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Abstract
Advancements in light technology, devices and its applications have tremendously changed the facets of
biomedical science and engineering to provide powerful diagnostic and therapeutic capabilities ranging from
basic research to clinics. Recent novel innovations and concepts in the field of material science, biomedical
optics, processing technology and nanotechnology have enabled increasingly sophisticated technologies such as
cellular scale, wireless, remotely controlled micro device for in vivo integrations. This review deals with such
futuristic applications of biophotonics like miniature living lasers, wireless remotely controlled implantable and
cellular optoelectronics for novel imaging, diagnostic and therapeutic applications. We begin with an overview
of the competency and progress in biophotonics as one of the most active frontiers in advanced analytical,
diagnostic and therapeutic modalities. This is further followed by comprehensive discussion on recent
advances, importance and applications, towards miniaturization size of laser to integrate into live cells as
biological lasers, and wearable and implantable optoelectronic devices. Such applications form a novel
biocompatible platform for intracellular sensing, cytometry and imaging devices. Further, the opportunities and
possible challenges for future research directions to transform this basic research to clinical applications are
also discussed.
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Introduction
The term photonics coined by the French
physicist Pierre Aigrain in 1967, is a branch of science
and technology that deals with all methodologies and
technologies of light and its interaction with any
matter [1]. While biophotonics, a multidisciplinary
scientific field combines light-based technology
particularly with biological materials and biomedical
applications. Over the past 30 years, we have seen
great progress in the field of biophotonics and has
emerged as one of the most active frontiers in
advanced analytical, diagnostic and therapeutic
modalities of the 21st century. Biophotonics uses
innovative and transformative light-based technologies for understanding and manipulating biological
systems at the molecular, subcellular, cellular, tissue,
and organ levels in a non-invasive manner, which
exclusively depends on the interaction of light with

biomolecules and tissues at nano, micro and macro
scales as represented in Figure 1 [2]. Biophotonics
based optical techniques used for biomedical imaging
and sensing includes diffuse optical tomography,
multiphoton microscopy, multimodal macroscale
imaging, near-infrared spectroscopy, optical coherence tomography, optical tweezers and vibrational
imaging
for
non-invasive
diagnosis
and
intraoperative imaging [3,4]. Moreover, over the
years, biophotonic imaging has emerged as a potential
clinical intraoperative tool for the assessment of
carcinoma both at the microscopic and macroscopic
scale. As an example, near-infrared (NIR) light based
optical biopsy can provide micron-scale resolution in
imaging which allows a less precise delineation of
tumor margins and lymph nodes [5]. Likewise, NIR
based optical mammography allows gaining
https://www.thno.org
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spectroscopic information and three-dimensional (3D)
images of whole breast tissues [6]. As represented in
Figure 2, therapeutic biophotonics involves
applications of light either for (a) direct interaction
with cells or tissues via photothermal therapy and
photo-ablation (Figure 2A) such as in laser-tissue
weld and laser surgery and/or (b) indirect interaction
via light-mediated photochemical reactions or
signaling such as in photodynamic therapy (Figure
2B) and photobiostimulation (Figure 2C) (Low-level
laser therapy) [7,8].
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global Medical Laser Market size is estimated to reach
$10.57 billion by 2027 from $4.37 billion in 2019.
Where the surgical lasers segment accounts for the
second largest medical laser market share followed by
dental lasers [12,13].

Figure 1. Schematic representation of different types of light interaction with a
biological tissue: Excitation of biological tissue syrface with a incident light beam
resulting into several events which includes absorption, fluorescence, reflectance and
scattering, depending on the optical properties of tissue and content of biological
chromophores.

As per market analysis, the global biophotonics
market size is expected to reach $63.1 billion by 2022
from $31.6 billion in 2015 [9]. Application of
biophotonics available in the biomedical market
includes surface imaging, inside imaging, see-through
imaging, microscopy, biosensors, light therapy,
spectromolecular and analytical sensing. Among all
these applications, see-through imaging comprises
the largest market segment in biophotonics and has
emerged as an effective tool for in vitro and in vivo
imaging. While on the other hand due to widespread
applications and advances in endoscopic technique as
minimally invasive procedures for treatment and
diagnosis has led to surface imaging as the fastest
growing segment [10,11]. The breakthrough discovery
that has tremendously changed the paradigm of
biophotonics involves Laser, Laser technology and
their applications in biomedical applications. Lasers
have been shown to play an integral role in every field
of biophotonics ranging from microscopy, cytometry,
spectroscopy, and medical imaging to therapy. The

Figure 2. Direct and indirect effects of high power and lower light radiation on
biological tissues and cells. A Photothermal therapy; B Photodynamic therapy; C
Photobiostimulation.

https://www.thno.org
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Biophotonics is no longer confined to optical
properties of light and simple engineering
technology. The introduction of nanotechnology in
biophotonics has greatly expanded various novel
scope and unique capabilities in diagnostics to
therapeutics. The use of nanostructured materials
such as robust contrast agents, fluorescent probes,
sensing substrates and quantum dots have already
revolutionized the field of biophotonics [14,15].
Besides these nanomaterials, novel concepts and
developments in nanophotonics is an emerging field
that have great potential to enable advancements in
medical lasers and optoelectronic-based medical
devices down to the cellular scale. Nanophotonics
which is basically photonics at the nanoscale is the
science and engineering of light-matter interactions
that take place on wavelength and subwavelength
scales where the physical, chemical, or structural
nature of natural or artificial nanostructure matter
controls the interactions. The nanophotonic structures
and/or devices offers the advantages of low power
dissipating densely integrated information systems,
tremendous reductions in energies for device
operation, enhanced spatial resolution for imaging
and patterning, and improved sensitivity and
specificity of detection, high throughput, ease-of-use
and miniaturization. [16]. These properties allow
probing diseases at the nanoscale, and characterize
the minute responses of individual cells and
biomolecules in the micro, nano, and even picoscale
range. Further, nano bio-structures consisting of
metallic or semiconducting nanomaterials display
certain exciting functions such as a massive
surface-to-volume ratio, unique optical, chemical, and
electronic
properties
easy
engineering
and
functionalization, high level of structural diversity
and tunability, all these properties thus modify their
physico-chemical properties due to their nanoscale
organization, thus exhibits the potential for
applications in nano-biophotonics. Merging photonics
and nano-biosciences provides a powerful platform to
combine photonics as a tool to investigate
nano-biosciences and related novel materials as well
as exploring the linear and nonlinear optical
properties of these materials to widen the frontier of
the most recent photonics achievements [17].
Moreover, compared to current conventional
macroscale technology for imaging and therapy,
nanophotonic applications offers several advantages
of (i) need of minute amount of sample and testing
agents; (ii) fast analysis and processing time; (iii)
improved accuracy with highly sensitive; (iv)
increased
portability,
allowing
point-of-care
diagnostic in the form of micro and nano-fabricated
tools; and (vi) low cost [18]. Use of nanophotonics
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have promoted developments and advancements of
several different technologies for molecular
diagnostics and therapeutics like Localized Surface
Plasmon Resonance, Raman-Spectroscopy, NIR based
Fluorescence, Optical Coherence Tomography,
Photoacoustic Imaging, Two-Photon Luminescence,
Plasmonic Photothermal Therapy and Photodynamic
Therapy for therapy as well as for combined
diagnostics/therapeutics (theranostics) [19-21].
The field of nano-biophotonics is much broader
hence this review tries to create a constructive
overview of some of the major advances in certain
important selected topics in the field of miniature
living lasers, wireless remotely controlled implantable
and cellular optoelectronics. Some reviews published
in the field of biolasers and integratable optoelectronic
microprobes focusing more on their basic concepts,
designing strategies, potential multifunctional
materials and their potential biological and
biomedical applications in bio and/or chemical
sensing [22-32]. However, this review majorly focused
on providing a comprehensive discussion on more
recent advances and state-of-the-art techniques for
miniaturization of the biological lasers and
optoelectronics down to the in vivo cellular and
implantable levels emphasizing their potential
applications as micro and nano-fabricated tools with
respect to present and future diagnostics and
therapeutics.

