop UCNPs and a
WGM
microlaser was demonstrated under CW pumping
with a threshold of 14 kW/cm?. Such a laser can be

operated in aqueous environments such as blood

5-pm-diameter cavity, an upconverted

serum, showing great potential for biosensing and
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imaging [137]. The kW/cm? lasing threshold of the
UNCP based microlasers could be further reduced to
70 W/cm? by incorporating with plasmonic cavities
formed by Ag nanopillars [138].

4. Biomolecular
micro/nano lasers

sensing based on

Micro/nano lasers enable excellent spatial and
temporal confinement with the greatly enhanced
light-matter interaction, opening new realms for
biomolecular sensing.

4.1 Protein sensing

As essential biological molecules in organisms,
proteins play a vital role in a variety of biological
activities, including metabolic reactions, the DNA
replication, transporting molecules, responding to
stimuli, and providing structures to cells and
organisms. Selective sensing with a low LOD and
accurate and high-throughput analysis of proteins
are thus of great importance for medical research
[139-142].
conventional technologies including ELISA and

and disease diagnoses Several
fluorescence immunoassay have been widely used
for protein assay, while the complex operations,
strong light absorption, broad emission-bands, and
low contrast limit their further applications [141].
Micro/nano laser intracavity sensing emerges as a
promising platform to analyze biomolecules and

biological processes with superior performance.

4.1.1 WGM microlaser sensing

WGM microcavities usually exhibit
considerably large O-factors that are favorable for
constructing low-threshold micro/nano lasers with
Also, the
in WGM

microlasers enhances the light-matter interaction,

ultra-narrow  spectral  linewidths.

exceptionally long photon lifetime
which is thus highly suitable for biosensing. Various
types of WGM
micro-capillaries [41, 44, 143], micro-structured
optical fibers [144—147], microdroplets [148—153,

152], [154-156]

microlasers based on

and microspheres have been



Page 10 of 33

developed and applied to biomolecule sensing
[1, 3, 8 9]. Among them, WGM laser cavities
formed by thin-walled liquid-core microcapillaries,
serving as both ring resonators and microfluidic
channels, have attracted a lot of attention. In 2013,
an optofluidic WGM microlaser with genetically
encoded fluorescent protein FRET pairs linked by
length-tunable peptides as the gain medium was
developed for highly-sensitive detection of protein
interactions [Fig. 3(a)] [41]. Up to 25-fold reduction
in the laser intensity was observed when the distance
of the two proteins changed from ~30nm to
~6.5 nm, while the fluorescence FRET showed only
17% reduction. Later in 2016, the first “blood laser”
(ICG)
concentrations was demonstrated in human-blood-

with  clinical  indocyanine  green
filled microcapillaries. The dependence of the lasing
behavior on three major serological components
(albumins, globulins, and lipoproteins) was
investigated, marking a critical step toward in-vitro
diagnostics in whole blood [Fig. 3(b)] [44]. Apart
from the micro-capillaries, optical fibers can also be
utilized for implementing WGM laser biosensors.
For instance, by adsorbing a single (or even sub-)
layer of luminescent biomolecules (e.g., ¢GFP) on
the sidewalls of a single-mode fiber, a WGM
demonstrated and its laser
to be

modulated by the biomolecular binding [43]. Later

microlaser was

characteristics were found sensitively
on, low-cost and reproducible optofluidic lasers
were demonstrated based on micro-structured
optical fibers with two [144] or one [145—-147] hole
in the cross-sections [Figs. 3(c)—(d)]. The latter, also
called the hollow optical fiber, was used for
detecting the horseradish peroxidase enzyme [145],
IgG [146], and avidin [147] with LODs of 14 pM,
11 nM, and 9.5 pM, respectively. Furthermore, very
recently, it was found that the WGM LE can also be
achieved in the droplet-on-mirror or liquid-crystal
droplet structure. In 2020, by printing hydrogel
droplets on a mirror, the WGM mode lasing was
study FRET-related

molecular interactions within the hydrogel network

achieved and applied to

Photonic Sensors

[Fig. 3(e)] [149]. In 2021,
microlaser using dye-doped liquid-crystal droplets

a bio-responsive

as a high-O WGM laser cavity was demonstrated
[Fig. 3(f)], in which the lasing wavelength was
modulated by surface binding molecular
concentrations, interfacial energy transfer [148], and
molecular electrostatic interactions [150]. In 2022,
based on the

three-dimensional (3D) deep-learning strategy, a

similar  structure and a

peptide-contained droplet  microlaser  was
demonstrated to track the amyloidogenesis process
(i.e., the earlier stages of protein aggregation), which
is quite challenging for the fluorescence-based

