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Abstract

Although recent advances in biosensing are promising, there
still is a need for label-free, sensitive, and cost-effective
detection of single nanoparticles and single biomolecules,
without relying in complex fabrications and sophisticated
detection strategies. In this review, we show that a better
understanding of light-matter interactions can lead to the
development of advanced biosensing and bioanalysis systems.
In particular, we address alternative biosensing methods of
taking advantage of naturally occurring lasers (also known as
random lasers). In random lasers, resonances are self-formed
due to multiple scattering, leading to light amplification and
coherent light generation in the presence of amplifying
media. In this case, lasing emission can be unprecedentedly
sensitive to subtle nanoscale perturbations. Specifically, we
discuss the possibility that random lasers can be an
alternative yet superior physical mechanism for biosensors,
because the random laser biosensing platform is simple and
the detection strategy is straightforward. We further envision
that random laser biosensors have the potential to facilitate
developing enhanced biological and chemical sensors for
single-molecule and single-nanoparticle quantitation.
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INTRODUCTION

Detections of single molecules and single nanoparticles have
attracted a significant amount of interest and research over
the past years. To better understand fundamental biological
processes (e.g. molecular transport [1, 2], protein folding
kinetics [3], and aspects of DNA replication [4]), researchers
across a wide range of disciplines have conducted single-
nanoparticle detection studies experimentally and numerically.
Single-molecule detections has also begun to be applied in
clinical research for example in detecting viruses in blood
[5], and PBS solution [6]. Traditionally, early work on
single-nanoparticle/molecule detection experiments was
based on labeling of interest molecules [7, 8]. Specifically,
fluorescence labels in fluorescence microscopy, surface
enhanced Raman spectroscopy, and confocal microscopy
were extensively used to quantify signals from single
molecules. However, they relied on prior information on the
target’s molecules [9] and the molecules were treated
chemically to react with the label according to the molecule
information [10-14]. To overcome the need of labeling,
several attempts have been demonstrated. Such examples
include surface plasmon resonance [15-19], reflectometric
interference spectroscopy [20], dual polarization interferometer
[21], photonic crystal biosensor [22], distributed feedback
laser biosensor [23], fiber-optic waveguides [14], nanoparticle
probes [24] to nanowires [25], mechanical cantilevers [26],
and biochips [27].

Advances in biosensors and bioassays heavily rely on
identifications and applications of new physical concepts and
phenomena. Among numerous physical mechanisms for
biosensing, optical microcavity sensors have recently received
considerable attention, because they allow for an unprecedented
level of sensitive and accurate detection of target agents at
single-nanoparticle or single-molecule levels. In particular,
passive microcavities using whispering gallery modes have
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been the object of intensive investigation due to high quality
factors and sensitive resonant wavelength shifts [28-30]. By
using mode splitting in a microcavity, the sizes of individual
nanoparticles can also be measured [31]. Recent research has
also shown that combining second harmonic light generation
with whispering gallery modes can provide an alternative
mechanism for detecting nanoscale perturbations [32].

On the other hand, such new biosensors often require
complex nanoscale precision fabrications and sophisticated
detection strategies. Even the recent advances in fabrications
at the nanoscale and microscale levels, allowing constructing
defect-free periodic photonic structures. However, there are
some limitations to fully eliminate variations and imperfections
that might degrade their performance [33-36]. Furthermore,
such complex and imperfect fabrication techniques could
potentially hamper widespread utilization and translation of
optical biosensors. Fortunately, recent approaches in quantum
information technology shows that deliberate utilization of
irregular disordered photonics structures may provide a way
to overcome the limitation of fabrication defects and to serve
as efficient photonic structures [37].