A trip through the Laser Technology
The LASER (Light Amplification by Stimulated
Emission of Radiation) technology celebrated its 60th
anniversary in 2020. The conceptual foundation of
Laser technology dates back to 1916, when for the first
time Albert Einstein proposed the concept of
“Stimulated Emission” stating that the photons could
stimulate the emission of identical photons from
excited atoms. His concept of “Stimulated Emission”
became the foundational principle of all laser
operations [33]. The term LASER was coined by
Charles Townes in 1951. But it took almost 40 years to
build first working prototype of a laser. The first
working laser was developed by Theodore Maiman in
1960 at Hughes Research Lab in California which was
based on synthetic ruby as the lasing medium and
emitting a deep red beam of light of 694.3 nm
wavelength. Following this Theodore Maiman and
Arthur Schawlow, stated that ‘the laser is a solution in
search of a problem’. 1960s proved to be the
miraculous decade in the history of lasers as various
lasers based on solid, gaseous, semi-conductor and
liquid lasing media were invented. Since then, the
advancement and newer inventions in laser
technology has become one of the most rapidly
https://www.thno.org
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growing fields in fundamental and applied research
to date and will keep on doing so in the future as well.
In comparison to a conventional light source, the
distinctive qualities of laser to generate an intense,
very narrow beam of light of a single wavelength,
have been harnessed for various applications in
scientific research, telecommunications, technology,
medicine, materials science and many more [33–36].
As shown in Figure 3, every laser consists of
three basic components: (a) Lasing material or active
medium, (b) external energy source, and (c) optical
resonator. The active medium is a suitable material
where a population of excited state can be made
higher than the population of ground state by
pumping. The phenomenon is known as population
inversion. Conventional laser amplification usually
uses gases (He, Ne, CO2, etc), organic dyes,
semiconductors and solid materials (YAG, sapphire
(ruby) etc. as lasing materials [37]. The excited state
populations then relax to ground state via emission of
electromagnetic wave or photon. The external energy
source or pumping is a means to excite the active
medium heavily to achieve population inversion. This
means can be by electrical discharge, flash lamp or
another high intensity laser. The optical resonator is a
mirror-based cavity within which the active medium
is placed. The arrangement filters a particular set of
electromagnetic wave or photons to amplify their
number by multiple reflection and repetitive passing
through the active medium [37–40].

first ever application of lasers in medical field in 1962.
For which, Dr. Leon Goldman, is regarded as the
“father” of lasers in medicine and surgery. He used
lasers for dermatology, to treat a variety of pigmented
lesions (melanoma) and showed selective destruction
of skin pigmented structures by ruby lasers.
Following which in 1963, McGuff used ruby laser in
cardiovascular surgery for ablation of atherosclerotic
plaques. With encounter of difficulties of ruby laser
for controlling the power output, like light delivery
rate and poor absorption by some types of tissues,
necessitated the discovery of new laser types. Later, in
1968, F. L’Esperance, E. Gordon, and E. Labuda
successfully used an argon ion laser for the treatment
of diabetic retinopathy. The surgical uses of various
types of lasers were investigated extensively from
1967 to 1970 by many great pioneers T. Polanyi, G.
Jako, V. C. Wright and I. Kaplan in otolaryngology,
gynecological and latter for general surgeries. After
more advancement in laser technology and longtime
of investigations, first clinical applications of lasers
were performed by Choy and Ginsburg in 1983 for
angioplasty in coronary and peripheral vessel [41,42].
All these encouraging results brought a new branch of
science dealing with the applications of ‘laser
medicine’. With the successful discovery of new laser
types along with development of laser physics and
new ways of using lasers such as the generation of
radiation with various energy levels, new
wavelengths, high power and small beam divergence,
influenced a lot for newer areas in medical treatments
Lasers in biomedical applications
till date [43,44]. Table 1 represents list of commonly
Along with the invention of Lasers, application
used lasers for medical applications. Different
of Lasers in medicine shares a history of 60 years.
wavelengths of lasers used for several medical
Soon after the invention of first working prototype of
applications are listed in Table 2.
ruby laser in 1960, Dr. Leon Goldman reported the
The unique properties of laser light such as
monochromaticity, coherence, directionality, high brightness, and generation of a
focused narrow beam of light has made
the applications of laser radiation in
medicine so important. Being faster, less
invasive, with better accuracy and a
greater intervention effect, lasers have
greatly revolutionized the field of
medicine ranging from surgery and
therapeutics to diagnostics which has
been represented in Figure 4 and 5. Some
of such medical field includes cardiology,
dentistry, dermatology, gastroenterology,
gynaecology, neurosurgery, orthopaedics, ophthalmology, otolaryngology,
and urology. Additionally, laser also
offers diagnostic applications such as
laser-induced
fluorescence
(LIF)
Figure 3. Schematic representation of components of laser systems. The critical components of a laser
include a gain medium, a pump source, and a resonator.
spectroscopy/imaging, Optical coherence
https://www.thno.org
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tomography (OCT) and laser Doppler flowmetry
(LDF). Lasers have also become an essential tool in
other biological applications from high-resolution
microscopy (confocal microscopy) to subcellular
nanosurgery [42]. Even after tremendous advances in
different types and delivery systems of lasers in
medical and biological field, in recent years there has
been significant progress towards miniaturization
their size to integrate into live cells as bio-derived/
biological lasers as new forms of intracellular sensing,
cytometry and imaging devices [45] In an attempt for
miniaturization and cellular integration, main
advancement has been made in the field of optical
microcavities, structures that enable the confinement
of light in microscale volumes, biomolecules or
biocompatible molecules as gaining medium and
reducing the size from the classical Fabry–Perot
resonator, to novel classes of whispering gallery mode
(WGM) microresonator [46,47].

Biological lasers to intracellular living lasers
and their biomedical applications
Biological lasers or biolasers make use of
biocompatible, biological and/or natural molecule as
lasing medium and/or part of its cavity for optical
feedback and can also constitute passive optical
components that tune the laser output by modulating
the system’s effective refractive index [48]. These
biolasers have the potential to generate coherent light
sources compatible for living tissue integration. In
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recent years biological lasers have gained attention
due to their potential to harness the amplifying power
of stimulated emission from cell tracking to
biosensing [49].
Table 1. Commonly used Lasers for medical applications
Lasing
Medium
Gas

Laser Type
Helium Cadmium (HeCd)
Argon ion (Ar)
Krypton ion (Kr)

Liquid
Solid state

Helium-Neon (HeNe)
Carbon dioxide (CO2)
Dye

Wavelength
(nm)
325
442
488
514.5
530.9
568.2
676.4
632.8
10600
400–500
550–700
532.0

Potassium titanyl phosphate
(KTP)
Neodymium:yttrium
1064
aluminium garnet (Nd:YAG)
Neodymium-doped yttrium 1080
aluminum garnet (Nd:YAP) 1341
Holmium: yttrium
2100
aluminium garnet (Ho:YAG)
Chemical
Hydrogen Fluoride (HF)
2600–3000
Semiconductor Gallium aluminum arsenide 780
(GaAlAs)
820
870

Penetration
depth in tissue
8 µm
0.3 mm
0.8 mm
1 mm
1.1 mm
1.6 mm
5 mm
3.5 mm
20 µm
0.1–0.9 mm
1–5 mm
1.1 mm
4 mm
4 mm
4 mm
1 mm
300–1µm
7 mm
8 mm
7 mm

Although it sounds fascinating investigation of
biological lasers started long back in 1970s. Arthur
Schawlow’s and Theodor Hänsch developed first ever
edible laser by adding a dye, sodium
fluorescein, to unflavoured gelatin [50].
While in 1971, H. Kogelnik and C. V. Shank
reported first distributed feedback (DFB)
laser from rhodamine 6G doped gelatin [51].
Besides, other such example of DFB
biological lasers includes riboflavin (vitamin
B2) doped gelatin [52] and fluorescent
dye-doped silk [49,53,54]. According to Yun
et al., various fluorescent biomolecules are
present in the human body and therefore can
potentially be used as a laser gain medium.
However, most of these biomolecules are
excited by biologically harmful and less
penetrating ultraviolet (UV) light and also
have low quantum yields [47].

Importance and designing of biological lasers
and cellular lasers

Figure 4. Medical application of Laser Light. Representative applications of light in the human
body for diagnosis, imaging, surgery and therapy.

The need for investigating various life
reactions within the living human body and
single cell level has led to the development of
molecular biosensing and bioimaging
techniques. Such techniques depend on the
https://www.thno.org

Theranostics 2022, Vol. 12, Issue 17
reliable, sensitive, fast, and reproducible detection of
the interactions between various biomolecules which
allows understanding of the biological complexities,
various disease processes, medical diagnosis, targeted
therapeutics, and molecular biology [55,56].
Fluorescent bioimaging is one of the very well-suited
techniques for molecular bioimaging due to its
activatable property, multiplex detection capabilities,
high sensitivity, and low equipment cost. Many
optical bio-probes such as fluorescent dyes and
proteins, plasmonic nanoparticles and quantum dots
have attracted the most attention and have been
extensively explored for molecular bioimaging and
biosensing [55–57]. These fluorescent probes allow the
non-invasive study of in vivo biological processes at
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the cellular and molecular level with the advantages
of proving visible, quantitative and real time analysis.
However, the broad emission spectra of these
fluorescent probes limit their applications in
high-resolution imaging, spectral multiplexing and
ultra-sensitive bio-sensing.
Table 2. Wavelengths of Laser used for medical applications
Medical Applications
Dentistry
Hyperthermia of tumors
Photobiomodulation Therapy (PBM)
Photodynamic therapy (PDT)
Surgery

Figure 5. Medical application of Laser Light. Preclinical and clinical applications of A
Photodynamic Therapy (PDT) and B Photobiomodulation Therapy (PBM).