imaging methods [151].
4.1.2 F-P microlaser sensing

Benefitting from the simple implementation,
ease of integration with various gain media, and
planar configuration, F-P microcavities attract much
attention in applications, such as on-chip laser
biosensing [13, 45, 157], high-throughput array
detection [26, 46, 70], and high-resolution laser
imaging [14, 69, 158]. Among them, high-sensitivity
protein sensing based on F-P microlasers has been
demonstrated in the past few years. For instance, in
2014, utilizing an F-P cavity formed by two planar
mirrors with a fluidic channel inserted for sample
delivery, an optofluidic laser-based ELISA was
demonstrated [13]. As shown in Fig. 4(a), the
enzyme-substrate reaction occurs on the inner
surface of the fluidic channel, generating the
fluorescent product as the gain medium. Unlike
conventional methods using the lasing intensity or
wavelength as readout signals, this approach utilizes
the laser onset time as the sensing signal that is
inversely proportional to the analyte concentration
inside the cavity, leading to the sensitive
biomolecular Interleukin-6 detection with a large
dynamic range (6 orders of magnitude) and an
ultralow LOD of 1 fg/mL (38 aM). Later on, it was
found that sulfide ions can slow down the
enzyme-substrate reaction and delay the laser onset

time. Thus, sensitive ion detection based on the
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similar laser configuration was also demonstrated
with an LOD of 10 nM and a dynamic range of
~3 orders of magnitude [45]. Furthermore, based on
a novel high-O wedged F-P cavity with tight lateral
confinement [76], an ultrasensitive ELISA laser
intracavity sensing platform with short reaction time
and a small reagent volume was demonstrated to
detect the protein of Interleukin-6, exhibiting an
LOD of ~0.1 pg/mL and low sample consumption of
~15 uL [46]. Beyond the ELISA laser biosensors, in
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2019, an optofluidic laser based on TIIA was
the
complexes (ACCs) led to a scattering loss in the

demonstrated, = where antigen-antibody
bulk solution [Fig. 4(b)]. By monitoring the lasing
intensity responding to ACC concentration changes,
the information of the analytes (antibody/antigen)
could be retrieved. This TIIA was then used for IgG
detection with an exceptional LOD (1.8x10'° g/L)
and a large dynamic range of five orders of the

magnitude [159].
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Fig. 3 WGM microlaser biosensing: (a) WGM laser biosensor based on a microcapillary for the detection of protein-protein
interaction [41], (b) schematic of an indocyanine green (ICG) laser in blood [44] (upper panel: the composition of blood; bottom panel:
the schematics of the blood lasers and their typical lasing spectra), (c) and (d) WGM optofluidic lasers based on micro-structured fibers
with two holes (c) [144] and one hole [146] (d) in the cross-sections to fill analyte solution, (¢) WGM laser based on a hydrogel
droplet-on-mirror structure [149], and (f) bio-responsive microlaser with its lasing wavelength sensitive to the surface binding

molecular concentrations [148].

Previous studies mainly focus on the lasing
intensity, emission wavelength, lasing threshold, and
laser onset time to retrieve the analyte information,
while the polarization state, topology, and chirality
of the laser mode can also be utilized as feedback
signals. In 2020, it was found that small molecules,
as well as their rotations, which could not be
detected by fluorescence polarization, could be
otherwise amplified and distinguished by the
[Fig. 4(c)] [75]. In 2021, by
sandwiching biomimetic liquid crystal droplets with

polarized LE

self-assembled lipid monolayers in an F-P cavity,
vector laser beams were generated, and their mode
topologies and polarization states reflected the

protein-lipid membrane interactions [Fig. 4(d)] [119].
Similarly, by the
network  with  different

sandwiching self-assembled

amyloids structural
dimensions in an F-P cavity, distinctive lasing
patterns were found, offering a possible approach to
[160].
Besides, numerous biomolecules (e.g., amino acid,
DNA,

important roles

exploring dynamic biological networks
and proteins) have chirality and play
In 2021, by
encapsulating GFPs or chiral biomolecules in an F-P
microcavity, a biolaser that could amplify the
stimulated chiral light-biomolecule interaction was
demonstrated [Fig. 4(e)], opening a new route for
chiral molecule sensing and drug screening [161].

in biomedicine.
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Fig. 4 F-P microlaser biosensing: (a) schematic diagram of the ELISA laser biosensor (up), typical LE from the product of the
enzyme-substrate reaction (middle), and lasing intensity as a function of the catalytic reaction time for various analyte concentrations
(bottom) [13]; (b) schematic of a TIIA optofluidic laser biosensor (up), TIIA-induced transmission change (middle), and laser spectra
response to different IgG concentrations (bottom) [159]; (¢)—(e) schematics of F-P microlaser biosensors by monitoring: (c) the laser

polarization states [75], (d) laser mode topology [119], and (e) stimulated emission chirality [161].

