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! Abstract:
aser utilizes

A biol biological materials as part of its gain medium and/or part of its cavity. It

can also bBo- or nano-sized laser embedded/integrated within biological materials. The
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biolaser employs lasing emission rather than regular fluorescence as the sensing signal and
therefore has a number of unique advantages that can be explored for broad applications in
bioseang, tracking, contrast agent, and bioimaging. This article reports on the
progress 1 ers with focus on the work done in the past five years. In the end, the
possible mons of the biolaser are discussed.

1. Intro@

Biolases ogimological laser is an emerging technology that started about 20 years ago (the
earliest d tion can even be dated back to 1970s') and has recently attracted
tremendo ch due to its potential in biomedical and biological applications®®. The
deﬁnitionﬂiolaser is evolving over the past few years, but the generally accepted one
nowadaysFa biolaser or biological laser is a new type of laser that has biological materials

as part of its gain medium and/or part of its cavity, or that is embedded/integrated within

biological materials®. As compared to fluorescence, the laser emission is advantageous due to

its strong hh”ensity (which leads to a high signal to noise ratio), possibility of directional

out-co and hence ease of detection and a high signal to noise ratio), optical feedback
mechanis high sensitivity towards small changes in biological processes), threshold
behavi esults in strong background rejection and a high contrast ratio in imaging),

and narrog linewidth (which leads to spectrally-multiplexed detection/imaging). Biolasers

initially u iological materials (such as cells) passively, and detected and imaged

intracellu es by placing cells inside a laser cavity™®. In the past decade, dyes,
quantum quantum wells, nanowires, rare-earth materials, fluorescent proteins,
ﬂuorescﬂt resulting from enzyme-substrate reaction, and other naturally fluorescent
biomat been used to participate actively in lasing action®>*'". Biolasers have been
employ detection of various bio-activities at the molecular'™®?’, cellular’*"*, and
tissue levels” -~ $Recently, their applications in cell tracking'>'>'**7  labelling/probes'****,
implantab ces’!, cell/tissue imaging™'=>***% start to emerge.

Th cent review and perspective paper on the biolaser was published 5 years ago®.
Since then, endous amount of research has been undertaken with a significant number
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of papers published. In particular, the first Gordon Research Conference entitled “Lasers in
Micro, Nano and Bio Systems” was held in 2018*7 and the second one expected to be held in
2021, hMe emergence and highlighting the importance of the biolaser field. In this
article, wmuss various biolasers and their potential biological and biomedical

applicatio focus on the work done after 2014. We divide this article into four
section® @K cy Factors for Laser-based Detection”, “Biological and Biomedical
Sensing”, hbelling/Tracking and Implantable Devices”, and “Imaging and Mapping”.

There arefCertaly some overlaps among those sections. Such categorization represents

C

merely our choices. In the end, we will discuss briefly the possible future directions of

the biolaser.

US

2. Key Factors for Laser-based Detection

Laser-b etection is fundamentally different from fluorescence-based one. In this

q

section, highlight the advantageous features of laser-based detection and discuss the

issues tha‘mlld consider when we design and develop biolasers.

egarded as one of the most important factors in biosensing applications.

threshold behaviour and optical feedback mechanism, small changes in

underlying biological processes are significantly enhanced in the laser emission, which,
together vih strong (and possibly directional) laser emission, enables sensitive quantification
of analytes damghermore, since laser emission is coherent, it can be coupled out of the cavity
with high

mirror ﬁy As a result, a high signal (i.e., laser emission) to background/noise (i.e.,

residual

usuallyWO.

2.2 Spectmution and multiplexity

The ext narrow laser emission linewidth is being explored for spectrally-

gincy whereas incoherent fluorescence is blocked by the highly reflective

nce background below the lasing threshold) ratio can be achieved, which

12,15,16,37,48,49

multipk etection/imaging/labelling and cell tracking In contrast to
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fluorescence, which usually has a spectral linewidth of ~50 nm, the laser emission linewidth
is far below 1 nm (in many cases, it is limited by the spectrometer’s spectral resolution).
Consequtiple spectrally distinguishable laser lines from different fluorophores can

co-exist wmctral band. For example, 4-5 spectrally distinguishable laser emission

from 4-5 een emission dyes can be achieved within a band of only ~50 nm®,

althougl WHE™f@8rcscence from those green dyes are extremely difficult to distinguish

spectrally son for the above phenomenon is that the spectral position of the laser

emission @mined jointly by the fluorophore’s emission spectrum and absorption
a

spectrum, s the cavity length (in contrast, the spectral position of fluorescence is

determinewby the fluorophore’s emission spectrum). Similarly, thousands of spectrally
distinguishable semiconductor quantum well lasers of micron and sub-micron in size were
used to track cSlslz’ls’lé. Besides spectral multiplexing, laser emission provides several
optical cha istics not available in fluorescence, such as the lasing threshold, the spatial
distributiog of a lasing mode, lasing-mode competition, and lasing-gain clamping, as well as

polarizatio ich can be explored for multiplexed detection.