Wavelengths (nm)
465, 810-980
940, 980, 1064
465, 630, 635, 652, 660-690
630, 635, 652, 660-690, 730, 753
800-1500

To address this issue, intracellular laser
probes, with the advantage of narrow
bandwidth, strong coherence, and thresholdgated nonlinear emission were proposed [58].
The concept of utilizing living cells as biological
microcavity laser was initialized in 1990s, where
for the first time Gourley and coworkers at
Sandia National Laboratories utilized cells
passively in a semiconductor laser, where the
cell itself acted in light generating process as an
internal component of a laser. They successfully
demonstrated the concept of this laser technique
with various living and fixed cells and probed
human immune cells, between sickled and
normal RBC shapes, distinguished between
cancerous and normal cells [59–61]. Later in
2011, Gather and Yun for the first time reported
the demonstration of the first successful
biological live cell lasers based on green
fluorescent protein (GFP) and placing them
between a pair of dielectric mirrors i.e.
biological material as a viable gain medium for
optical amplification [62]. They used live
eGFP-transfected
293ETN
cells
(human
embryonic kidney cell line) and showed that
single cell placed in a high- Q microcavity
generates narrowband, directional and very
bright laser emission, with characteristic
longitudinal and transverse modes upon optical
pumping with nanojoule/nano-second pulses.
More importantly, even after a prolonged lasing
process the lasing cells remained alive. Thus,
Gather and Yun stated that many fluorescent
proteins with excellent optical properties can act
as promising gain media for stimulated
emission and biolasing [62]. Thus, principally
biological laser is generated by introducing the
biological material or system in a laser cavity,
which acts as microresonators to induce narrow
spectral stimulated emission (Figure 6A). This
https://www.thno.org
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mode of in vivo optical amplification within biological
systems have gained great importance for
intracellular sensing, cytometry and imaging by
overcoming the limitation of optical microscopy or
fluorescence imaging modalities due to poor
penetration depth of light in biological tissue and also
due to better spectral, spatial, and temporal
characteristics than fluorescence based imaging or
detection as represented in Figure 6B [29,63,64]. Thus,
studies showed the significance of biological materials
not only as laser gain media but also for forming the
optical cavity for optical feedback and constituting the
passive optical components to tune the laser output
by modulating the system’s effective refractive index.
Humar et al., demonstrated the comprehensive
design principles of cell lasers using various
fluorescent organic dyes as a convenient gain
medium, cell types, and laser configurations (Figure
7). Importantly they showed that presence of dye gain
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medium inside or outside a cell, or in both, can be
applicable to all cell types as well as offers flexibility
in experimental design. Herein, number, cellular
distribution and the emission and absorption
cross-sections of the gain dye molecules determines
the laser output characteristics.
Although fluorescent proteins had shown
promising results as gaining materials but major issue
with these proteins is their probability of eliciting
immune response due to their foreignness. In this
regard, Yun et al., demonstrated a miniature
all-biomaterial laser, using U.S. Food and Drug
Administration (FDA) approved biomaterials known
as Generally-Recognized-AsSafe (GRAS) substances.
They exploited the fluorescence property of intrinsic
biomolecule Flavin mononucleotide (FMN) and
vitamin B2 as a potential candidate for gain medium
which showed high efficiency for permitting low
lasing thresholds on the order of tens of nanojoules.

Figure 6. A Schematic representation of a cell laser. The system consists of a cell stained with fluorescent dyes or transfected with fluorescent proteins, placed between two
high quality mirrors forming the optical cavity. B Comparison of fluorescence-based detection and laser-based detection.

Figure 7. A and B Schematic representation of a cell laser with three different fluorescent dye gain configurations placed either C inside the cell, D outside the cell or E both
inside and outside of the cell. Adapted with permission from [65], Copyright 2015 OPTICAL SOCIETY OF AMERICA.

https://www.thno.org
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Furthermore, vitamin encapsulated glycerol-mixed
microspheres acted as a microdroplet-based whispering gallery mode (WGM) resonator [47]. This work
opened up the possibility of exploring various
intrinsic fluorescent biomolecules and different device
architectures
for
miniature
biological
laser
applications.
Most of the studies in biological lasers mainly
deal with different approaches and advancements in
optics and optical devices to generate laser emission
within the cell, but more important to this approach is
how to couple the laser output with the intracellular
or in vivo biophysical and biochemical processes.
Depending on the applications, optical cavities can
vary from planar to circular-shaped microsphere and
ring resonators [30]. Some of the optical microcavities
used in biological laser and their applications have
been represented in Table 3.

Intracellular lasers and applications
Besides designing and applications of biological
lasers with the different biological lasing medium it is
of great interest to translate in vitro biological lasers
into in situ and in vivo, more like tissue microlasers.
However, translational research suffers from several
challenges which includes: (a) chemical stability in
aqueous biological medium; (b) decreased refractive
index contrast between the laser material and its
surrounding;
and
(c)
biocompatibility
and
biodegradability issues of potential lasing material,
microresonator and optical pump. Further, the
intracellular lasers should operate in the spectral
region with minimum tissue absorption and
scattering, and can easily be integrated with other in
vivo bioimaging techniques and microscopy [100]. For
the first time, a “blood laser” was reported using a
clinically acceptable concentration of indocyanine
green (ICG) dye and a high Q-factor optofluidic ring
resonator in human whole blood. ICG lasing was only
accomplished when ICG binds to serological
components such as albumin, globulins and
lipoprotein [85]. Humar et al. investigated the
feasibility of implanting stand-alone laser particles
into biological tissues to enable novel optical imaging,
diagnosis and therapy. They employed approved and
clinically
used
biocompatible
materials
i.e.
transparent polymers poly(lactic-co-glycolic acid)
(PLGA) and poly(lactic acid) (PLA) based solid
microbeads of sizes 10 µm to 25 µm dopped with Nile
red, which showed their suitability for operation both
in soft solid tissues and in blood. Similarly, they
demonstrated laser light emitting BODIPY based
Cholesterol Bragg onion microdroplet lasers which
also offer the possibility of in vivo temperature sensing
[86].
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The real time cell tagging and tracking is one of
the most reliable techniques for understanding the
complexity of biological processes and systems down
to single-cell analysis. Many studies have shown the
utility of intracellular microlasers with spectral
multiplexing capability and improved optical
properties for cell tagging and tracking applications.
Laser particles made up of silica-coated semiconductor microcavities, generating single narrowband
emission peaks have been utilized for large-scale,
comprehensive single-cell analysis. These stable and
biocompatible Laser particles identified tagged cells at
single cell level using Laser pArticle Stimulated
Emission (LASE) microscopy in a 3D breast cancer cell
tumour spheroid model [45]. Intracellular delivery of
WGM resonators in several different cell types,
including mitotic, neuronal, macrophages, fibroblasts
and primary cells have shown to facilitate
barcode-type cell tagging and tracking of a large
number of cells simultaneously. Moreover, as shown
in Figure 8, these microresonators are reported to be
stable, internalized and retained within the cell, even
during the cell division process, thus enabling tagging
of several generations of cells along with distinctively
identifying and tracking individual migrating cells
[100–102]. Microlaser based cell tagging and tracking
offer advantages over routinely used fluorescencebased approaches which limits the use of only a few
fluorescent probes at a time due to their spectral
overlap. In another study, fluorescent probe doped
polystyrene WGM microspherical lasers were actively
introduced into cardiac cells as a multifunctional
optical biosensor to monitor cardiomyocyte
contractility process at single cell resolution and longterm tracking of individual cardiac cell. High spectral
sensitivity of WGM microlasers for the changes in its
surrounding refractive index, was explored for
monitoring the effect of nifedipine (Ca+2 channel
blocker) on contractility of neonatal cardiomyocytes,
real time measurement of complete contractility
profiles for the beating heart in live zebrafish.
Moreover, this have also been used as a robust
contractility sensor at subcellular resolution, in thick
living myocardial slices (~ 100s of µm) of rat heart
tissue, which is even not achievable with multiphoton
microscopes [103]. Cadmium sulfide based nanowire
biolasers internalized by macrophages were
demonstrated to monitor the 3D migration of
individual cells both in vitro and in vivo with enhanced
contrast for dual-modality tracking and imaging via
both OCT and fluorescence microscopy [104]. For
deep tissue imaging and labeling, NIR intracellular
microlaser utilizing NIR gain materials have been
developed. WGM microlasers made from (E)-3-(4(diptolylamino)phenyl)-1-(1-hydroxynaphthalen-2-yl)
https://www.thno.org
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prop-2-en-1-one
(DPHP)
coated
silica
shell
microbeads exhibited NIR emission between 720 -790
nm and were used not only as a barcode-type cell
tagging and tracking of millions of individual
macrophages but also for monitoring the
transformation of normal macrophages to foamy ones
[105]. Continuous-wave Tm3+-doped upconversion
nanoparticle with energy-looping excitation mechanism coated onto polystyrene microbeads as WGM
microresonators was developed by FernandezBravo et al. These microlasers showed their lasing
activity when submerged in serum with an emission
at 980 nm when excited with 1064 nm light [106].
Other than deep tissue penetration, NIR microlasers
offer various other advantages such as low
interference from auto-fluorescence along with
minimal photo-damage to cells.
Further, microlaser based lasing emissions have
been used for imaging and mapping, where the light
emitted by tiny intracellular laser particles can
produce images to provide biomolecular and
morphological information about the cells, particularly valuable for deep tissue imaging. For example,
LASE microscopy offers the advantage of subdiffraction resolution, low out-of-focus background and
3D optical sectioning, required for imaging of thick
biological tissues. LASE microscopy is fundamentally
based on the principle of excitation of nano/microlaser particles by a tightly focused optical pump beam
with nonlinear power dependence stimulated
emission of narrow spectrum. LASE microscopy
offers the advantage of a standalone submicron size
laser, where it uses single-photon absorption
(although two-photon pumping is also possible) to
generate stimulated emission only at the focal volume
without the need of a pinhole or complex illumination
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or detection schemes as required in confocal laser
scanning microscopy and two-photon microscopy
[76]. Chen and collaborators proposed the concept of
scanning Laser-Emission-based Microscope (LEM),
which is integrated with a 2D scanning stage to map a
tissue labeled with site specific fluorophores and/or
antibody-conjugated fluorophores sandwiched inside
an FP microcavity formed by two mirrors and
whereby, the images are constructed by scanning the
pump beam across the whole tissue. LEM has been
utilized for multiplexed lasing of various nuclear
proteomic biomarkers (nucleic acids, EGFR, p53, and
Bcl-2) in frozen Stage I/II human lung cancer tissues
with a subcellular and sub-micrometer resolution,
which is way far better than conventional
fluorescence techniques. Moreover, LEM enables the
distinction between cancer and normal tissues with
high sensitivity and specificity for early stage cancer
diagnosis [74]. This LEM lasing system was further
modified by microfabricating a SU8 spacer with a
fixed height on the top mirror of the FP cavity to
generate a robust platform for imaging in thick
formalin-fixed, paraffin-embedded (FFPE) tissues.
With the optimized lasing thresholds, this modified
LEM system was able to differentiate cancer and
normal FPPE biopsy tissues of colon, stomach, and
breast cancer [73]. This group also demonstrated the
utility of LEM in detection of chromatin abnormality
in colon tissue, despite the absence of observable
lesions, polyps, or tumors in dietary controlled mouse
model [75]. All these studies showed the promising
application of LEM for early tumor detection in
clinical diagnosis even at the level of biomolecular
changes linked with cancer development. Figure 9
represents some examples of tissue-based sensing
with biological microlasers.