4.1.3 PhC nanolaser sensing

Due to the multidimensional Bragg reflection,
PhC nanocavities can confine light within a volume
smaller than 1 um® with a sufficiently high O-factor
~10* [98-100, 162] and thus offer an extremely
strong light-matter interaction, which is particularly
beneficial to high-sensitivity on-chip biomolecule
sensing. One sensing principle of the PhC nano
lasers is to detect the RI changes induced by the
adsorbed biomolecules in the evanescent fields of
the laser modes. The information of the analytes can
be retrieved from the variation in the lasing
wavelength. By engineering a nanoslot on a
point-shift GalnAsP PhC, high-quality cavity modes
with small mode volumes (0.2 /°) can be achieved,
resulting in a low threshold of ~1 uW and a single
mode peak over 40 dB. The bulk RI sensitivity
of the PhC nanolaser can reach
300 nm/RIU-500 nm/RIU [98]. Based on this PhC

laser configuration, the highly sensitive protein
(streptavidin) assay was demonstrated with an
extremely low LOD of 100 zM in the bovine serum
albumin solution, corresponding to the selectivity of
10" [Fig. 5(a)] [106]. Recently, another sensing
mechanism with superior performance was found on
the GalnAsP PhC nanolaser: the surface charges on
the slab the
electrostatic states and thus change the lasing

semiconductor could modify
emission intensity and wavelength [100, 131, 104].
Such sensing mechanism can identify the negatively
charged proteins (IgG) and DNA on the order of a
femtomolar or lower concentration [Fig. 5(b)] [131].
Furthermore, label-free and spectral-analysis-free
detection of neuropsychiatric disease biomarkers
(collapsing response mediator protein 2) with an
ultralow LOD of 3.8 ug/mL was also demonstrated
by using the nanoslot-incorporated PhC nanolaser
[104].
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Fig. 5 PhC nanolaser biosensing: (a) structure (up), protein sensing scheme (middle), and lasing response to increasing streptavidin
concentration (bottom) of the GalnAsP nanoslot PhC nanolaser biosensor [106]; (b) experimental setup for an ion-sensitive PhC
nanolaser sensor (up), lasing spectra shift with the increasing biomolecules (middle), and lasing wavelength shift to different

concentrations of IgG (bottom) [131].

4.1.4 Distributed feedback (DFB) microlaser
sensing

Owing to the planar configuration and stable
single-frequency stimulated emission [163, 164],
DFB microlasers can detect the binding of
biomolecules to recognition layers by monitoring
the lasing wavelength shift, showing great potential
for on-chip label-free biosensing. A DFB laser
biosensor is commonly composed by an active gain
film [17, 165-169] or liquid channel waveguide
[163, 170] with periodic RI changes, and a structure
similar to a Bragg grating that provides an optical
feedback to the laser. The bulk RI sensitivity of solid
DFB lasers ranges from 20 nm/RIU-30 nm/RIU

[164, 166, 171] to 70 nm/RIU-200 nm/RIU

[17, 165, 167, 172], depending on the fraction of the
evanescent field outside the device that interacts
with analytes. Also, it was found that evaporating a
thin layer of high-index TiO; helped enhancing the
sensitivity [167, 172]. Based on an all-polymer DFB
laser with two semiconducting polymers as the gain
medium and a biotinylated hydrogel as the

recognition layer, a label-free biosensor was
demonstrated to detect the avidin-biotin interaction,
showing the ~0.2 nm lasing wavelength shift with
respect to an avidin concentration of 25 pg/mL
[Fig. 6(a)] [17]. Later on, a vertically emitting
organic DFB laser was used for the label-free
detection of the ErbB2 cancer biomarker with an

LOD of l4ng/mL [Fig. 6(b)] [168]. In 2020,
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compared with the conventional DFB biosensors
using high-RI substrates, a spin-coated organic DFB
laser with a low RI (~1.34) substrate exhibited a
lasing threshold reduction of ~75% and a 3-fold
increase in the bulk sensitivity [Fig. 6(c)], achieving
an LOD of 14ng/mL for the
biomolecule detection of bovine serum albumin

non-specific

[169]. Further improvement of the sensitivity can be
realized by increasing the overlapping between the
probe light and the biomolecules. A possible
approach is to use a liquid-core PDMS-cladding

Photonic Sensors

channel waveguide combined with a phase shifted
DFB structure, in which the sensitivity as high
as 560 nm/RIU-640 nm/RIU can be achieved
[163, 170]. Such configuration can be extended to
multi channels by using parallel liquid-core DFB
lasers [173]. It also shows good compatibility with
on-chip integration, which is highly desired for the
point-of-care testing. For example, an all-in-one
optofluidic chip integrating biomarker assay
preparation and sensing was recently demonstrated

for molecular biosensing assay [174].
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Fig. 6 DFB microlaser biosensing: (a) scheme of an all-polymer DFB laser biosensor (up) and the response of the lasing
wavelength shift to the increasing avidin concentrations (bottom) [17]; (b) scheme of an organic DFB laser biosensor (up) and its
lasing wavelength shift response to the ErbB2 cancer biomarker (bottom) [168]; (c) scheme of a DFB biosensor that breaks the
trade-off between the sensitivity and lasing threshold by using a low-index substrate (up) and the dependence of lasing wavelength

shift on different concentrations of BSA (bottom) [169].
4.1.5 Random microlaser sensing

The LE can be achieved in a randomly scattering
medium, where the multiple light scattering in

random scatterers contributes to the optical feedback.