In this respect, one approach for the biosensor development
is to use an intriguing new physical light confinement
phenomenon as known as random lasing, which relies on
disordered photonic structures. In contrast to conventional
lasers, resonant cavities in random lasers are self-generated
by a group of individual scatterers in disordered structures
[38-40], whereas conventional lasers require a well-defined
optical resonant cavity. Random lasers have being studied in
the field of optical physics intensively. This field has been
searching for meaningful applications to demonstrate the
usefulness of random lasers. The physically new concept and
the utilization disordered structures, this alternative detection
mechanism over conventional biosensor methods can be
used to assess minute alterations at single-molecule or
single-nanoparticle levels, as illustrated in Fig. 1.

In this review, we show the potential that random lasing
can serve as a novel yet superior biosensing mechanism
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Fig. 1. Conceptual schematic of random lasing biosensors. When a
target molecule is attached to a receptor, this subtle alteration in
the photonic structures results in changes in the resonant modes,
which can be quantified in the emission spectrum or intensity.

@ Springer

possessing the following key characteristics: i) Random
lasing is sensitive to perturbations in single-nanoparticle
levels. ii) Random lasing has multiple emission peaks and
those are stable and reproducible. iii) Random lasing can
require low lasing threshold. iv) Random lasing can be
implemented in a biosensing scheme. v) Random lasers can
have simple microstructures that could potentially minimize
fabrication defect and variation. First, we briefly present the
basic physical principles of random lasing and numerical
models. Second, we discuss the key characteristics in details.
Finally, we conclude this review to build a foundation for
new applications of random lasers as biosensors.

PHYSICAL PRINCIPLES OF RANDOM LASING

Introduction of random lasers and sensing mechanism

Conventional lasers consist of an optical gain material and an
optical cavity for the system to laser, which determine the
mode of a laser (i.e. directionality and frequency), as
illustrated in Fig. 2a. On the other hand, in random lasers,
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Fig. 2. Comparison between conventional lasers and naturally
occurring lasers (i.e. random lasers).(a) A well-configured optical
cavity is formed in reflecting mirror in a conventional laser. (b) In
a random laser, multiple resonances are self-formed due to multiple
scattering. (c) Schematics of three laser sensor mechanisms and
potential sensitivities to applied perturbations.
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resonant cavities are randomly self-formed due to multiple
scattering (Fig. 2b) [38, 40, 41]. This possible existence of
the random lasing action is also supported by the enhanced
backscattering phenomena [40, 42-44]. Fig. 2c further
summarizes similarities and differences of three different
laser biosensing mechanisms. Traditionally, Fabry-Perot
cavities have been commonly used as a basic sensing
mechanism. We can easily understand the basic working
principles illustrated in Fig. 2c based on Fabry-Perot optical
pressure sensors [45, 46]. In this case, an external perturbation
simply changes the cavity configuration, resulting in changes
in the lasing emission. As biological and chemical sensing
mechanisms, distributed feedback (DFB) sensors (also known
as Bragg grating sensors) have been actively used [47]. Since
an external perturbation can change the Bragg grating
structure, the lasing frequency and emission intensity can be
sensitive to alterations resulting from molecule binding and
refractive index changes. In general, significant changes in
the Bragg grating or the Fabry-Perot cavities are necessary to
induce significant alteration in the lasing emission. For
example, DFB fiber pressure sensors are intended to reliably
sense high pressure values and thus they do not exhibit the
same high performance in the low-pressure regime [48, 49].
In this respect, a key feature of random laser sensors is that
an extremely small level of applied perturbations can
potentially change self-formed multiple resonant modes.