Table 3. Commonly used Optical Microcavities of Biolasers for biological applications
Optical Microcavities
Description
Fabry–Pérot (FP) cavity Constructed using a pair of parallel plane mirrors, sandwiching the
gain medium between them. This allows bulk interaction between
light and the gain medium, enhancing the direct interaction of light
with matter.

Whispering Gallery
Mode (WGM) cavity

Distributed Feedback
Laser (DFB) cavity
Random Laser (RL)
cavity

Applications
Optofluidic laser-based detection [66-69]
Single Cell based intracellular sensing, cytometry and imaging [58,62,70,71,65]
Tissue lasers [72,73]
Scanning “laser-emission-based microscope” (LEM) for detection of specific
intracellular biomarkers [74,75]
Laser pArticle Stimulated Emission (LASE) microscopy [76]
The WGM cavity relies on the total internal reflection at the curved Biosensing, Cell tagging and tracking [45,77-82]
boundary where the light rays are trapped inside the cavity
Studying Protein–protein interactions and protein–drug interactions [83]
circulating along the curved boundary. WGM microcavities have
Chlorophyll based optofluidic laser [84]
been constructed in various forms starting from circular shaped
Lasing in human blood [85]
capillaries, microdisks, microdroplets, microspheres, solid
Implantable tissue lasers [86]
cylinders, ring-shaped waveguides to rectangular shaped rods.
Biomolecule detection system [87]
DFB microcavity consist of periodical structures to provide optical Lasing [52]
feedback with the gain material.
Membrane lasers [88]
Biosensing [89]
A RL does not have a fixed optical cavity and the optical feedback is Tissue mapping [90-92]
provided by multireflections from scattering particle dispersed in
Label-free biofluidic lasers [93]
the lasing active material.
Tissue Laser [94,95]
Lasing [96,97]
Biosensing [49,98]
Opto-chemical therapies [99]
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Figure 8. A Schematic illustration with self-sustained intracellular laser lasing from live cells containing intracellular optical resonators. B Confocal laser scanning microscopy
image of NIH 3T3 fibroblasts, Human Embryonic Kidney 293, and primary mouse microglia internalized with polystyrene divinylbenzene (PS-DVB) microsphere resonators
(green fluorescence). Adapted with permission from [101], Copyright 2015 AMERICAN CHEMICAL SOCIETY. C Schematic Illustration of a semiconductor nanodisk laser
internalized into a cell, which is optically pumped through a microscope objective (blue) with laser emission (red) collected by the same objective. D Laser scanning confocal
fluorescence microscopy image of fixed macrophage with internalized nanodisks (red fluorescence). Adapted with permission from [100], Copyright 2018 NATURE.

Figure 9. A Conceptual illustration of a large-scale rapid scanning laser-emission microscopy (LEM) for detecting pre-polyp nuclear abnormality by analyzing FFPE colonic tissues
from mice with colon cancer risk. Here, a 10 µM thick FFPE tissue section is sandwiched within a high-Q Fabry-Pérot (FP) cavity. Adapted with permission from [75], Copyright
2019 OPTICAL SOCIETY OF AMERICA. B and C Schematic illustration of the Indocyanine green (ICG) laser using a high Q-factor optofluidic ring resonator (OFRR), in human
serum and whole blood. ICG lasing can only be achieved when ICG binds to serological components such as albumin and lipoprotein. Adapted with permission from [85].
Copyright 2016 OPTICAL SOCIETY OF AMERICA. Lasing of biodegradable polymer beads implanted in D bovine cornea, E skin and F blood. Adapted with permission from [86],
Copyright 2017 OPTICAL SOCIETY OF AMERICA. G Conceptual illustration of the experimental configuration of a neuron laser are sandwiched inside an Fabry-Pérot (FP)
cavity formed by two highly reflective mirrors to record the neuron activities with laser emission. Adapted with permission from [107], Copyright 2020 AMERICAN CHEMICAL
SOCIETY.
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Other than cancer detection, Chen et al.,
employed LEM for in vitro monitoring of as low as nM
concentration of Ca2+ ion dynamics and activities in
single neurons and massive neuronal networks.
Compared to a conventional fluorescence-based
recording, LEM based recording showed about 100
times enhancement in sensitivity to detect intracellular Ca2+ ion fluctuations [107]. As progress to the
field of biological micro/nano laser-based imaging,
monitoring and bio-inspired sensing, a novel concept
of bioresponsive microlasers based on WGM nematic
liquid crystal microdroplet have been proposed to
exploit its interfacial energy transferability. This study
demonstrated that interfacial energy transfer at the
cavity biointerface and varying the nonradiative
Förster resonance energy transfer (FRET) pair
concentration ratios between the analytes (acceptor)
and droplet (donor) can be utilized to understand
how molecules can interact with and modulate the
laser light. As a proof of concept, they demonstrated
protein-based and enzymatic-based interactions
occurring at the surface of microdroplets and
whereby the fluorescence emission acts as interfacial
laser gain medium and results into generation of
different adjustable lasing wavelengths. This concept
laid the foundation for the development of advanced
tunable photonic devices at the molecular level by
utilizing intracellular biological lasers [108].

Optoelectronics in Medicine
Optoelectronics which is often considered as a
subdiscipline of photonics, combines both photons
and electronics and deals with applying electronic
devices to the sourcing, detection and control of light.
Optoelectronic devices are transducers that basically
rely on light–matter interactions and electronic
properties of matter to convert light into an electrical
signal or vice versa. Optoelectronic devices are
complex systems combining optics, electronics,
mechanics and software all in the same system and
involved in study of light emission and detection
using light sensitive devices and light generating
components [109]. Recent progress in optoelectronics
devices have led to developments in two types of
optoelectronic devices; wearable and implantable.
These optoelectronic devices provide better scope for
light delivery into inaccessible targets and allow
continuous monitoring of health. Most of the
optoelectronic devices presently being used in
medical field includes wearable, battery operated
and/or hard-wired personal healthcare devices like
pulse oximeter, blood glucose monitor, heart rate
monitor, urine analysis, measuring the amount of
oxygen in the blood, dental colour matching and
exhaled biomarkers monitoring [110–112]. Further,
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with advancements in safe and biocompatible
biomaterials, health monitoring technologies are now
being focused on wireless, battery free wearable
optoelectronic devices with soft “skin-like” properties. Precommercial prototypes of these devices make
use of near-field communication (NFC) technology for
multicolor light emission and detection, which allows
precise measurements of the optical properties of the
skin and also provide information on temporal
dynamics of blood flow, heart rate, tissue oxygenation
to evaluate color of the skin, and/or of colorresponsive materials for environmental detection
[113]. Other than the wearable devices, flexible
optoelectronic devices are incorporated into multifunctional endoscopes, by integrating transparent
bioelectronics with theranostic nanoparticles to
combine imaging and therapy. These multifunctional
endoscopes showed promising in vivo optical
fluorescence-based mapping, contact/temperature
monitoring, pH and electrical impedance sensing,
radio frequency ablation and localized photo/
chemotherapy [114]. Thus, it’s being speculated that
the future optoelectronic wearable devices possibly
will integrate light based therapeutic functionalities.