Benefitting from the cavity-free configuration,
random lasers are simple, flexible, and small in
structures, and easily compatible with various
biomaterials, making them excellent candidates for
label-free laser biosensors. In the past few years,
random lasers have been successfully demonstrated

in various biological materials, including silk [175],
eggshell membranes [176], leaves [177], insect
wings [178, 179], and tissues [180—184]. Variations
in scatterers (size/shape/ concentration) [185-189],
dye concentrations [190, 191], and RI of solvents
[192, 193] can affect the random laser characteristics
(e.g.
coherence). Such mechanisms can be utilized to

lasing threshold, peak wavelength, and

design biosensors, such as pondus hydrogenii (pH)
[194] and dopamine [195] sensors. Random lasers
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for protein sensing were relatively less investigated,
which might be due to the less predictable lasing
peaks and thresholds. Recently in 2020, a low-cost
random laser seamlessly integrated with an optical
fiber was demonstrated by covering a light-emitting
polymer membrane over the self-assembled
randomly-distributed Ag nanoparticles on the fiber
facet [196], as shown in Figs. 7(a)-7(c). The bulk RI
~1.24 nm/RIU, and the
biomolecule detection of IgG protein is

demonstrated with an LOD of 0.68nM in

sensitivity is specific
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Figs. 7(d)-7(e). Owing to their cavity-free structure,
random lasers were also used in cell studies
[197,
distinguishing between healthy and cancerous

198] and biomedical diagnosis, such as

tissues [184, 199, 200]. Recently, random lasing in
label-free living cells was achieved by adding the
biocompatible gain medium into the cell culture
medium and using cells as random scatterers. The
lasing spectrum was utilized to study cell apoptosis,
opening new opportunities for rapid cytometry of
apoptosis [197].
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Fig. 7 Random laser biosensor on the fiber facet for detecting biomolecules [196]: (a) schematic diagram of a plasmonic random
laser, (b) experimental setup, (c) lasing emission spectra under different pump power densities, (d) schematic diagram of IgG detection,

and (e) lasing wavelength shift as a function of the IgG concentration.

4.2 DNA sensing

DNA is one of the most potent biomolecules,
which has the unique function of storing an
organism’s genetic code and is critical for all cellular
functions and heredity. A DNA sequence may have a
base-pair change due to some biological processes,
such as single-point mutation and cytosine
methylation. Sensitive and accurate detection of
these DNA sequential differences at the level of

single-base mismatch gives important information

for clinical research and numerous genetics-related
fields. The first DNA biolaser, consisting of DNA
scaffold donor-acceptor dyes as the gain medium
and a thin-walled liquid-core microcapillary as the
high-Q ring resonator, was demonstrated in 2010
with a low lasing threshold down to the level of
uJ/mm? [32]. As shown in Fig. 8(a), based on this
microlaser configuration, highly specific intracavity
detection of DNA is performed with the capability
of distinguishing two DNA sequences that only have
a single base mismatch [22, 23], which is beyond the
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discrimination ability of the fluorescent counterparts
[201-203]. Besides, DNA-switchable optofluidic
WGM microlasers controlled by the DNA Holliday
junctions [204] and DNA tetrahedra [205] were
reported with the capillary-based WGM resonators,
suggesting microlasers as a promising platform for
precisely detecting the DNA conformational changes.
In these microcapillary-based WGM laser cavities,
however, only 0.1%—1% of the gain molecules in the
bulk solution contribute to the lasing action, and the
rest gain molecules simply add to the background
fluorescence that deteriorates the LE quality or the
bioanalysis sensitivity [43]. To address this issue, in
2016, a novel optofluidic WGM laser system based
on a single-mode optical fiber was utilized to detect
a target DNA sequence in a digital manner with
ultra-low sample consumption [24]. In this system,
only a single layer of DNA-labeled dye molecules
was attached to the fiber surface, successfully
suppressing the intrinsic fluorescence background.
Apart from WGM cavities, F-P microcavities were
also explored for DNA laser biosensors, providing
the whole-body interaction between light and

Photonic Sensors

that enhanced the
sensitivity and  suppressed the background
fluorescence [70]. In 2018, a highly sensitive DNA

melting analysis approach based on F-P optofluidic

biomolecules significantly

lasers [Fig. 8(b)] was demonstrated, in which a
single-base mismatch for long DNA sequences
(~130 bases) could result in ~20% difference in the
laser threshold and ~40% difference in the lasing
output slope [25]. In 2020, based on an F-P
microcavity formed by two mirrors and a dye-doped
[Fig. 8(c)], a DNA
self-switchable microlaser was demonstrated, where

liquid-crystal ~ matrix
the conformational change in DNA, serving as
switching power to modify the orientation of the
liquid crystals, caused the variations in the lasing
wavelength and intensity [206].

Except for the DNA and protein sensing,
micro/nano lasers can be used to detect larger
biomolecular analytes with higher sensitivity, such
as exosomes [153], viruses [8, 207, 208], and
bacteria [37, 209-211] (Fig. 1), owing to the
stronger interactions between the laser light and the
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analyte. For example, by monitoring the changes in
the self-heterodyning beat note of the split lasing
modes, single Influenza A virion can be detected by
a toroidal-shaped WGM microlaser [207]. Similarly,
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bacterial level with great potential for live-cell
sensing [210].
In summary of this section, some representative

micro/nano laser-based biosensors and their typical

in-vivo lasing can also be achieved at the single

sensing mechanisms and features are listed in Table 1.