Amplified spontaneous emission random lasing and
coherent random lasing

Random lasing is classified into two fundamental mechanisms:
i) Amplified spontaneous emission (ASE) random lasers: In
ASE random laser, light amplification is generated from long
light path. Interestingly, even internal structure is static,
resulting optical cavity or spontaneous emission shows
chaotic behavior [50, 51]. Stochastic spikes in the emission
spectrum are commonly observed, because they are attributed
to spontaneous emission events that are significantly amplified
through the long lightpaths. Thus, noise-like emission spikes
in ASE random lasers can randomly vary from pulse to
pulse. ii) Coherent random lasers: In coherent random laser,
resonant cavities are self-generated by a group of individual
scatterers in a disordered structure and the each discrete
narrow emission peak represents individual lasing mode [52-
54]. As shown in Fig. 3, when the pumping power exceeds
a lasing threshold, the spontaneous emission changes to
coherent random lasing, discrete narrow peaks in spectrum
[38]. One fundamental difference between coherent random
lasers and ASE random lasers is the emission spectral
stability. In coherent random lasers, the spectral properties of
the emission are stable and reproducible, because the
emission spectrum is determined by the structure and
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Fig. 3. Emission evolution from spontaneous emission (i.e.
fluorescence), amplified spontaneous emission (ASE), to stimulated
emission (i.e. lasing). (a) Spectrum and corresponding image for a
single particle random laser. This figure is reproduced with permission
from Ref [38]. (b) Emission intensity changes as a function of the
pump energy or power with lasing threshold behavior.

configuration of the medium. If the structure is fixed or
static, the location of the multiple emission peaks remains
unchanged, as each emission peak corresponds to the
definitive laser cavity. Indeed, this is the main characteristic
of coherent random lasers that we can exploit as a novel
biosensing mechanism.

Random lasers towards biological and chemical sensing
ASE random lasers have shown interesting potential
applications, such as temperature sensing [55] and explosive
detection [56, 57], after theoretical study [58] and experimental
study [59] of ASE random lasing. In respect to coherent
random lasers, the origin of discrete random lasing emission
peaks was theoretically [60] and experimentally [9, 61-63]
studied in several materials such as i) strongly and weakly
scattering media [43, 54, 64, 65], ii) nanowires [66] and iii)
coreshell nanoparticles [67]. In addition, both ASE and
coherent random lasing were also applied in biological tissue
and cells: ASE in animal tissue [68, 69], coherent random
laser in human colon cancerous tissue [70], coherent random
lasers in bovine bone tissue [71], and live cells fused with
green fluorescent protein [72]. All of the studies were based
on the idea that the lasing emission is highly sensitive to
subtle alterations in the photonic structures.

Numerical methods describing random lasing effects

In numerical studies of lasing modes in a 1-dimenional (1D)
structure, the transfer matrix method (TMM) is used to solve
the Maxwell’s equations [73-76]. In a 1D geometry, the
Maxwell’s equations can mathematically be simplified through
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TMM and thus the field components (i.e. £ and H) can be
expressed as follows [76]:

E] N-1 E.\’—I
=I1M,
H, k=2 H .
| coskyh (isinkyh)/ Y, , (1)
| (isink,h)Y, coskyh

Y, =&,/ pyn, /cosO, ,h=2nd, cosb, /2

where n (=A/2) is the refractive index, dj is the thickness of
k-th layer, and 6, is the incidence angle of 4-th layer. The
dielectric constant of gain contains the negative part which
denotes the homogeneous amplification of field [74].
However, in a 1D structure, the introduction of gain does not
change the shape of the wave function. The gain just
increases the amplitude of wave function uniformly. TMM
above is simple but useful to numerically study several 1D
random lasing structures.

To numerically investigate 2-dimenional (2D) resonant
modes, the time dependent-theory finite difference time domain
method (FDTD) is used to solve the Maxwell’s equations
with the rate equation for an active medium [77, 78]:

dN,(F,1) _ PN, (1) N, (7,1)

dt 32
dN,(F,1) _ dN,(F.1) E(F,t) dP(F,t) N,(F.0)

dt Ty ho, dt T,
dN,(F,t) _ dN,(F,1) E(F,t) dP(F,t) N,(F0)

dt T hw, dt Ty
dN,(F,1) _ N,(F,1) PN

dt T 2)

where the N; (j =0, 1, 2, 3) are the population of atom in four
levels, 7; is the electron transition coefficient from level i to
level j, P(?) is the external pumping rate, and P(7, 7) is the
polarization density as follow:

dt

n
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where w, is the center frequency and 4w, is the line width of
the atomic transition from level 2 to level 1, e is the electron

charge and m is its mass. Finally, P(¥, 1) is introduced in
following well-known Maxwell equation:
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where &(7) is the dielectric constant of media. In a random
lasing study, random particles are described by the spatial
fluctuation of the dielectric constant. In the 2D case, the
electromagnetic field components above can be decoupled
into TM and TE polarizations. In most of random lasing
numerical studies [61, 71, 77, 79, 80], E., H,, and H,
components of the TM mode are usually preferred because
of its low lasing threshold [81].