2.3 Spatial resolution and signal contrast

Spatia tion and imaging contrast are important in the field of optical imaging. In
contra gular fluorescence-based imaging that usually provides “spatially-blurred”
signal to cover a large area with a low spatial resolution and a low contrast between the sites
with high @nd low biomarker expressions, the laser-based imaging can significantly improve
the image contrast and lateral and axial resolution>* due to the fundamental differences

between t @ emission (which is coherent emission and strong/directional, and has lasing

threshold behavior and background rejection capability) and fluorescence (which is

incoherenflemission).

2.4 Bioco ibility and cavity compatibility
When desiglling biolasers for cell labeling/tracking and implantable devices,

biocompatibilitygdnd biodegradability should be considered, which includes the toxicity of

the las 4@ ials, bio-fouling, and dye concentration. The size of the laser should be as
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small as possible to avoid any unwanted effect on cell functions. As discussed in the next
section, there are a plethora of cavity configurations available that have different spectral
proﬁles“ transmission at one spectral band and high reflection at another), Q-factors

(ranging fm >1 million), and geometries (e.g., planar and circular). The choice of

the cavity the applications. For example, for imaging the planar structure may be
preferr&d BR@™F@&@intracellular labelling and tracking, ring-shaped and spherical cavities are
more co sed due to their compact sizes. In addition, in many applications, the

compatibility with microfluidics should be considered for dynamic control of experimental

Cr

conditions.

S

3. Biological an@ Biomedical Sensing

G

Laser n-based detection relies on the laser cavities, which provide optical

feedback @nd hold or are surrounded by biological samples/materials. Depending on the

A,

applicatio ical cavities can vary from planar Fabry—Pérot (FP) cavities to circular-
shaped T re and ring resonators. In this section, we will describe six types of
comm ser cavities and their applications in biological and biomedical sensing.

3.1 Fa ’rot cavity laser based biosensing

Fig. 1 illustrates various Fabry-Pérot (FP) microcavities, in which the biological gain
medium be sandwiched between two highly reflected mirrors. The FP cavity provides a

atgraction between the light and the gain medium, i.e., a predominant portion of

the opticd s within the body of the gain medium, in contrast to the evanescent
interaction dighiig resonator sensors or plasmonic sensors. This arrangement is particularly
attractixﬁ g;n the gain medium is inside a specific localization of a cell or tissue. One of the
challenMP cavity is the alignment of the two mirrors. A few schemes have been
demonstr. aintain a high Q-factor. As shown in Fig. 1a, a plano-concave FP cavity
was devel improve cavity stability and a high Q-factor close to 10°® was achieved™’.

Spherical ce microspheres can also be used to provide the lensing effect and the lateral
confin mitigate the Q-factor degradation caused by mirror misalignment™>*>'2,
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With the advantage of the planar configuration, the FP cavity is suitable for various
applications, especially on-chip devices and imaging. In 2014, Wu et al. demonstrated an
ELISAMIinked immunosorbent assay) laser for biodetection with significantly
improved mange9, in which the fluorescent product resulting from the enzyme-

subtract r used as the gain medium. Similar work was later carried out by Gong et
al. and W aFS"S@&M, showing the applications of the biolaser in sensitive sulfide ion detection™
(Fig. 1b) idimetric inhibition immunoassay>*, both of which had a larger dynamic
range tha[witional methods. Besides immunoassay, Hou et al. developed DNA high-
resolution

ﬂuorescerw HRM, the laser-based HRM has advantages of higher emission intensity

g (HRM) analysis by using the FP cavity based biolaser’>. Compared to the

for a better signal-to-noise ratio and a sharper transition for better temperature resolution. In

Fig. 1c, Rivera efjal. developed an FP based biolaser using flavin mononucleotides (FMNs)

as the gair&n%, which was subsequently used for biochemical detection such as oxygen

sensing.

The FP. ity can also be used for cell lasers’’*'', in which the cell (or cells) are
placed befye two mirrors and are stained with or immersed in fluorophores that serve
as the wm, as shown in Fig. 1d. Lasing spectra and mode profiles are used to

13,14

analyze the The FP cavity is further used in a nanowire laser ", as exemplified in Fig.

le, why ct as two mirrors due to the large refractive index contrast between the
nanowire and the environment. The nanowire laser is usually used as an intracellular probe to
detect the San%es in cytoplasm (see more details about the intracellular probes in Section 4).
Finalling to the tissue level, several tissue lasers have been demonstrated in

recent twa in which a thin flat tissue was sandwiched between the two mirrors (Fig.