Table 1 Representative micro/nano laser-based biosensors and their sensing mechanisms and features.

Laser cavity

Device example

Sensing/lasing mechanism

Biomolecular analytes

Performance/features

WGM:
microcapillaries or
single-mode fibers

WGM: hollow-core
fibers

WGM: thin-walled
fibers

WGM: droplets on
the mirror

F-P: two mirrors

532 nm

pulsed laser

Laser emission

HOF : NHS-Biotin
% SAv-Cy3

Side view

e e AN A

'
e

2
M | 40
o ! A

o Ve v Vs A Y Y

Excitation

Combine FRET and laser
intracavity detection

Laser-based arrayed
colorimetric detection

Combine immunoassay and
laser intracavity detection
[146, 147]

Combine deep-learning and
laser imaging

Combine ELISA and laser
intracavity sensing [13, 46]

F-P: capillary p Combine TIIA and laser
inserted between . intracavity sensing
two mirrors \ [146, 159]

F-P: two mirrors

Capillary

Laser polarization
measurement

Protein interactions

[41, 44, 149, 150]
DNA

[22, 23,32, 204, 205]

Enzyme

1gG, avidin

Protein folding

Interleukin-6

1gG

Small molecules

LOD=0.36 pM [150]
distinguishing DNA sequential
differences at the level of single-base
mismatch [22, 23]

LOD=14 pM, high throughput
(5 channels) [145]

LOD=9.5 pM, ease to mass
production, disposable [146]

High throughput, real-time monitoring
[151]

LOD=38 aM, dynamic range=6 orders
of magnitude [13]

LOD=1.8x10"10 g/L,
dynamic range=5 orders of magnitude
[159]

Study small molecules and their
molecular rotation [75]
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Table 1 (Continued) Representative micro/nano laser-based biosensors and their sensing mechanisms and features.

Laser cavity

F-P: liquid crystal
droplet inside

F-P: two mirrors

PhC: shifted points
or nanoslots
incorporated

PhC: nanoslot
incorporated

DFB: periodic gain
films

DFB: periodic
liquid waveguides

Random lasers:
silk-based

Random lasers:
gold nanoparticles
incorporated

Random lasers:
gold nanoparticles
incorporated

Device example

Pump laser

\Smndmg, wave 7, \

Emission

Fiber

AgNPs

Sensing/lasing mechanism

Vector laser beam: laser
topology measurement

Laser chirality
measurement

RI-induced lasing
wavelength shift [98, 106]

Surface charge induced
lasing changes
[100, 131, 104]

RI-induced lasing
wavelength shift
[17, 165, 166, 168]

TiO; layers enhancing the

sensitivity [167, 172]

Bragg grating lasing
wavelength shift
[163, 170, 173, 174]

Gain parameters change the
lasing intensity and FWHM

Dopamine-induced
aggregation of gold
nanoparticles

RI-induced lasing
wavelength shift

Biomolecular analytes

AB-lipid

interactions

Chiral molecules

Streptavidin

Charged proteins or
DNAs

Avidin, cancer

biomarkers

nucleic acids

pH

dopamine

IgG

Performance/features

Study subtle protein-lipid membrane
interactions [119]

~100x enhanced by the LE compared
with the fluorescence counterpart
[161]

Mode volumes ~0.23,
sensitivity=300 nm/RIU-500 nm/RIU,
LOD=100 zM [106]

LOD is in the range of 16 zM-255 fM
[100]

Sensitivity=95 nm/RIU
LOD=7.5x10"° RIU [167]

Sensitivity is in the range of
560 nm/RIU-640 nm/RIU [163]

Sensitivity: ~200 times that of an
identical fluorescence-based sensor
[194]

LOD=100 nM and dynamic range is
100 nM-10 mM (five orders of
magnitude) [195]

Sensitivity=1.24 nm/RIU,
LOD=0.68 nM, and dynamic range is
84 nM-12 pM [196]

*: Insert figures adapted from (top to bottom) [205], [145], [147], [151], [46], [159], [75], [119], [161], [100], [100], [167], [170],

[194-196]).
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5. Cellular analysis
5.1 Stand-alone micro/nano lasers