Implantable optoelectronic devices
Implantable optoelectronic systems that can be
easily integrated within the body provides a
promising diagnostic and therapeutic potential for
basic research and clinical medicine [32,115]. Unlike
traditional bulk wearable optoelectronic devices,
implantable ones can be placed in any spatiallyisolated, curved regions within human bodies. In the
field of implantable optoelectronics, a great progress
has been achieved with prosthetic retinas, a promising
approach to overcome the loss of photoreceptors and
restore vision in patients with retinal degenerative
diseases such as Age Related Macular Degeneration
and Retinitis Pigmentosa [116]. However, to enable
implantation of biomedical electronic systems in the
human body, these devices need to be miniaturized to
mm scale i.e., microimplants, which will further
overcome the issues with conventional surgical
implantation. Although advances in bio-optical
interface and semiconductor technologies have
allowed integration of oscillators, electrodes, memory
and wireless communication systems, on tiny
miniatured silicon chips, still, miniaturization of the
power source, for storage, harvesting, or transfer of
energy deep into the body remains as a major
challenge. This limitation is overcome by a process
termed midfield powering by which a high-energy
density region can be created to transfer milliwatt
levels of power to ~5 cm deep into the tissue,
sufficient enough to remotely drive wireless tissue
https://www.thno.org
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microimplants [117]. Other novel innovative designs
in advanced electronics like microscale inorganic
light-emitting diodes (LEDs), photodetectors and
organic optoelectronic materials, hold great promise
for in vivo biomedical applications [118–120].
Over the past recent years, the importance of
self-powered flexible inorganic optoelectronic
systems as next-generation electronics has gained
interest as biomedical implantable optoelectronics
due to their biocompatible, lightweight, selfsustainable, and thin properties. These self-powered
flexible inorganic devices include batteries, LEDs,
sensors, high-density memories, energy harvesters,
and large-scale integration. The most attractive
property of such self-powered optoelectronics that
have drawn great interest is the utilization of a flexible
energy harvester that can generate electricity by
harnessing kinetic and mechanical energy from
human muscular movements and can charge a
flexible battery. Thus, it is being speculated that these
systems can permanently operate in heart,
diaphragm, and shoulders using their sustainable
muscular movement energy. This will avoid the need
for invasive operated replacement of battery and/or
use of an external energy supply in implantable
electronic systems over time. Such prototypes hold
great promise in the future implantable biosensors,
self-powered cardiac pacemakers, phototherapeutic
or optogenetic tools for wireless remotely controllable
in
vivo
monitoring
of
vital
biophysical,
electrophysiological, biochemical signals and further
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can be extended for cardiac/brain disorders
treatments [121,122]. The advanced miniaturized
optoelectronic components widens the scope of
application of optical biopsy via light-based
spectroscopy for more accurate in situ, real-time
evaluation and differentiation between malignant
tissues from benign tissues. In this respect, Lee et al.,
engineered and reported a proof-of-concept miniaturized prototype optoelectronic sensor compatible with
a 19-gauge fine-needle aspiration needle for rapid,
volumetric, and quantitative multisite tissue optical
sensing for pancreatic tissue assessment. This
prototype was proposed to a promising step towards
overcoming the challenges of accurate pathological
diagnosis of suspected pancreatic neoplasm [123].

Cellular-scale free to roam optoelectronic
devices for optogenetics
Other than conventional light-based imaging,
diagnosis and therapies, novel concepts in bio-optics
and optoelectronic systems have revolutionized the
field of neuroscience with the introduction of
optogenetics approach. Broadly, the term “optogenetics” refers to an approach which involves precise
control and monitoring of biological functions in cells,
tissues, organs and organism by making use of
genetic engineering and optical technology (Figure
10). This approach involves intracellular expression of
genetically modified photosensitive proteins, which
serves two functions: (1) optical sensor, allowing
fluorescent readout to monitor changes in biological

Figure 10. Schematic illustration of application of optoelectronics in optogenetics for understanding and modulating neural functions and animal behavior in a remotely
controlled fashion.
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activities, and (2) optical actuators, which allow light
to manipulate the cellular biological functions [124].
Due to its non-invasiveness, high temporal and spatial
resolution, optogenetics offers the advantage of
precise study and manipulation of brain circuit
functions to gain more insight on neurodegenerative
disorders and injuries along with development of
targeted therapy [125]. Genetically modified
light-activated transmembrane proteins, opsins are
most widely used optical actuators to control neural
activity and cellular signaling upon light exposure.
Blue light-activated cation channel protein channelrhodopsins 2 (ChR2) and yellow light-activated
anion-conducting protein halorhodopsin are two
most commonly used opsins to excite and silence
neurons, respectively [125]. For optogenetics, it is
critically important to precisely deliver light into
tissues with desired intensities. The most common
and simplest way of light delivery involves
implantation of optical fibers in the brain which are
physically tethered to external light sources.
However, use of tethered, bulk sized light source
limits the free movement of the animal, thus altering
bodily and neuronal behavior along with other
limitations of lack of cell-type specificity and
targetability for modulating small numbers of
neurons and damaging effects to surrounding healthy
tissues [126]. Thus, to overcome these constraints field
of optogenetics is focusing on more advanced
wireless, miniaturized fully implantable subdermal
battery free optoelectronic devices.
As a foundational work, Kim et al., reported
ultrathin multifunctional all-in-one optoelectronic
system of single cell dimension which incorporated
independent and inorganic µ-LEDs collocated with
optical, thermal, and electrophysiological sensors and
actuators. These systems were easily mounted on
releasable injection needles for insertion in deep tissue
of brain in mice model [32]. Following this pioneering
breakthrough in optoelectronics, many groups have
reported development and application of wireless,
battery-free, injectable micron scale optoelectronics in
understanding and modulating neural functions and
animal behavior in a remotely controlled fashion
[127–129]. Further, Montgomery et al., reported an
easy-to-construct, fully internal smallest (20 mg, 10
mm3) implantable wireless optogenetic system with
minimal tissue heating upon optogenetic stimulation.
Using this system, they demonstrated wireless
optogenetic stimulation of central nervous system
(brain) as well as peripheral nervous system (spinal
cord and peripheral nerve endings) in mice model
[130]. Further, Park et al., demonstrated miniaturized,
soft wireless optoelectronic systems with fully
implantable, stretchable property to modulate
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peripheral and spinal neuronal circuits in freely
moving animals, in an effort to advance the
application of optogenetic studies for issues related to
chronic pain, itch and other neurological disorders
other than brain [131].

Conclusion and Perspectives
In recent years, biophotonics have witnessed
tremendous transdisciplinary discoveries in the field
of clinical diagnostics to therapeutics. Here we have
discussed two advanced and promising areas of
biophotonics: intracellular biological laser and cellular
scale optoelectronics. Biological microlasers offer the
advantages of better performance at deep tissue depth
due to their high sensitivity, bright narrowband
emission, single-cell specificity, high signal to noise
ratio, low background autofluorescence and
minimum scattering interferences. Thus, they have
shown to be potential in imaging, sensing, in vivo cell
tagging as well as for long term tracking to gather
information from biological processes occurring at the
molecular to subcellular and cellular level, as well as
in small animals. Application of biological microlasers
will certainly advance our understanding of
important biological processes like cancer metastasis,
neuronal network development, wound healing, and
immune response. Future designs in the field of
optoelectronic applications in optogenetics will allow
bioelectric signal-based sensing and power control for
simultaneous stimulation of multiple and deep neural
targets outside brain, spinal cord and peripheral
nerve. Thus, this approach holds great promise in the
treatment of several neurodegenerative diseases.
Both fields are still in their basic research phase,
they need to overcome several limitations mainly with
the biocompatibility issues, before proceeding with
clinical translations. Other than biocompatibility
issues few more challenges in the field of biological
microlasers need to be addressed such as surface
passivation, heat management, lowering the exposure
of pumping light to avoid damage to biomolecules/
cells, advanced calibration, broadening the range of
fluorescence detection limits. Although in the area of
optoelectronics, advancement in electronics now
allows their easy delivery into any site of body via
syringe injection, still the power supply, size and heat
generation of optoelectronic implants needs to be
taken care off. In near future, it is being envisaged that
integration of self-powered and machine learning
technology in portable wearable optoelectronic
systems will allow in vivo “recognition,” “think,”
“analyze,” “decide” and “control” abilities to assist in
smart diagnosis, drug transport followed by
controlled drug delivery. Fast growing research and
advancement in technology will surely increase the
https://www.thno.org
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integration of these light-based functionalities in
patients for early detection and real time diagnosis of
several diseases and designing of personalized
treatment with better therapeutic outcomes. It's
exciting to see how the biophotonics field will evolve
in the future as a smart human health monitoring and
therapeutic strategy.

7348

7.
8.
9.
10.

Acknowledgements
The authors sincerely thank the South African
Research Chairs initiative of the Department of
science and technology and National Research
Foundation of South Africa, South African Medical
Research Council (SAMRC) and Laser Re-search
Centre (LRC), University of Johannesburg. Authors
also acknowledge Alexander Chota, Laser Research
Centre, Faculty of Health Sciences, University of
Johannesburg, for helping with the designing of few
Figures.
Research reported in this review article was
supported by the South African Medical Research
Council (SAMRC) through its Division of Research
Capacity Development under the Research Capacity
Development Initiative from funding received from
the South African National Treasury. The content and
findings reported/ illustrated are the sole deduction,
view and responsibility of the researcher and do not
reflect the official position and sentiments of the
SAMRC.

11.