1£)*24448, issuc can be labelled with dyes that target specific sites inside the tissue (e.g.,
boron-di methene (BODIPY) for adipose cells, YOPRO for nuclear acids, and antibody-
conjqur proteomic biomarkers). By scanning the pump laser over the tissue, the

image of emission can be mapped (see details about laser emission-based imaging in
Section 5)
3.2 Wi gallery mode laser based biosensing
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The whispering gallery mode (WGM) laser cavities can be constructed in the form of
solid  cylinders’’,  circular-shaped capillaries””, microspheres™, microdroplets®”®,
microde-shaped waveguides®>®, and rectangular shaped rods*’. The WGM cavity
relies on aminternal reflection at the curved boundary to provide optical feedback. It

usually h factor (up to 107), which leads to a low lasing threshold, and is compact
as comPar@@ @ dther types of cavities.

One o M cavities is called optofluidic ring resonator (OFRR), which is a thin-
walled gl@ary that serves as both ring resonator and the microfluidic channel. Several
promising cations have been demonstrated in the past few years, including
differentiwween proteins FRET pairs®® and lasing in human blood with indocyanine
green (Fig. 2a)’". However, while the OFRR can be fabricated in lab easily at a low cost, it is
less reproduciblein terms of size and the wall thickness using a lab-based CO; laser pulling
machine, whi akes hinders mass production of the OFRR. Recently, highly reproducible
OFRRs hdye been achieved using an industrial fibre draw tower®*°. A laser array based on
those OFdemonstrated the potential for high throughput biosensing (see Fig. 2b).

roplets

Micro microbeads, and microdisks are also commonly used for the biolaser

ws a microsphere laser using ICT (intramolecular charge-transfer) dye as
the gain me °7 The lasing wavelength can be switched back and forth when protonic
CT molecules, which enhances the ICT strength of the dye and leads to a
red-shifted gain. Wei et al. discovered that the natural spherical structure in starch can also
actas a V\siM cavity for biological sensing by encapsulating guest organic laser dye into the

interhelice of starch granules (Fig. 3b)®®. The lasing signal could be affected by the

hydration (g ctural transformation of the starch matrix, providing a new tool for

monitorin tle plant biological process. In addition to organic materials, liquid crystal
(LO) dﬁ been investigated for biosensing or thermo-sensing to the surrounding
enviro ‘L9 In fact, WGMs can be achieved in droplets made out of almost any LC,
including iey ferroelectric, cholesteric, and discotic’'. The binding of molecules to the
surface of ligui stal droplets will in turn change the electrical properties and alignment of
the inner st  resulting in different laser emission wavelength and laser modes’®"*. Figs.
3cisa le of an LC droplet laser used for pH and PBA sensing. The changes of laser
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spectrum and laser modes were used for characteristics of biosensing. For more examples of

microsphere, microdisk, and microdroplet based lasers, see Section 4.

T

3.3 Photo al laser based biosensing
Photo have one- or two-dimensional periodic nanostructures that provide tight

light cc!f.m and extremely high Q-factors up to 10°. By adding a gain medium to the

nanostructurcmtise nano-cavity infiltrated with dye solution provides the optical feedback for
lasing (s@a)z‘w‘. The photonic crystal lasers are sensitive to the change with
environme dex and surface charge. In other words, the index change can be sensed from
the precis@ wavelength shift of photonic crystal laser emission. Such a shift that is observed
when the photonic crystal laser was operated in liquids with different indices can be used for

biosensing. The Bulk sensitivities for these liquids are 300400 nm per refractive index unit

(RIU) wit anoslot. In addition, extreme high sensitivity and high specificity was
achieved using BSA and biotin-serum albumins”. It was also demonstrated that
functionaliz photonic crystal laser surface with an antibody, the specific binding of
target antige etected with a detection limit 2—4 orders better than that achieved by
curren methods®. Recently, label-free and spectral-analysis-free detection of
neuropsychidfiegdisease biomarkers using an ion-sensitive photonic-crystal laser biosensor
was al 1 77, Photonic crystal lasers can also detect negatively-charged DNA, IgG,

and PSA from their emission intensity changes or wavelength shift (see Fig. 4b)’®. Photonic

crystal casies have beneficial characteristics such as high Q-factor and small mode volume,

which are @arly attractive for low-copy-number biosensing.

3.4 Distrib dback laser based biosensing
Distri feedback laser (DFB laser) relies on the one-dimensional periodical structures

to provw feedback with the gain material. When biomolecules of interest interact

with the surface of a DFB laser, the laser wavelength shifts, which can be used for

. . 79-82
biosensin )

34n0M (60 ) of human immunoglobulin G (IgG) proteins and microparticles®.
Retola: al. developed an organic DFB laser to specifically detect ErbB2

This article is protected by copyright. All rights reserved.
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protein biomarker down to 14 ng/mL (Fig. 4c)**. Strictly speaking, the above two DFB laser
examples do not fall into the biolaser definition, as they act merely like passive label-free
optical M Very recently, McConnel et al. developed a sequence-selective detection
of analytmoxyribonucleotide - ODN) using a hybrid DNA/organic laser in

conjuncti anoparticles™. As binding occurs, the nanoparticles increase the optical
losses &F tHEMESEE mode through plasmonic scattering and absorption, which in turn results in
an increas myg threshold. By monitoring the lasing threshold, ODN as low as 11.5 pM of

could be d€tecte

Cl

- A
3.5 Random laser based biosensing
- a4 a

A random laser does not have a fixed optical cavity, but rather utilizes multi-reflections
from highly scatired medium (such as particles) dispersed in the lasing active material to
provide oWedback for laser generation’®*>*®. The Q-factor of the random laser is
comparatiMw and the unpredictable lasing peak and lasing threshold remain a

problem. Nevertheless, the ability to generate lasing in biological materials without any

i

external cavities is definitely a huge advantage. The spectral characteristics of the laser
w W

emissi gly dependent on the scattering properties of the medium, providing new
tools to invcStmate disordered biological materials. To date, random lasers have shown the
feasibility to detect physical changes or chemical changes within biological materials®"*®.