Owing to laser characteristics including the
narrow linewidth and high brightness, micro/nano
lasers in living cells enable the massively
multiplexed cell tagging, ultrasensitive intracellular
probing, as well as super-resolution bioimaging [59],
thus spurring widespread attention. These tiny laser
particles inside cells may help us to better
understand the cellular heterogeneity in biology and
are potential candidates for single-cell analysis. In
2015, by embedding high-quality micro WGM
(e.g., lipid droplets, or

polystyrene beads) inside living cells [Fig. 9(a)], the

resonators oil/natural

intracellular laser action was demonstrated, which
was applied to chart the cytoplasmic internal stress
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with the sensitivity of 20 pN'um™ (20 Pa) and tag
thousands of individual cells by lasing wavelength
[34]. The
microlasers fell in the range of 6 um—12 pm and

multiplexing diameters of these
their lasing spectra served as barcode-type labels
that enable identifying and tracking of individual
migrating cells uniquely [21, 34]. Afterwards, the
organic-SiO; core-shell nanowire microlasers [212],
semiconductor [20] [Fig. 9(b)] or perovskite [59]
nanowire lasers, and plasmonic nano lasers [213]
were also internalized into the living cells through
natural endocytosis to demonstrate cell tagging,
probing or imaging with significantly reduced sizes
and perturbation to the cells. Following research in
2017 showed that the laser microbeads could be
fabricated with biomaterials and implanted in the
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Fig. 9 Stand-alone micro/nano laser particles enabling intracellular sensing and detection: (a) embedding dye-doped polystyrene
beads into cells to detect internal stress dynamics and enable cell tagging [34]: schematics (up) and the typical lasing spectrum of the
intracellular microlaser (bottom); (b) semiconductor nanowire lasers internalized into cells for intracellular environmental probing [20]:
lasing threshold curve of the intracellular laser; (c) intracellular semiconductor microdisk lasers with narrow single-mode lasing peaks
and wide tunable range of 1 170 nm—1 580 nm [16]: the SEM image of the microdisks, fluorescence image of Hela cells containing
microlasers, lasing threshold curve, lasing spectrum, and Gaussian fit of the lasing peak, respectively (upper panels, from left to right);
the lasing spectra of 400 microdisk lasers, exhibiting continuous wavelength tunability from 1170 nm to 1580 nm (bottom);
(d) monitoring contractility in cardiac tissue using lasing polystyrene microspheres [15]: the microscopy image, schematics, a
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the lasing spectrum changes due to the cell contraction, respectively (the panels from left to right).
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cornea, skin, and blood for light-based diagnostics
and therapies [214]. To further minimize microlasers
down to the sub-pum level in 3D, nanodisk lasers
composed of high-gain GalnP/AlGalnP quantum
wells were integrated into cells with the ultralow
lasing threshold and excellent spectral stability,
which allowed cell-tracking through micro-pores
and provided an ideal platform to study cell
migration and cancer invasion [47]. In 2019,
intracellular semiconductor microdisk lasers were
demonstrated with narrow single-mode lasing peaks
that could be continuously tuned in a wide range of
1 170 nm—1 580 nm, and the real-time tracking of
thousands of individual cells was demonstrated in a
3D tumor model over several days (Fig. 9(c)) [16].
In 2020, by using biointegrated microsphere lasers
as intracellular probes, the contractility of the
cardiac tissue with cellular resolution was monitored
with high spectral sensitivity in the live zebrafish
and rat heart tissue [15].

Photonic Sensors

5.2 Imaging and mapping on the cellular and
tissue level

Apart from the stand-alone micro/nano lasers
mentioned above, another way to achieve cellular
lasing and analysis is to sandwich cells in an F-P
cavity. The first single cell biological laser using
such configuration was demonstrated in 2011 with
GFPs gene-expressed by living cells [33]. Ever since,
the F-P cavity based cell lasers emerged as a
powerful tool to study cell cycle stages [26], ion flux
[215], cell secretion [216], and cell classification
[217].
containing cells sandwiched between two mirrors

In 2017, based on a microwell array

[Fig. 10(a)], high-throughput long-term monitoring
of individual cells (e.g., cell sizes, cycle stages, and
polyploidy) was demonstrated [26]. In 2020, by
placing neurons inside an F-P cavity and detecting
the LEs [Fig. 10(b)],

recording system for

an optical imaging and

ion influx in single

neurons and neuronal networks was demonstrated
with sub-cellular resolution [215]. The detection
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Fig. 10 Cellular lasing and analysis by sandwiching cells between F-P cavities: (a) integrated microwell array platform for the
detection of cell sizes, cycle stages and polyploidy [26]; (b) neuron lasers for the detection of ion flux in the neuronal networks [215];
(c) multifunctional laser imaging of cell secretion in extracellular environment by sandwiching dye-doped liquid crystal droplets and
living cells in an F-P cavity [216]; (d) hyperspectral laser imaging of transverse laser modes for cell analysis: schematic, side-views of
droplets (mimicking cells), LE patterns, and hyperspectral images of laser modes, respectively (left to right columns) [217].
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sensitivity was proved to be improved more than
100-fold  compared  with
measurement. In 2022, by introducing hybrid liquid
crystal resonators and pancreatic cancer cell lines
into an F-P cavity [Fig. 10(c)], multifunctional laser
imaging of cancer cell secretion (e.g., cellular
metabolism, proteins, redox oxygen species, and
ions) was demonstrated [216]. In 2022, utilizing the
spectral information of transverse laser modes as
output signals [Fig. 10(d)],
individual cells sandwiched between F-P cavities

fluorescence-based

the biolasers with

were demonstrated for investigating cell adhesion
and classification [217].