However, FDTD takes significant computational time to
access lasing modes. Since, the information about the
eigenstates of disordered media and the frequency profile of
gain can also be used to accurately predict actual lasing
modes [77], another promising approach is to use a finite
element method (FEM) [82, 83] to solve the Helmholtz
equation for quasimodes, which are identical to lasing modes
obtained using the Maxwell’s equations with the rate
equation. In the Helmholtz equation, vector field components
(i.e. E and B) are converted to a single scalar field component
(i.e. (¥) = E.) and give the following wave equation:

VIV (F)+k*n* (F)V (F) =0 ®)

where k is the wavevector and # is the refractive index of
media. In a further FEM procedure, the above governing
equation (Eq. (5)) is discretized and changes to linear
simultaneous equations in order to acquire a numerical
solution. The solution wavevector is a complex number:
&= Re(x) + ixIm(x), which contains both resonant frequencies
and losses. In particular, in a strongly scattering medium,
quasimodes can be identical to lasing modes [78, 84, 85]. In
this regard, FEM is an appropriate choice for mode studies,
because FEM can directly access individual modes of the
passive system consisting of a large number of nanoparticles
(<4) and intrinsically contain less numerical error. Overall,
as numerical experiments using TMM, FEM, and FDTD are
limited to 1D or 2D structures, pseudo spectral time-domain
methods may further be employed for numerical lasing
experiments in 3-dimenional (3D) random media [86].

KEY CHARACTERISTICS FOR RANDOM LASING
BIOSENSORS

Stable and reproducible emission

Spectral stability is fundamental difference between coherent
random lasers and ASE random lasers. In ASE random
lasers, stochastic spikes in the emission spectrum are commonly
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observed, because they are attributed to spontaneous
emission events that are significantly amplified through long
light paths [50, 51]. Thus, the noise-like emission spikes in
the ASE random lasers randomly change from pulse to
pulse. However, when a coherent random laser’s pumping
intensity exceeds a threshold, the spectral spacing of the
adjacent narrow peaks becomes relatively regular. A recent
study has also demonstrated that spatially localized and
extended random lasing modes can be formed together [87],
supporting the spectral stability in coherent random lasers.
These studies therefore support the use of coherent random
lasers as a biosensing signal due to their proven spectral
stability.

In the coherent random laser regime the spectral properties
of the emission are reproducible, because the emission
spectrum is determined by the structure and configuration of
the sample [64, 88, 89]. Indeed, this is the main characteristic
of the coherent random lasers for biosensors. If the structure
is fixed or static, the location of the multiple emission peaks
remains unchanged, because each emission peak corresponds
to the definitive laser cavity [64, 88, 89]. Almost all of the
studies on coherent random lasers showed that the frequency
positions of individual peaks are highly reproducible, when
the internal structures or configurations are static or fixed
[51, 84, 88-90]. Even in aqueous media, the lasing frequencies
were shown to remain the same [84, 85]. Collectively, the
emission patterns of coherent random lasers are closely
correlated with the structural properties of media such as
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Fig. 4. (a) Illustration of a SEM image of silica nanoparticles on a
glass substrate before applying SU8 polymer. (b) The nanoparticle
binding causes the spectral shifts of each discrete peak in the
emission spectrum. (c) SEM confirmation of ~20 nanoparticles.
This figure is reproduced with permission from Ref [91].

refractive index and internal structure variations.