Fig. 5a shows the sensing mechanism of a random laser, by using pH sensing as an example.

In Fig. 5b, a biocompatible silk random laser was achieved by nanostructured silk protein

matrices® . action was revealed by spectral narrowing and showed a pH sensitivity

exceedin orders of magnitude compared to a conventional fluorescence sensor.

9

Besides p ing, Ismail et al. have designed random lasers to detect dopamine, an

1!

important Weurotransmitter for neurological disease’. The gold nanoparticles were used to

scatter hile dye served as the laser gain medium. Dopamine with copper ions

t

triggers t ation of gold nanoparticles and thus affects laser properties such as lasing

U

intensity, U idfh, and threshold to achieve highly sensitive neurotransmitter detection. For
biomedical sis, Polson et al. demonstrated a random laser by infiltrating the tissues

with d . 5¢)”°. Due to the different scattering properties, the cancerous and healthy

A
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tissue can be distinguished by their lasing spectra’ >. Other lasing characteristics were also
explored for laser based detection. For example, Abegdo et al. used the difference in the

lasing tM detect fat content in milk (Fig. 5d)** using random lasers.

3.6 Plastmsed biosensing

PlaHnWers (also known as spasers) are a class of coherent light sources that use
metallic nanoparticles for light localization and amplification based on surface plasmon

resonance.hasm’nic lasers exploit this confinement effect to deliver intense optical energy

38,95,96

below the ction barrier on extremely fast time scales . The interface between dyes

(molecule d Jnetals creates strong laser emission that can be applied in biomolecular

S

sensing. shows the first demonstration of a plasmonic laser particle. A major

i

advantage of thg@§plasmonic laser is its nanometer size, which is smaller than the lasing
wavelengt fore, the plasmonic laser can be an excellent candidate for intracellular

labelling sensing. However, plasmonic lasers suffer from extremely low Q-factors and

i

thus often high pump intensities and/or high concentrations of dye to reach lasing

condition

d

An t of the plasmonic laser is based on metallic structures on a chip. In Fig. 6b

Ma et al. demonstrated the sensing capability of a plasmonic laser consisting of a single

\

crystalline semiconductor CdS nanoslab on top of an Ag surface, separated by a

MgF, layer’’. The Odom group reported on how the lasing based on band-edge lattice

plasmons “can be spectrally tuned in real time by changing the refractive index
I

environment around the plasmonic array fabricated on a chip (Fig. 6¢)°*. This phenomenon
y .

in turn can be used for refractive index sensing by tracking the lasing wavelength. In
-

contrast to its nanoparticle counterpart, the on-chip plasmonic lasers are still quite large.
4
Therefore, it is difficult to use them in intracellular applications.
In general, the plasmonic lasers as a new laser platform have unique properties
general,

unavailable to dielectric lasers discussed previously. However, to date their applications in

v

biochemical sensing, imaging, and labelling are still relatively scarce. More investigations

are needed to realize the full potential of the plasmonic laser.
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4. Cell Labelling/Tracking and Implantable Devices

Th gacreased research activities dedicated to the development of various lasing
particles mg and tracking of biomolecular and cellular activities and for imaging

contrast a, ithy the particle size ranging from the micrometer scale to the nanometer

{

scale. W I——

Figurehs a few exemplary schemes that use micro/nano lasers for labelling. The
first intra@aser at the micrometer scale was achieved by Humar et al. and Schubert et

al. in 2015; e dye-doped polystyrene microbeads and oil microdroplets were used as a

46,99

hard and §of M cavity, respectively (Fig. 7a)™". The experiments were performed in

S

both in vitro cells and ex vivo porcine adipose tissue. Later on Schubert et al. further

demonstrated the feasibility of intracellular laser-based cell tracking by establishing routes

for robust and efficient introduction of the lasing particles into a wide range of cells,

|

including primary cells and cells from the nervous system (Fig. 7b)*. For deep tissue
imaging anddlaballing, more recently Lv et al. developed microbead lasers of 2-10 um in

diameter that Q e near-infrared emission (around 700 nm) and low lasing thresholds (Fig.

dl

7c)’. olasers were then uptaken by macrophages, delivering excellent WGM
lasing for ce labelling during transformation of normal macrophages to foamy ones.
Recent ez-Bravo et al. developed a continuous-wave upconverting laser particle by

coating Tm”"-doped energy-looping nanoparticles (ELNPs) onto a polystyrene microbead®”.