As a group of cells, a tissue usually carries out a
specific function, which is of more practical value
since it closely resembles the complex biological
environment in a living organ or body. Since the
progress has been made to achieve lasing in single
cells, tissue lasers and analysis can be realized in a
similar way with F-P cavities. For example, in 2017,
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with fluorophore-stained tissues sandwiched in a
high-Q F-P cavity [Fig. 11(a)], a versatile tissue
laser platform was developed, in which the laser
output could reflect the tissue structure/geometry,
tissue thickness, and staining concentration [69].
Meanwhile, based on the similar configuration, a
that
could map the lasing emission from nuclear

scanning-laser-emission-based = microscope
biomarkers in human tissues with sub-micron spatial
resolution (<700 nm) and a narrow lasing band
(a few nanometers) was demonstrated [Fig. 11(b)],
enabling the high sensitivity for distinguishing
cancer and normal tissues [14]. In 2018, by
sandwiching an SUS8 spacer to fix the F-P laser
cavity length, a highly robust tissue laser platform
was demonstrated with reproducible and stable
lasing performance regardless of the tissue thickness,
which was further used for distinguishing cancer and
normal lung tissues by their corresponding lasing
thresholds [158]. Later on in 2019, still using the
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F-P microcavities with tissue analytes inserted, a
rapid
constructed to detect abnormal changes in cell nuclei
for early diagnosis of cancer [27]. Very recently,

scanning laser-emission microscopy was

random lasers were also utilized for cell/tissue
differentiation [180, 183, 197] and cancer diagnosis
[182, 199].

5.3 Multimodal imaging and sensing

To date, no single imaging technique is perfect:
the widely used fluorescence microscopy (FM) may
suffer from broad emission bands and low contrast;
the LE imaging provides high imaging contrast and
spatial resolution, while limited by the imaging
depth; photoacoustic (PA) imaging and optical
coherence tomography (OCT) offer an excellent
platform for 3D imaging in tissues but have a low
multiplexing capability. In this context, multimodal
imaging, a hybrid method with more than one
imaging technique, offers a great opportunity for

Photonic Sensors

techniques together to enhance the imaging
capability and performance. Owing to their laser
characteristics, physical sizes, and photothermal
(PA)/photoacoustic properties, micro/nano lasers are
considered as promising multimodal agents. In 2017,
spasers made of plasmonic nanoparticles were
demonstrated as multimodal cellular nanoprobes.
Along with the LE signal, PT and PA signals were
significantly —amplified due to nanobubbles
generated by the light absorption, showing an
excellent multimodal capability for biomedical
applications [Fig. 12(a)] [213]. In 2019, ultrasound
modulated droplet lasers were demonstrated with
deformable WGM cavities, providing a possible
solution to break the optical diffusion barrier with
the enhanced imaging depth for high-resolution and
high-sensitivity deep tissue imaging [Fig. 12(b)]
[218]. In 2020, a dual-modality imaging system
nanowire

was developed with intracellular

combining the advantages of these existing lasers providing the enhanced OCT and FM signals
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Fig. 12 Multimodal imaging and sensing with nanoparticles, droplets, and nanowire lasers: (a) schematic of spasers as multimodal
cellular probes [213]; (b) schematic of ultrasound modulated droplet lasers in blood [218]; (¢) multimodal imaging system combing
OCT, FM, and laser labeling, with nanowire lasers serving as contrast agents and cell barcodes [220].
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simultaneously [219].

lasers as

Later in 2022, utilizing
nanowire intracellular barcodes and
contrast agents, a multimodal imaging system
combining OCT, FM,
developed for 3D long-term tracking of individual
cells in-vivo rabbit eyes [Fig. 12(c)] [220]. Besides,

the multimodal detection concept can be extended

and laser labeling was

from imaging to sensing. For example,
optomechanical microcavities, which enable
interactions between optical and mechanical

resonance, provide an ideal platform for precision
sensing of multiple physical quantities [221, 222].
And optomechanical lasers (e.g., phonon lasers that
generate coherent sound oscillations [223]) are
emerging as promising candidates for a variety of
applications, such as simultaneously sensing light,
sound, and microwave in a multi-physical environment
[224, 225],
leveraging advantages of photon and phonon lasing
to achieve the best of both worlds [226]. However,
applications of these optomechanical cavities or

offering unique opportunities for

lasers in biomolecular sensing and biomedical
analysis are still in their early stages, calling for
more research to realize their full potential.