Sensitivity and response characteristic upon nanoscale
perturbations

The idea that random lasing is sensitive enough to detect
single-nanoparticle are also supported by a recent study [91].
Fig. 4 shows the possibility of multimode random lasing to
develop a biosensor for detecting a small number of
nanoparticles. In this study, to fabricate a simple static
nanostructure consisting of nanoparticles and a layer dye,
silica nanospheres (diameter =150 nm) were randomly
distributed on a glass substrate and then dye-doped SU-8
prepolymer was spin-coated on the top of the nanosphere
layer (thickness = 0.8 um). Spectral changes in the coherent
random lasing emission was measured, by spraying silica
nanospheres (diameter = 150 nm) with a nozzle system on
the top surface, while keeping all the other conditions
unchanged. The study shows clear spectral shifts in each
discrete peak induced by the nanoparticle attachment, while
the overall spectral shape and the total number of the discrete
peaks were almost the same. The SEM image also support
the result that there were merely ~20 nanospheres attached
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Fig. 5. (a) Bone specimen preparation and representative SEM
image of the bone specimen. (b) A narrow strip of the pumping
illumination is normally focused onto the bone tissue. A miniaturized
tensile testing device is used to introduce tensile force of 9 N (~ 0.03%
strain in the transverse orientation). (¢) A clear shift of ~ 0.55 nm
in the emission peaks under the peak loading. After removal of the
loading, the laser peaks restore to the original peak positions. This
figure is reproduced with permission from Ref [61].
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in the pumping area of ~40 um? (mass per unit area ~ 2.3 x
105 g/um? = 3.75 x 10'® mole/um?).

In another coherent random lasing study, bone tissue was
used to detect nanoscale prefailure deformation at extremely
small strains [61]. As shown in Fig. 5, to induce minimal yet
detectable deformation, the tensile force of ~ 9 N was
applied on the specimen of a cortical bone specimen along
the transverse orientation of the bone structure to maximize
light confinement. Under peak loading, the random laser
emission peaks were shifted to the left by ~ 0.55 nm. After
removal of the loading, they returned to the original spectrum.
Because the strain along the longitudinal orientation was
~ 0.17%, using a Poisson’s ratio of ~ 0.2 in the cortical bone
[92], the strain along the transverse orientation can be
estimated to be ~ 0.2 x 0.17% = 0.034% under the experimental
conditions. Such subtle deformation would be virtually
impossible to detect using conventional methods. The recent
studies above support the predictable response of random
lasing upon nanoscale perturbations.

Mode alterations upon single-nanoparticle perturbations
A predictable relationship between single-nanoparticle
perturbations and emission spectral responses exists even in
disordered media [93]. In Fig. 6, random lasing can provide
a means to dramatically amplify subtle nanoscale perturbations
to readily detectable resonant mode changes. The eigenvalues
of the system were calculated to obtain resonant frequencies
of the passive system (i.e. quasimodes) and the quality Q
factors (= [Re(x)/(2XIm(x))|). At an initial stage, the refractive
index of the single-nanoparticle was assumed to beng, =1
and this value gradually increased to describe the perturbation
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of a single nanoparticle (Fig. 6a). This gradual change was
used to evaluate the detection sensitivity to a single nanoparticle
and to search possible modes that possess predictable
behavior to be implemented for a sensing mechanism. Fig. 6b
depicts changes in the quasimodes as ng, is continuously
varied from 1 to 1.462. ny, = 1 corresponds to the absence of
the single-nanoparticle. In Fig. 6b, the open colored circles
represent the complex frequencies of the modes, and the
edge color of the circles gradually changes from black to
orange in the direction of the red arrows as #,, increases from
1 to 1.462. To trace each mode as ng, increases from 1 to
1.462, modes were grouped according to their frequency
space trajectory using principal component analysis.[94] As
shown in Fig. 6b, multiple modes vary simultaneously in
different directions and the spatial distribution of the electric
field amplitude is altered significantly (Figs. 6¢ and 6d) as #y,
of the single-nanoparticle increases. The selected quasimodes
show linear wavelength shifts as a function of the refractive
index (Fig. 6e), which is an important characteristic for
sensors. These shifts are inversely proportional to changes in
the spatial profile of the quasimode (Fig. 6f). Overall, the
single-nanoparticle alterations induce the changes in the
multiple modes and can possibly be detected by a shift in
any of the multiple modes.