[

The microfasers formed by 5 pm polystyrene beads mixed with exotic materials could
reliably eﬂht light on specific wavelengths when exposed to infrared light. The
concoction &kes light bounce around the inner surface of the bead, creating collisions that
can repeatedly amplify the light.

On jordssues with the micron-sized lasers is their relatively large size, which may

potenti ell biofunctions. Therefore, laser particles of smaller sizes towards the sub-

tr

micron sc 12,14,16.38,100

Fig. le sh

en the nanometer scale become attractive for cellular labelling

L

nanowire laser probe that has about 250 nm in diameter and a few microns
in length. nitoring the lasing peak wavelength shift in response to the intracellular

refracti x change, the nanowire laser probe shows a sensitivity of 55 nm per RIU

A
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(refractive index units) and a figure of merit of approximately 98'*. Very recently, whispering
gallery mode (WGM) lasers based on 10-20 um diameter polystyrene beads were introduced
into beHmyocytes to realize all-optical recording of transient cardiac contraction
profiles wj lar resolution'®. Fig. 7d shows the smallest nanolaser particle based label
(~22 nm &

shell dSpc@= Wt Righly concentrated DCM dye. This nanolaser was used in flowing blood of

animal m(Ll tissues in vivo®.
- | N

The rich lasing spectra and extremely narrow lasing linewidth provide uniquely
| N y

) to date that is formed by a plasmonic gold nanoparticle with a silica

identifiable spectral fingerprints that enable massive labelling and subsequent tracking of

1216 3F58059  Bor example, Martino et al. and Fikouras et al.'>'® have developed

cells
semicond icrodisk lasers shown in Fig. 8a. To ensure chemical and optical stability
and reduce potes'al toxicity from the semiconductor materials, a biologically inert coating,
silica shell ed. Slightly different diameters of the microdisks result in different lasing
wavelengg: which can be used to label and track different cells. Sharp laser emissions with
single—mom over a broad range in the near-infrared (Fig. 8b) region as well as the

visible re e achieved. Those microdisk lasers with various lasing wavelengths were
safely @several cell types in vitro and monitored over 24 hours (Fig. 8c). Thanks to
their small sizes, each cell can internalize multiple microdisks for multiplexed laser
emission smn, thus allowing to uniquely label an even larger number of cells. Those
lasing microdisks are particularly attractive for applications requiring non-obstructive
tagging o&ells for studying cell migration in cancer invasion and immune response (Fig.

8d)'%. Fin time tracking of thousands of individual cells in a 3D tumour spheroid

demonstrage g¥stability and biocompatibility of these probes in vitro and their utility for
wavelengt wplexed cell tagging and tracking (Fig. 8e). High motility and low motility of
tumour, clearly tracked via microdisk lasers.

In addition to labelling and tracking, micro/nanolasers have been exploited for potential
o on 20

39,41,58

use as implantable devices and optogenetic stimulation . For example, implantable

microlase of biocompatible materials such as BSA, pectin, cellulose, PLA crystals,
and upconvgasi®f nanoparticles are shown in Figs. 9a to 9c. Furthermore, recent work has
shown micro/nanolasers can be used for photoacoustic imaging>**’. For example, Li
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et al. demonstrated the ultrasound modulated droplet lasers (Fig. 9d), in which the laser
intensity from an oil droplet can be reversibly enhanced when the ultrasound pressure is
beyondM threshold®. Additionally, it was shown that the ultrasound modulated
droplet lamork well in vessels containing human whole blood, which promises the

future app, sensing and imaging.

N
-
5. Imagifig an apping

Lasing ion can further be used for imaging, which provides two-dimensional spatial
informati e biological material in addition to spectral information. Such spatial
information reveals the gain distribution and morphological changes of cells or tissues. Early
work to map lasi; emission was conducted in 2004, where Polson et al. used a random laser
generated fi issues to map and distinguish cancerous and healthy tissue from patients®"".

e

However, spatial resolution was more than 1 mm, which could not accurately reveal

subcellular_features. In addition, the random laser is less controllable in the lasing threshold
R

and does {0 de biomolecular information. Recently, two laser emission-based imaging
techni roposed and demonstrated. The Yun group proposed and demonstrated
using a perovSkige nanowire as a biological probe for laser imaging (Fig. 10a)"®, which has a
narrow, tral linewidth, sub-diffraction resolution, and low out-of-focus background.
The Fan group developed the scanning laser-emission-based microscope (LEM) that maps

lasing errision from nuclear biomarkers in human tissues”. Figure 10b illustrates the
concept M, in which a tissue labelled with site-specific fluorophores (such as

nucleic adid s) and/or antibody-conjugated fluorophores is sandwiched inside an FP
microcavit d by two mirrors. One can clearly see from the right inset of Fig. 10b that
LEM pr much higher spatial resolution than conventional fluorescence microscopy in
a cell le highly localized EGFR expressions can generate lasing emission within
the cell By integrating with a scanning stage, mapping/imaging of the lasing
emission lear biomarkers were achieved in human tissues with a subcellular and

submicron ion. Examples of a set of LEM images of cancerous and normal lung
tissues atients are provided in Fig. 10c. Based on the different lasing thresholds