6. Conclusion and outlooks

In summary, we review the basic building blocks
for micro/nano lasers with their applications in
biomolecular sensing and cellular analysis. As a new
class of coherent light sources on the wavelength or
sub-wavelength scale with good biocompatibility,
micro/nano lasers offer unique ability to realize
strong spatial and temporal confinement of light
simultaneously, opening new opportunities for
bio-applications at the molecular, cellular, and tissue
level. At the molecular level, the biomolecular
sensing with micro/nano lasers is highly desired for
clinical diagnostics and life-science research. Its
sensitivity can be greatly boosted due to the
enhanced light-matter interaction that stems from
the high Q-factor and small mode volume, and a
high figure-of-merit and signal-to-noise ratio can be
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achieved owing to the laser characteristics, including
linewidth
highlighting its

the narrow and high brightness,

potential for trace analysis,
detection, and biomolecular
Besides the

near-infrared regime mainly focused in this review,

single-molecule

interaction  studies. visible and
the concept of micro/nano laser sensing may be
extended to the mid-infrared range, a “fingerprint
where various molecules

region” undergo

characteristic vibrational transitions, offering a
possible avenue not only for identifications and
quantifications of these molecules but also for
getting deeper insights into their structures and
activities. At the cellular and tissue levels,
micro/nano lasers, which are capable of generating
stimulated emission inside living cells and tissues
with an unambiguous spectral definition and
excellent background suppression, enable spectral
multiplexing and bioimaging with spatial resolution
beyond the diffraction limit, providing a versatile
and promising platform for single-cell analysis,
cell/tissue differentiation, and cancer diagnosis.
These remarkable advantages aside, several
aspects of micro/nano lasers still need to be
considered for bio-applications. First, to eliminate
the biological perturbations and enhance spatial
resolution as biological probes, shrinking the size of
micro/nano lasers is of great demands, while
challenges emerge as spatial scales decrease. For
dielectric  cavities, Q-factors are  usually
compromised with their size well below the
diffraction limit, except for a few structures such as
PhCs, which include periodic patterns that often
have a feature volume larger than 4° and add the
complexity in fabrications. A possible approach to
alleviate this issue is to utilize plasmon nano lasers,
in which a 22-nm spaser has been demonstrated for
[111].

applications of spasers in cellular analysis are still in

intracellular ~ probing However, the
the infancy with many aspects waiting to be
explored.

Second, for applications such as cell labeling
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and tracking, since the cell migration may lead to
rotation of the laser particles, the omnidirectional
LE is quite needed, while the far-field emission of
the conventional microlasers is usually intrinsically
of high-directionality. Implementing boundary
defects or scattering on semiconductor microdisk
lasers has been proven to be effective [67], while
applications using other laser types has yet to be
explored.

Third, for in-vivo sensing using micro/nano
lasers, it is still challenging for achieving high
sensitivity; state-of-the-art micro/nanolaser sensors
demonstrated in living cells usually have the RI
sensitivity below 100 nm/RIU (e.g., the RI
sensitivity of 50 nm/RIU-80 nm/RIU for
intracellular laser sensors using semiconductor
micro/nano disks or NWs [16, 20, 47]), which is
much lower than their in-vitro counterparts using
PhC or Further
improvement of the bulk and surface sensitivity of
these tiny intracellular laser sensors is thus in great

surface plasmon sensing.

demand.

Fourth, for implementation of micro/nano lasers
based sensors in clinical applications from the
concept of proof, several other challenges, including
the long-term photostability or/and chemical-
stability of the gain medium and background
interference in the complex aqueous environment,
ask for continuous efforts in searching novel
materials and developing more sensing mechanisms.

Finally, incorporating  biomaterials into
micro/nano lasers provides a unique and promising
platform to precisely control and modulate laser
properties by biological molecules and processes
(e.g., DNA sequences) [32, 204, 205], paving a way
to versatile bio-switchable and bio-programmable
photonic devices at the micro/nano scale.
Meanwhile, benefitting from high Q-factors and
small mode volumes, as well as the ability to control
the laser gain medium using biomolecules, it will be
interesting to explore micro/nano lasers generated
from only a few or even single gain molecules
[43, 227], ultrasensitive

which may enable
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biomolecule detection down to the single-molecule
level [228], and provide insight into single-molecule
physics, chemistry, and biology.

Appendix
Table 2 References for the tree plot in Fig. 1.
Tree root Ref. Branch 1: sensing Ref.
strategics
Laser intensity/

WGM lasers [8-10] peaks/thresholds [1,3,8,10]
F-P lasers [33, 70, 76, 77] Laser onset time [13, 46]
NW lasers [2, 78, 80] Chirality [161]

Rla“d"m [12, 175, 198] Polarization [75]
asers
P}llc lase‘rs s, 100 101] Transverse modes (119, 120, 160,
Plasmonic 5,107, 132] 217]
lasers
Branch 2: Branch 3:
sensing Ref. biological Ref.
mechanisms analytes
] [23, 24,
RI-induced [1,3,8,10] DNA 204-206]
[23, 32, 41, 50, . [13, 41, 44, 46,
FRET 157, 204] Protein 151, 152, 159]
ELISA [13,46] Exosome [153]
Enzyme .
inhibition [45, 145] Virus [8,207,208]
TIHA [146, 159] Bacteria [37,209-211]
Branch 4: Ref ‘ Branch 5: A Ref
laser probes imaging/mapping
. Single cells [26,215-217,
Microspheres [15,21, 34, 214] mapping 219, 220]
Semiconduct
or [20, 57-59] Tissue imaging 169, gg’] 181,
NWs
Semiconduct
or [16,47, 67] . (14,27, 182,
disks Cancer screening 184, 216]
Spasers [213]
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