Funding

20.

This work is supported by the South African
Research Chairs initiative of the Department of
science and technology and National Research
Foundation of South Africa (Grant No 98337), South
African Medical Research Council (Grant No. SAMRC
EIP007/2021) as well as grants received from the
University Re-search Committee (URC), University of
Johannesburg and the Council for Scientific and
Industrial Research (CSIR)-National Laser Centre
(NLC).

12.

13.

14.
15.
16.
17.
18.
19.

21.
22.

23.
24.
25.

Competing Interests

26.

The authors have declared that no competing
interest exists.

27.

References

29.

1.
2.
3.
4.
5.
6.

Krasnodębski M. Throwing light on photonics: The genealogy of a
technological paradigm. Centaurus. 2018; 60: 3– 24.
Marcu L, Boppart SA, Hutchinson MR, Popp J, Wilson BC. Biophotonics: the
big picture. J Biomed Opt. 2017; 23: 1-7.
Schulz RB, Semmler W. Fundamentals of optical imaging. Handb Exp
Pharmacol. 2008;(185 Pt 1):3-22.
Krafft C. Modern trends in biophotonics for clinical diagnosis and therapy to
solve unmet clinical needs. J Biophotonics. 2016; 9: 1362-1375.
Li S, Cheng D, He L, Yuan L. Recent Progresses in NIR-I/II Fluorescence
Imaging for Surgical Navigation. Front Bioeng Biotechnol. 2021; 9: 768698.
Srinivasan S, Carpenter CM, Ghadyani HR, Taka SJ, Kaufman PA,
Diflorio-Alexander RM, et al. Image guided near-infrared spectroscopy of

28.

30.
31.
32.
33.
34.
35.

breast tissue in vivo using boundary element method. J Biomed Opt. 2010; 15:
061703.
Capasso A. Biomedical Applications of Biophotonics. J Biochem Biotech. 2021;
4: 6.
Chiou A E. Harnessing Light for Life: An Overview of Biophotonics. Opt
Photonics News.2005; 16: 30-35.
[Internet] Biophotonics Global Market Report 2021: COVID-19 Growth and
Change to 2030. 2021. https://www.researchandmarkets.com/reports/
5446172/biophotonics-global-market-report-2021-covid-19.
[Internet] Singh R. Biophotonics Market by End User (Medical Diagnostics,
Medical Therapeutic, Tests & Components, and Nonmedical Application) and
Application (See-Through Imaging, Inside Imaging, Spectro Molecular,
Surface Imaging, Microscopy, Light Therapy, Analytical Sens. 2017. https://
www.alliedmarketresearch.com/biophotonics-market.
[Internet] Market Research Report. Biophotonics Market by Application
(See-through Imaging, Inside Imaging, Spectromolecular, Surface Imaging,
Microscopy, Light Therapy, Biosensors), Technology (In-vivo, In-vitro),
End-use (Diagnostics, Therapeutic, Tests), & Geography - Global Forecast to
2020.
2015.
https://www.marketsandmarkets.com/Market-Reports/
biophotonics-market-165751140.html.
[Internet] The global Medical Laser Market is projected to grow from $4.80
billion in 2022 to $14.23 billion by 2029, at a CAGR of 16.8% in forecast period,
2022-2029. https://www.globenewswire.com/en/news-release/2022/04/12/
2420772/0/en/With-16-8-CAGR-Medical-Laser-Market-Size-worth-USD-1423-Billion-in-2029.html.
[Internet] Medical Laser Market by Device Type (Solid-state Lasers, Gas
Lasers, Dye Lasers); Fiber Type, Device Application, Fiber Application, and
Geography — Global Forecast to 2028. 2021. https://www.marketresearch.
com/Meticulous-Research-v4061/Medical-Laser-Type-Solid-state-30081028/
Prasad PN. Nanotechnology for Biophotonics: Bionanophotonics. In:
Introduction to Biophotonics. John Wiley & Sons: Hoboken, NJ, USA, 2004;
520–544.
West JL, Halas NJ. Engineered nanomaterials for biophotonics applications:
improving sensing, imaging, and therapeutics. Annu Rev Biomed Eng. 2003; 5:
285-292.
Hu EL, Brongersma M, Baca A. Applications: Nanophotonics and Plasmonics.
In Nanotechnology Research Directions for Societal Needs in 2020: Science
Policy Reports, vol 1. Springer, 2011: 417–444.
Altucci C, Kurapati R, Morales-Narváez E. Editorial: Nanobiophotonics and
Related Novel Materials Aimed at Biosciences and Biomedicine. Front Bioeng
Biotechnol. 2022; 10: 898752.
Lim CT, Han J, Guck J, Espinosa H. Micro and nanotechnology for biological
and biomedical applications. Med Biol Eng Comput. 2010; 48: 941-943.
Joseph B, James J, Eapen N, Kalarikkal N, Thomas S. Nano-optics for
healthcare applications. In Thomas S, Grohens Y, Vignaud G, Kalarikkal N,
James J. Micro and Nano Technologies, Nano-Optics, Elsevier, 2020, 33-46.
Iqbal MA, Ashraf N, Shahid W, Awais M, Durrani AK, Shahzad K, et al.
Nanophotonics: Fundamentals, Challenges, Future Prospects and Applied
Applications. In Lembrikov BI. Nonlinear Optics - Nonlinear Nanophotonics
and Novel Materials for Nonlinear Optics, intechopen, 2021.
Conde J, Rosa J, Lima JC, Baptista PV. Nanophotonics for molecular
diagnostics and therapy applications. Int. J. Photoenergy. 2012; 2012: 619530.
Mahzabeen F, Vermesh O, Levi J, Tan M, Alam IS, Chan CT, Gambhir SS,
Harris JS. Real-time point-of-care total protein measurement with a
miniaturized optoelectronic biosensor and fast fluorescence-based assay.
Biosens Bioelectron. 2021; 180 :112823.
Lee GH, Moon H, Kim H, Lee GH, Kwon W, Yoo S, et al. Multifunctional
materials for implantable and wearable photonic healthcare devices. Nat Rev
Mater. 2020; 5: 149-165.
Gutruf P, Rogers JA. Implantable, wireless device platforms for neuroscience
research. Curr Opin Neurobiol. 2018; 50: 42-49.
Won SM, Cai L, Gutruf P, Rogers JA. Wireless and battery-free technologies
for neuroengineering. Nat Biomed Eng. 2021 Mar 8:10.1038/s41551-02100683-3.
Won SM, Song E, Reeder JT, Rogers JA. Emerging Modalities and Implantable
Technologies for Neuromodulation. Cell. 2020; 181: 115-135.
Fan X, Yun SH. The potential of optofluidic biolasers. Nat Methods. 2014; 11:
141-147.
Toropov N, Cabello G, Serrano MP, Gutha RR, Rafti M, Vollmer F. Review of
biosensing with whispering-gallery mode lasers. Light Sci Appl. 2021; 10: 42.
Prasetyanto EA, Wasisto HS, Septiadi D. Cellular lasers for cell imaging and
biosensing. Acta Biomater. 2022; 143: 39-51.
Chen, YC, Fan X. Biological Lasers for Biomedical Applications. Adv Opt
Mater. 2019; 7: 1900377.
Chen Z, Obaid SN, Lu L, Recent advances in organic optoelectronic devices for
biomedical applications. Opt Mater Express. 2019; 9: 3843-3856.
Kim TI, McCall JG, Jung YH, Huang X, Siuda ER, Li Y, et al. Injectable,
cellular-scale optoelectronics with applications for wireless optogenetics.
Science. 2013; 340 :211-216.
Hecht J. A short history of laser development. Appl Opt. 2010; 49: F99-122.
Wieneke S, Gerhard C. Lasers in Medical Diagnosis and Therapy Basics,
applications and future prospects. IOPscience, 2018.
Patil UA, Dhami LD. Overview of lasers. Indian J Plast Surg. 2008; 41(Suppl):
S101-113.