This article is protected by copyright. All rights reserved.
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between cancer and normal cells, the LEM enabled the identification and multiplexed
detection of nuclear proteomic biomarkers, with high sensitivity for early-stage cancer
diagnosM, LEM has been used to examine other types of cancer tissues, including
stomach, and breast, both frozen and formalin-fixed paraffin-embedded (FFPE)
tissues™. &e immuno-laser that targets cancer biomarkers such as EGFR, p53, and
Bcl-2 Fas™@8@™Becn achieved on tissues by conjugating the corresponding antibodies to
fluorophoxgsie

Since m is able to detect the abnormal changes at the molecular level, much earlier
than the m ogical changes at the tissue level, it may be used for early diagnosis of
cancer andcaliceBprecursors*®. Recently, the Fan group used dietary controlled mouse model
and imaged the lasing emission from chromatins of the colon tissues of those mice. It was
discovered that,Bdespite the absence of observable lesions, polyps, or tumors under

-fat treated mice exhibited significantly lower lasing thresholds than low-fat

treated mi€e (i.e., their colon tissues are easier to lase under the same pump conditions), as
shown in Fj . The new findings may make the LEM a powerful tool that complements
traditiona ematoxylin and eosin staining) and IHC (immunohistochemistry) in early
diagnosi rs and cancer precursors.

Besides ing cancer cells, Chen et al. employed the LEM to record the action
potenti ns caused by subtle transients (Ca®" concentration) in primary neurons in
vitro with a sub-cellular and single-spike resolution'®' (see Fig. 11a). By recording the laser
emission Sm neurons, it is discovered that lasing emissions could be biologically modulated
by intracelladaip activities and extracellular stimulation with >100-fold improvement in
detection §g¢ y over traditional fluorescence-based measurement. An example of laser
recording (@ ig) of intracellular spontaneous calcium signals in neurons is provided, in
which thi§:r:n laser mode changes with time during each spiking. In addition to single
cellsS’mM)m a cell array was performed31. Time series cell laser measurements in the
lasing peagl position and the lasing mode may help reveal abnormal cells that deviate

from a lar ation of normal cells (Fig. 11b).
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6. Outlook and Challenges

As an emerging technology, there are many directions in the field of biolaser that can be

explorew
(1) Imm cellular and tissue level will be interesting and important for biological

research icine. For example, a novel hyper-spectral imaging technology can be

developé ™ ff@®™ o mbines multiplexed (i.e., multi-wavelengths) spectral information and

spatial in gen of laser emission as well as the laser mode profile. In addition, regular
ﬂuorescev@ing and brightfield imaging technologies can be integrated with the laser
emission b maging to provide a better and deeper understanding of the functions and

behavior @f c@lls @nd tissues from other perspectives. Biolasers based on a cell array in which
individual cells reside in wells or flow through a microfluidic channel can be constructed for
high-throughput iell analysis (especially time series analysis). Similarly, tissue arrays can
also be de& for high-throughput tissue analysis. One important application of the laser

emission gnaging is to develop a technology that complements the existing H&E and IHC

techniques y detection of cancers and cancer precursors.
(2) Dug t rich spectral characteristics available to laser emission (such as narrow
lasing i asing mode profile, and polarization, etc.), cell tagging and tracking based

on lasing anoparticles become increasingly attractive. While currently micron and
submi sing particles have been used in cell tracking with massive multiplexicity,

smaller (<100 nm) lasing particles would be even more interesting due to less stress on cells

by those pﬁicles.

(3) Whilemfor the tracking purposes, the lasing characteristics are required to maintain
stable (so individual cells can be uniquely identified), the lasing characteristics need
to be hig sitive to any environmental changes (such as pH, temperature, local
biomol ncentration, and local force/pressure, etc.) for intracellular sensing
applicawompared to fluorescence (such as that from dyes) and scattering (such as

that from oparticles), lasing emission has an orders of magnitude narrower linewidth,

which res ingionificantly improved detection limit. In addition, lasing emission intensity
is much mo itive to environmental changes than fluorescence (due to optical feedback
mecha lasing action), which can also be exploited for sensing. Unfortunately, the
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existing intracellular laser probes have micron or sub-micron dimensions, much larger than
dyes and nanoparticles (such as quantum dots and gold nanoparticles). Therefore, it is critical
to deveMobes with a size below 100 nm.

(4) Co jon of biolasers with other modalities such as ultrasound and photoacoustic
technique&iﬁcantly expand the capability of detection and imaging. The laser
particld§ CBF"SEER as the contrast agent. In turn other techniques such as ultrasound can help
modulate hlize the laser particles to achieve a higher signal to noise ratio and better
spatial res@futionfin deep tissue imaging.