Improving the sensitivity and the signal-to-noise ratio, this
multidimensional information from multimodes would provide
additional advantages over other conventional biosensing
methods that rely on single peaks or single modes to quantify
input perturbations. Nanoscale alterations in a disordered
medium can induce dramatic changes in the spatial profile of
the self-formed optical cavities that can be assessed by
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Fig. 6. (a) The scheme of the numerical experiments. The structure consists of 115 randomly distributed nanoparticles. (b) The
wavelength shift of representative quasimodes as n of the single nanoparticle (diameter = 200 nm) varies on the top. (c) and (d) show the
distribution of the amplitude of the electric field of the mode at around 690 nm (the yellow line in (b)), when n = 1 and 1.46, respectively.
The 2D correlation coefficient between (c) and (d) is 0.45, showing a dramatic alteration in the spatial profile of the mode. (e) The
selected quasimodes show wavelength shiftsas a function ofthe refractive index of the single nanoparticle on top of structure in a. (f) The
sensitivity of eachmode frequency isinversely proportional to 2D correlation coefficientsbetween electric field of before and after the
singlenanoparticle introduction.This figure is reproduced with permission from Ref [93].
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obtaining the spatial distributions or spectral variations of the
random lasing modes. Moreover, such changes in multiple
modes (rather than in a single mode) can offer a “fine fishnet”
effect to capture any of perturbations in either strongly
scattering or weakly scattering systems. If perturbations are
extremely small at single-nanoparticle levels, predicable
responses could be accurately captured by linear wavelength
shifts of the emission spectrum.

Low lasing thresholdusing photon localization

A potential limitation of random laser-based biosensors
would be that random lasers require high excitation energy
due to the open system, which could potentially hamper
practical and widespread applications. Because of the cost of
the pump light source, the final system will be too expensive
for widespread use in resource-limited settings. In this
respect, numerous theoretical and experimental studies have
already been conducted by others to understand the
dependence of the random lasing threshold, for example,
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Fig. 7. (a) Confocal fluorescence microscopy image of nacre from
an abalone shell infiltrated with Rhodamine 6G (Rh6G) for a
multilayered random laser biosensor platform. (b) Scanning electron
microscopy image of a brick-mortar structure in nacre. (c) Three
representative lasing emission spectra at different locations above
the lasing threshold. (d) Schematic diagram of sensing scheme ina
multilayered random laser biosensor platform taking advantage of
light localization effects.

incorporating disorder in photonic crystal structures [95],
photonic bandgaps (edges of stop bands) [96], and 1D photon
localization [97]. For low laser threshold, efficient random
lasers in nacre (also known as mother-of-pearl) infiltrated
with a fluorescent dye (a manuscript is under preparation)
have been demonstrated [98]. In this photoluminescence
experiment, deproteinized nacre specimens were immersed
in a Rhodamine 6G (Rh6G) solution (Fig. 7a) and were
optically pumped with a frequency-doubled Nd:YAG laser
(pulse duration of 400 ps and wavelength of 532 nm) via an
objective lens (5x). The emitted light was collected by a
fiber bundle through a lens and coupled to a spectrometer. As
shown in Fig. 7b, the layered structures (each thickness
~ 500 nm) drastically lowered the lasing threshold down to
0.6 wJ/pulse. The low lasing threshold and the high energy
conversion efficient further allowed multiple discrete
emission peaks to be equally spaced in wavelength (Fig. 7c).
This study demonstrates that multilayered structures are
extremely beneficial to achieve an extremely low lasing
threshold and high energy conversion efficiency, leading to
well-defined multimode lasing emission. While ordered and
closed resonators are commonly thought to be crucial, this
biogenic approach using nacre reveals an alternative strategy
for designing and fabricating multilayered random laser
biosensors (closed to 1D) as shown in Fig. 7d. The recent
studies support the usefulness of 1D photon localization
structure for significantly improving the random lasing
efficiency.