https://www.thno.org

Theranostics 2022, Vol. 12, Issue 17
36. Dutta Majumdar J, Manna I. Laser processing of materials. Sadhana. 2003; 28,
495–562.
37. Singh SC, Zeng H, Guo C, Cai W. Lasers: Fundamentals, Types, and
Operations. In Singh SC, Zeng H, Guo C, Cai W. Ed. Nanomaterials.
Wiley-VCH; 2012: 1-34.
38. Haley D. Basic principles of lasers. Anaesth Intensive Care. 2021; 22: 194-196.
39. Forget S, Chénais S. Laser Basics. In: Organic Solid-State Lasers. Springer
Series in Optical Sciences, vol 175. Springer, Berlin, Heidelberg; 2013: 1-12.
40. Silfvast WT, Tjossem PJH. Laser Fundamentals. Am J Phys. 1997; 65. 932.
41. Jelínková H. Introduction: the history of lasers in medicine. In Lasers for
Medical Applications Diagnostics, Therapy and Surgery. Woodhead
Publishing Series in Electronic and Optical Materials, Woodhead Publishing;
2013: 1-13.
42. Choy DSJ. History of Lasers in Medicine. In Photomedicine and Laser Surgery.
Mary Ann Liebert Inc.; 2014: 119-120.
43. Lin JT. Progress of medical lasers: Fundamentals and applications. Med
Devices Diagn Eng 2. 2016: 1.
44. Peng Q, Juzeniene A, Chen J, Svaasand LO, Warloe T, Giercksky K-E, et al.
Lasers in medicine. Rep Prog Phys. 2008; 71: 056701.
45. Martino N, Kwok SJJ, Liapis AC, Forward S, Jang H, Kim HM, et al.
Wavelength-encoded laser particles for massively multiplexed cell tagging.
Nat Photonics. 2019; 13: 720-727.
46. Righini GC, Soria S. Biosensing by WGM Microspherical Resonators. Sensors
(Basel). 2016; 16: 905.
47. Nizamoglu S, Gather MC, Yun SH. All-biomaterial laser using vitamin and
biopolymers. Adv Mater. 2013; 25: 5943-5947.
48. Catela M. Biolaser: Concept and Applications. 2020.
49. Caixeiro S, Gaio M, Marelli B, Omenetto FG, Sapienza R. Silk-Based
Biocompatible Random Lasing. Adv Opt Mater. 2016; 4: 998-1003.
50. Haensch TW. Edible lasers and other delights of the 1970s. Opt Photonics
News. 2005; 16: 14-16.
51. Kogelnik H, Shank CV. Stimulated emission in a periodic structure. Appl Phys
Lett. 1971; 18: 152.
52. Vannahme C, Maier-Flaig F, Lemmer U, Kristensen A. Single-mode biological
distributed feedback laser. Lab Chip. 2013; 13: 2675-2678.
53. Toffanin S, Kim S, Cavallini S, Natali M, Benfenati V, Amsdenet JJ, et al.
Low-threshold blue lasing from silk fibroin thin films. Appl Phys Lett. 2012;
101: 091110.
54. Umar M, Min K, Kim S, Kim S. Random lasing and amplified spontaneous
emission from silk inverse opals: Optical gain enhancement via protein
scatterers. Sci Rep. 2019; 9: 16266.
55. Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T.
Quantum dots versus organic dyes as fluorescent labels. Nat Methods. 2008; 5:
763-775.
56. Liu JM, Chen JT, Yan XP. Near infrared fluorescent trypsin stabilized gold
nanoclusters as surface plasmon enhanced energy transfer biosensor and in
vivo cancer imaging bioprobe. Anal Chem. 2013; 85: 3238-3245.
57. Bae SW, Tan W, Hong JI. Fluorescent dye-doped silica nanoparticles: new
tools for bioapplications. Chem Commun (Camb). 2012; 48: 2270-2282.
58. Wu X, Chen Q, Xu P, Chen YC, Wu B, Coleman RM, et al. Nanowire lasers as
intracellular probes. Nanoscale. 2018; 10: 9729-9735.
59. Gourley PL, Hendricks JK, McDonald AE, Copeland RG, Barrett KE, Gourley
CR, et al. Mitochondrial correlation microscopy and nanolaser spectroscopy new tools for biophotonic detection of cancer in single cells. Technol Cancer
Res Treat. 2005; 4: 585-592.
60. Gourley PL. Semiconductor microlasers: a new approach to cell-structure
analysis. Nat Med. 1996; 2: 942-944.
61. Gourley PL. Biocavity laser for high-speed cell and tumour biology. J. Phys. D:
Appl. Phys. 2003; 36: R228.
62. Gather M, Yun S. Single-cell biological lasers. Nature Photon. 2011; 5: 406–410.
63. Fan X, Yun SH. The potential of optofluidic biolasers. Nat Methods. 2014; 11:
141-147.
64. Pan T, Lu D, Xin H, Li B. Biophotonic probes for bio-detection and imaging.
Light Sci Appl. 2021; 10: 124.
65. Humar M, Gather MC, Yun SH. Cellular dye lasers: lasing thresholds and
sensing in a planar resonator. Opt Express. 2015; 23: 27865-27879.
66. Wu X, Oo MK, Reddy K, Chen Q, Sun Y, Fan X. Optofluidic laser for
dual-mode sensitive biomolecular detection with a large dynamic range. Nat
Commun. 2014; 5: 3779.
67. Gong C, Gong Y, Khaing Oo MK, Wu Y, Rao Y, Tan X, et al. Sensitive sulfide
ion detection by optofluidic catalytic laser using horseradish peroxidase
(HRP) enzyme. Biosens Bioelectron. 2017; 96: 351-357.
68. Yang X, Shu W, Wang Y, Gong Y, Gong C, Chen Q, et al. Turbidimetric
inhibition immunoassay revisited to enhance its sensitivity via an optofluidic
laser. Biosens Bioelectron. 2019; 131: 60-66.
69. Hou M, Liang X, Zhang T, Qiu C, Chen J, Liu S, et al. DNA Melting Analysis
with Optofluidic Lasers Based on Fabry-Pérot Microcavity. ACS Sens. 2018; 3:
1750-1755.
70. Nizamoglu S, Lee K-B, Gather MC, Kim KS, Jeon M, Kim S., et al. A Simple
Approach to Biological Single-Cell Lasers Via Intracellular Dyes. Adv Opt
Mater, 2015; 3: 1197-1200.
71. Chen Q, Chen YC, Zhang Z, Wu B, Coleman R, Fan X. An integrated
microwell array platform for cell lasing analysis. Lab Chip. 2017; 17: 2814-2820.
72. Chen YC, Chen Q, Zhang T, Wang W, Fan X. Versatile tissue lasers based on
high-Q Fabry-Pérot microcavities. Lab Chip. 2017; 17: 538-548.

7349
73. Chen YC, Chen Q, Wu X, Tan X, Wang J, Fan X. A robust tissue laser platform
for analysis of formalin-fixed paraffin-embedded biopsies. Lab Chip. 2018; 18:
1057-1065.
74. Chen YC, Tan X, Sun Q, Chen Q, Wang W, Fan X. Laser-emission imaging of
nuclear biomarkers for high-contrast cancer screening and immunodiagnosis.
Nat Biomed Eng. 2017; 1: 724-735.
75. Chen YC, Chen Q, Tan X, Chen G, Bergin I, Aslam MN, et al. Chromatin laser
imaging reveals abnormal nuclear changes for early cancer detection. Biomed
Opt Express. 2019; 10: 838-854.
76. Cho S, Humar M, Martino N, Yun SH. Laser Particle Stimulated Emission
Microscopy. Phys Rev Lett. 2016; 117: 193902.
77. Ta VD, Caixeiro S, Fernandes FM, Sapienza R. Microsphere Solid-State
Biolasers. Adv Opt Mater. 2017; 5: 1601022.
78. Feng C, Xu Z, Wang X, Yang H, Zheng L, Fu H. Organic-Nanowire-SiO2
Core-Shell Microlasers with Highly Polarized and Narrow Emissions for
Biological Imaging. ACS Appl Mater Interfaces. 2017; 9: 7385-7391.
79. Gong C, Gong Y, Zhao X, Luo Y, Chen Q, Tan X, et al. Distributed fibre
optofluidic laser for chip-scale arrayed biochemical sensing. Lab Chip. 2018;
18: 2741-2748.
80. Wei Y, Lin X, Wei C, Zhang W, Yan Y, Zhao YS. Starch-Based Biological
Microlasers. ACS Nano. 2017; 11: 597-602.
81. Wang Y, Zhao L, Xu A, Wang L, Zhang L, Liu S, et al. Detecting enzymatic
reactions in penicillinase via liquid crystal microdroplet-based pH sensor.
Sens Actuators B Chem. 2018; 258: 1090-1098.
82. Duan R, Li Y, Li H, Yang J. Real-time monitoring of the enzymatic reaction of
urease by using whispering gallery mode lasing. Opt Express. 2019; 27:
35427-35436.
83. Chen Q, Zhang X, Sun Y, Ritt M, Sivaramakrishnan S, Fan X. Highly sensitive
fluorescent protein FRET detection using optofluidic lasers. Lab Chip. 2013;
13: 2679-2681.
84. Chen YC, Chen Q, Fan X. Optofluidic chlorophyll lasers. Lab Chip. 2016; 16:
2228-2235.
85. Chen YC, Chen Q, Fan X. Lasing in blood. Optica. 2016; 3: 809-815.
86. Humar M, Dobravec A, Zhao X, Yun SH. Biomaterial microlasers implantable
in the cornea, skin, and blood. Optica. 2017; 4: 1080-1085.
87. Lee W, Chen Q, Fan X, Yoon DK. Digital DNA detection based on a compact
optofluidic laser with ultra-low sample consumption. Lab Chip. 2016; 16:
4770-4776.
88. Karl M, Glackin JME, Schubert M, Kronenberg NM, Turnbull GA, Samuel
IDW, et al. Flexible and ultra-lightweight polymer membrane lasers. Nat
Commun. 2018; 9: 1525.
89. McConnell G, Mabbott S, Kanibolotsky AL, Skabara PJ, Graham D, Burley GA,
et al. Organic Semiconductor Laser Platform for the Detection of DNA by
AgNP Plasmonic Enhancement. Langmuir. 2018; 34: 14766–14773.
90. Wang Y, Duan Z, Qiu Z, Zhang P, Wu J, Zhang D, et al. Random lasing in
human tissues embedded with organic dyes for cancer diagnosis. Sci Rep.
2017; 7: 8385.
91. Polson RC, Vardeny ZV. Random lasing in human tissues. Appl Phys Lett.
2004; 85: 1289.
92. Polson RC, Vardeny Z V. Cancerous tissue mapping from random lasing
emission spectra. J. Opt. 2010; 12: 024010.
93. He J, Hu S, Ren J, Cheng X, Hu Z, Wang N, et al. Biofluidic Random Laser
Cytometer for Biophysical Phenotyping of Cell Suspensions. ACS Sensors.
2019; 4. 832–840.
94. Song Q, Xiao S, Xu Z, Liu J, Sun X, Drachev V, et al. Random lasing in bone
tissue. Opt Lett. 2010; 35: 1425-1427.
95. Song Q, Xu Z, Choi SH, Sun X, Xiao S, Akkus O, et al. Detection of nanoscale
structural changes in bone using random lasers. Biomed Opt Express. 2010; 1:
1401-1407.
96. Liu X, Li T, Yi T, Wang C, Li J, Xu M, et al. Random laser action from a natural
flexible biomembrane-based device. J Mod Opt. 2016; 63: 1248-1253.
97. Ziegler J, Djiango M, Vidal C, Hrelescu C, Klar TA. Gold nanostars for random
lasing enhancement. Opt Express. 2015; 23: 15152-15159.
98. Wan Ismail WZ, Liu G, Zhang K, Goldys EM, Dawes JM. Dopamine sensing
and measurement using threshold and spectral measurements in random
lasers. Opt Express. 2016; 24: A85-91.
99. Lahoz F, Martín IR, Urgellés M, Marrero-Alonso J, Marín R, Saavedra C J, et al.
Random laser in biological tissues impregnated with a fluorescent anticancer
drug. Laser Phys Lett. 2015; 12. 045805.
100. Fikouras AH, Schubert M, Karl M, Kumar JD, Powis SJ, Di Falco A, et al.
Non-obstructive intracellular nanolasers. Nat Commun. 2018; 9: 4817.
101. Schubert M, Steude A, Liehm P, Kronenberg NM, Karl M, Campbell EC, et al.
Lasing within Live Cells Containing Intracellular Optical Microresonators for
Barcode-Type Cell Tagging and Tracking. Nano Lett. 2015; 15: 5647-5652.
102. Schubert M, Volckaert K, Karl M, Morton A, Liehm P, Miles GB, et al. Lasing
in Live Mitotic and Non-Phagocytic Cells by Efficient Delivery of
Microresonators. Sci Rep. 2017; 7: 40877.
103. Schubert M, Woolfson L, Barnard IRM, Dorward AM, Casement B, Morton A,
et al. Monitoring contractility in cardiac tissue with cellular resolution using
biointegrated microlasers. Nat. Photonics. 2020; 14: 452–458.
104. Li X, Zhang W, Wang WY, Wu X, Li Y, Tan X, et al. Optical coherence
tomography and fluorescence microscopy dual-modality imaging for in vivo
single-cell tracking with nanowire lasers. Biomed Opt Express. 2020; 11:
3659-3672.