(5) Alt not quite related to sensing and detection, biological materials can be
excellent pullding blocks for the development of the laser itself. For example, many
biomaterials, such as fluorescent proteins, chlorophyll, luciferin, and vitamin can be excellent

5,10,11,22102,103

gain media and can be synthesized at a large scale. In addition, biomaterials such

as DNA, antibodies, enzymes have unique properties of self-recognition and self-assembly,

which canfpe exploited to develop bio-controlled or bio-configurable lasers™!84%104,

Despite_aumerous technological advances made in the past decade, biolasers are still
facing a fnges, some of which are intrinsic to all biolasers and others may be related

to a pagt 1 cavity, biomaterial, and application. Below we list a few that we hope to

overcome

(1)

to-noise ratio and signal-to-background ratio, a biolaser requires the external pump to be

ture research and development.

asing threshold behavior is advantageous in terms of enhancing the signal-

above its SSin% threshold to conduct any meaningful measurement. Consequently, a high
pump intensitypls needed when the cavity has a relatively low Q-factor and the density or
concentrafjo e gain medium is low (i.e., the gain is low), which may potentially result in

damagmcal samples and require sophisticated and expensive equipment (such as
|

expens ump lasers instead of inexpensive CW lasers). Although in many cases, a

single chitation pulses are sufficient to acquire lasing signal with an acceptable

signal-to-mo, better cavity designs and gain media may be needed to further lower the

exposure molecules/cells to pumping light.
(2) Si e laser light inside a cavity is bounced back and forth between two mirrors,
the laser O represents an accumulative effect along the z-direction (i.e., the laser
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emission direction). As a result, during laser imaging we may lose information in the z-
direction. Recovery of the information in the z-direction (i.e., performing z-sectioning) in the

laser eer imaging would be the next important step in the biolaser development.

3) Sven external pump, a biolaser requires the fluorophore to reach a certain
concentration to overcome the threshold, the molecules and cells with low fluorophore
H

concentraSns may be missed, as they may be below the lasing threshold. How to enhance

imaging) lowd labelling concentration (or density) would be another challenging yet

important m
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shows a sketch of the direct and inverse structure of silk. Adapted with permission.[89]
Copyright (year, publisher). (¢) Comparison of random lasing spectra of cancerous tissue and
healthyMed with dye. Adapted with permission.[93] Copyright (year, publisher). (d)
Response mm laser to skim and whole fat milk mixed with dye. Adapted with

permissio ight (year, publisher).
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Fig. 6.1(a) Structure of a plasmonic laser. A gold core surrounded by a silica shell filled with
green dye.: The cgrresponding scanning electron microscope images show that the gold core
and the thickness of the silica shell were about 14 nm and 15 nm, respectively. A simulation
of the plasmonic Taser on the right shows the device emitting visible light at 525 nm. Adapted
with permi .[96] Copyright (year, publisher). (b) Schematic of a plasmonic laser-based

sensor. tom figure shows the continuous trace (red diamond) of the plasmonic laser
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emission in the presence of 1, 2, 4, and 8 ppb of DNT vapour. Adapted with permission.[97]
Copyright (year, publisher). (¢) Schematic and SEM image of a plasmonic laser based on
gold naMarray fabricated on-chip. The bottom shows the lasing peak position shifts

when the mg liquid refractive index increases from 1.42 to 1.50. Adapted with

permissio right (year, publisher).

3.627 nm« >
=3 le+—>3.753 nm
m
" S ek
™ cel |
~ a +R2
2 08- S AL
E 0.6 ‘é‘
= = «—> 3.758 nm
E 0.4 4 | n:JP
E i B cell B2
0.2 & l i
e | I
0.0l s
510 520 530 540 550 560 g 514 518 522 526 530

Wavelength (nm)

Wavelength (nm)

xcitatic
Ingut (pump) i ~
i  Pholons  Organic e NS —
-

Fali
- acid § j i
% 5 molecule Stimulated
Al o, & _] Spaser \ lemission
ou <R "
utput o 1
(spasen) 1"‘ 55 / 5
bole [

" Siicashell  Nanobul Cell -
Surface plasmon

photons.

/
Yy e &
I L

i

620 640 660 680 700 720 740 760 780
Wavelength (nm)

]
Fig. 7. (a) Schematic of a bead internalized by a cell and of the injection of oil into a cell to

form a mi€rodroplet laser. The laser emission spectra from a fluorescent polystyrene bead

provided on the right. Adapted with permission.[99] Copyright (year,

g-term tracking of 3T3 fibroblasts over several cell generations. The right
ing spectra of microbeads inside the mother cell and after cell division
(top/bottof). Adapted with permission.[45] Copyright (year, publisher). (c) Intracellular
near-infraid mi’olaser probes based on organic microsphere—SiO, core—shell structures for
cell taggijtracking. Adapted with permission.[37] Copyright (year, publisher). (d)
Schematic of a plasmonic lasing nanoparticle as multimodal cellular nanoprobe shown in the
top panel. Co ison of the fluorescence image of breast cancer cells (MDA-MB-231) with

a singl nic lasing nanoparticle and multiple plasmonic lasing nanoparticles is shown
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in the bottom panel. Adapted with permission.[38] Copyright (year, publisher).
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Fig. 8. (a) Conceptual illustration of a semiconductor microdisk laser internalized into a

cell. The right panel shows the microdisk protected by a biocompatible silica shell.

Adapte&mission.[ll%] Copyright (year, publisher). (b) Highly multiplexed
microd "Normalized laser emission spectra of 400 microdisk lasers from 1170 nm to

1580 nm \zith an interval of ~1 nm. Adapted with permission.[16] Copyright (year, publisher).

(c) Cellular uptake and lasing from semiconductor microdisks having a submicron

diameter. Differential interference contrast microscopy of primary human macrophages,
| ) |

NIH 3T3 cells, primary mouse neurons, and primary human T cells with internalized

microdisks (overlaid red fluorescence, indicated by white arrows). Nucleus of T cells

L\
labelled with blue Hoechst dye. Adapted with permission.[12] Copyright (year, publisher).
m =

(d) Top: Migration of cells with microdisk lasers through a microporous membrane

captured under scanning confocal microscopy. Bottom: The corresponding lasing spectra
y |

of Disks 1 and 2 recorded in parallel with confocal microscopy. Adapted with

permissj Copyright (year, publisher). (e) Cell tracking in a tumour spheroid. Left:

Optical tranSmgsion image of the tumour spheroid at 12 hours. Right: Spatial distribution of
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micro disks inside the tumour. Each dot represents a micro disk with colour coding for its

wavelength. Adapted with permission.[16] Copyright (year, publisher).
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Fig. 9.& spectra from typical RhB doped BSA, pectin, and cellulose spheres,
respectively. The insets show optical and fluorescence image of the corresponding spheres.
Adapted ‘L‘"

PLA and j

ission.[58] Copyright (year, publisher). (b) Microsphere laser formed by

pd in blood. The right panel shows a superimposed fluorescence and laser

emission i he lasing spectrum is also provided below. Adapted with permission.[41]

Copyriﬂpublisher). (c) Left: Wide-field image of a microsphere laser displaying

optical ulating around the cavity. Excitation occurs at a diffraction-limited spot on
the sidMead, as marked by the arrow. Right: SEM image of a 5-um diameter

oated with ELNPs. The bottom shows the corresponding simulated near-

polystyrene bea
infrared ectra overlaid on the experimental emission spectra of ELNPs and ELNP-
coated umped above the lasing threshold. Adapted with permission.[39] Copyright

(year, pu (d) Ultrasound modulated microdroplet lasers in blood stream. The right
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panel shows the lasing emission is reversibly enhanced in the presence of ultrasound.

Adapted with permission.[40] Copyright (year, publisher).
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Fig. 1 iple of Laser Stimulated Emission (LASE) microscopy. Left panel: The

output ener, a laser particle as a function of pump intensity. The laser output increases
steepl nergy above the threshold (Py,). Center panel: The point spread function
(PSF) of laser emission (red line) in comparison to the traditional diffraction-limited PSF of
fluoresce tion (green line). Both the resolution and signal-to-background contrast are

enhanced ®E microscopy. Right panel: Comparison of fluorescence emission, laser

emission perovskite, and pump beam captured from CCD. Adapted with
permissio opyright (year, publisher). (b) Conceptual illustration of laser emission
micros ) for cell and tissue mapping. The right inset shows the comparison of

traditioIHcence microscopy and LEM in a cell nucleus labelled with EGFR-FITC.
Adapted \Eﬂission.[43,48] Copyright (year, publisher). (¢c) Examples of LEM of a set
1

of norma cer tissues. Cancer tissues have significantly more lasing spots than normal
tissues. with permission.[43] Copyright (year, publisher). (d) Comparison of the
lasing t s of low-fat fed male mice and high-fat fed female mice. Adapted with
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permission.[48] Copyright (year, publisher).
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Fig. 11. ( oncept of optical recording of neuron spiking with a neuron laser, in which
neurons are¥s iched inside an FP cavity. Bottom: Short-term laser recording of calcium
transie y spontaneous neuronal activities over 18 seconds from a single neuron.
The insets the representative laser emission images captured by a CCD camera.
Adapt ission.[101] Copyright (year, publisher). (b) Cell laser array. The cells are

stained with dyes and placed inside an FP cavity. The lasing spectrum of each cell and the

I

correspon

Copyrigh @ ublisher).

ing mode profile can be monitored over time. Adapted with permission.[31]
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Biolasers and their applications in biology and biomedicine are reviewed in this Progress
report. ThN¥i Nadlr employs lasing emission rather than regular fluorescence as the sensing
signal e has a number of unique advantages that can be explored for broad
applications gsensing, labelling, tracking, contrast agent, and bioimaging.
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