https://www.thno.org

Theranostics 2022, Vol. 12, Issue 17

7350

105. Lv Z, Man Z, Xu Z, Feng C, Yang Y, Liao Q, et al. Intracellular near-Infrared
Microlaser Probes Based on Organic Microsphere-SiO2 Core-Shell Structures
for Cell Tagging and Tracking. ACS Appl Mater Interfaces. 2018; 10:
32981-32987.
106. Shang Y, Zhou J, Cai Y, Wang F, Fernandez-Bravo A, Yang C, et al. Jiang L, Jin
D. Low threshold lasing emissions from a single upconversion nanocrystal.
Nat Commun. 2020; 11: 6156.
107. Chen YC, Li X, Zhu H, Weng W-H, Tan X, Chen Q et al. Monitoring Neuron
Activities and Interactions with Laser Emissions. ACS Photonics. 2020; 7:
2182–2189.
108. Yuan Z, Tan X, Gong X, Gong C, Cheng X, Feng S, et al. Bioresponsive
microlasers with tunable lasing wavelength. Nanoscale. 2021; 13: 1608-1615.
109. Dakin JP, Brown RGW. Handbook of optoelectronics, Concepts, Devices, and
Techniques Vol 1., 2nd ed. Boca Raton; CRC Press: 2017.
110. Bielecki Z, Stacewicz T, Wojtas J, Mikołajczyk J, Szabra D, Prokopiuk A.
Selected optoelectronic sensors in medical applications. Opto-Electronics
Review. 2018; 26: 122-133.
111. Yun SH, Kwok SJJ. Light in diagnosis, therapy and surgery. Nat Biomed Eng.
2017; 1: 0008.
112. Zhang Y, Wang Z, Chen YC. Biological tunable photonics: Emerging
optoelectronic applications manipulated by living biomaterials. Prog.
Quantum. Electron. 2021; 80: 100361.
113. Kim J, Salvatore GA, Araki H, Chiarelli AM, Xie Z, Banks A, et al. Battery-free,
stretchable optoelectronic systems for wireless optical characterization of the
skin. Sci Adv. 2016; 2: e1600418.
114. Lee H, Lee Y, Song C, Cho HR, Ghaffari R, Choi TK, et al. An endoscope with
integrated transparent bioelectronics and theranostic nanoparticles for colon
cancer treatment. Nat Commun. 2015; 6: 10059.
115. Humar M, Kwok SJJ, Choi M, Yetisen AK, Cho S, Yun S-H. Toward
biomaterial-based implantable photonic devices. Nanophotonics. 2017; 6:
414-434.
116. Mathieson K, Loudin J, Goetz G, Huie P, Wang L, Kamins TI, et al.
Photovoltaic Retinal Prosthesis with High Pixel Density. Nat Photonics. 2012;
6: 391-397.
117. Ho JS, Yeh AJ, Neofytou E, Kim S, Tanabe Y, Patlolla B, et al. Wireless power
transfer to deep-tissue microimplants. Proc Natl Acad Sci U S A. 2014; 111:
7974-7979.
118. Kim D, Jeong YY, Jon S. A drug-loaded aptamer-gold nanoparticle
bioconjugate for combined CT imaging and therapy of prostate cancer. ACS
Nano. 2010; 4: 3689-3696.
119. Ostroverkhova O. Organic Optoelectronic Materials: Mechanisms and
Applications. Chem Rev. 2016; 116: 13279-13412.
120. Liu J, Fu TM, Cheng Z, Hong G, Zhou T, Jin L, et al. Syringe-injectable
electronics. Nat Nanotechnol. 2015; 10: 629–636.
121. Lee SH, Jeong CK, Hwang GT, Lee KJ. Self-powered flexible inorganic
electronic system. Nano Energy. 2015; 14. 111-125.
122. Xu C, Song Y, Han M, Zhang H. Portable and wearable self-powered systems
based on emerging energy harvesting technology. Microsyst Nanoeng. 2021; 7:
25.
123. Lee SY, Pakela JM, Na K, Shi J, McKenna BJ, Simeone DM, et al. Needlecompatible miniaturized optoelectronic sensor for pancreatic cancer detection.
Sci Adv. 2020; 6: eabc1746.
124. Joshi J, Rubart M, Zhu W. Optogenetics: Background, Methodological
Advances and Potential Applications for Cardiovascular Research and
Medicine. Front Bioeng Biotechnol. 2020; 7: 466.
125. Montagni E, Resta F, Mascaro ALA, Pavone FS. Optogenetics in brain
research: From a strategy to investigate physiological function to a therapeutic
tool. Photonics. 2019; 6: 92.
126. Cai L, Burton A, Gonzales DA, Kasper KA, Azami A, Peralta R, et al.
Osseosurface electronics-thin, wireless, battery-free and multimodal
musculoskeletal biointerfaces. Nat Commun. 2021; 12: 6707.
127. Lu L, Gutruf P, Xia L, Bhatti DL, Wang X, Vazquez-Guardado A, et al.
Wireless optoelectronic photometers for monitoring neuronal dynamics in the
deep brain. Proc Natl Acad Sci U S A. 2018; 115: E1374-E1383.
128. Park SI, Shin G, McCall JG, Al-Hasani R, Norris A, Xia L, et al. Stretchable
multichannel antennas in soft wireless optoelectronic implants for
optogenetics. Proc Natl Acad Sci U S A. 2016; 113: E8169-E8177.
129. Shin G, Gomez AM, Al-Hasani R, Jeong YR, Kim J, Xie Z, et al. Flexible
Near-Field Wireless Optoelectronics as Subdermal Implants for Broad
Applications in Optogenetics. Neuron. 2017; 93: 509-521.
130. Montgomery KL, Yeh AJ, Ho JS, Tsao V, Mohan Iyer S, Grosenick L, et al.
Wirelessly powered, fully internal optogenetics for brain, spinal and
peripheral circuits in mice. Nat Methods. 2015; 12: 969-974.
131. Park SI, Brenner DS, Shin G, Morgan CD, Copits BA, Chung HU, et al. Soft,
stretchable, fully implantable miniaturized optoelectronic systems for wireless
optogenetics. Nat Biotechnol. 2015; 33: 1280-1286.

https://www.thno.org