Low lasing threshold using localized surface plasmon
resonance (LSPR)

Among other approaches, several recent studies have also
demonstrated that the presence of metallic nanoparticles in
gain media can significantly reduce the lasing threshold in
ASE [62, 99] and coherent random lasers [63, 67, 100, 101]:
Relatively large gold nanoparticles (diameter > 100 nm) can
improve the lasing efficiency due to the high scattering
crosssection [62]. More importantly, the primary mechanism
by which small metallic nanoparticles (diameter ~ 1 - 50 nm)
dramatically lower the lasing threshold is an enhanced localized
electrometric field in the vicinity of the nanoparticles (i.e.
LSPR). The enhancement of LSPR-enhanced spontaneous
emission can be expressed such that [102-104]

E=22¢(3,)x4(2,,) ©)
7/€XC q

where 7, is the excitation rate, °,, is the corresponding
excitation rate in free space, ¢ is the quantum yield of
spontaneous emission coupled into LSPR, ¢° is the
corresponding quantum yield in free space, A, is the
excitation wavelength, and A4,,, is the emission wavelength of
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Fig. 8. Schematic diagram of integration of metallic nanoparticles
into the 2D random laser biosensor platform to take use of LSPR
effects. (b) LSPR-enhanced spontaneous emission in disordered
plasmonic systems consisting of Au nanostructures.

fluorophores. Thus, plasmonic bands of metallic nanoparticles
are required to overlap with the emission and/or excitation
bands of fluorophores [103-106]. It should also be noted that
the intrinsic quantum yield of fluorophores sets a limit for
the LSPR enhancement. In any fluorophores with a quantum
yield of 100%, emission cannot be enhanced anymore. The
LSPR-enhanced random lasers reported in the references
[63, 67, 100, 101] indicate the quantum yield of spontaneous
emission coupled into lasing modes was low, although laser
dyes with high quantum efficacies (~ 0.95 for Rh6G) were
used. In other words, LSPR can be effective in lowering the
lasing threshold and enhancing the conversion efficacy.

Disordered Au nanostructures can allow studying the
effects of spectral overlap of plasmonic bands with the
excitation/emission wavelength of quantum dots on spontaneous
emission enhancement [6]. In this study, disordered Au
nanostructures were constructed to obtain a variety of
combinations of reflectance intensities at the excitation and
emission bands of quantum dots. Colloidal Au nanoparticles
on a microscope slide were self-assembled during an
annealing procedure. Individual Au clusters in different sizes
were formed to generate multiple resonance peaks. The
fluorescence enhancement was proportional to the scattering
cross-section of metallic nanostructures. The combinations
with disorder-driven lasers for biosensors could potentially
bring the cost of the system to an acceptable level for
widespread and practical applications by eliminating high
pump energy. Collectively, this result supports the idea that
LSPR will be highly beneficial to lower the random lasing
thresholds in conjunction with random lasing biosensor
development using higher dimensional structures, as illustrated
in Fig. 8.

Functionalization for target biomolecule detection

To implement random lasing in a biosensing system,
receptor immobilization or deposition of single molecule
should be implemented. The following methods could
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potentially be used in the random laser biosensors: 1)
Flowing high charged particle onto the biosensor [31, 107]:
In a single-nanoparticle detection study using whispering-
gallery-mode (WGM), the charged particle is sprayed onto
the metal microtoroid surface. Due to the concentrated
WGM field profile, the single particle can be attached at a
specific position. 1ii) Strong biomolecule-receptor pair
interaction of biotin and streptavidin [108-113]: Usually,
biotinlylated bovine serum albumin (BSA biotin) is used as
a target molecules. The optical biosensor platform coated
with streptavidin is placed in a microfluidic device (e.g. ibidi
channel slides) and then a BSA biotin solution is injected
into the slide. The concentration of the BSA biotin solution
is gradually varied to determine the binding sensitivity and
resolution. iii) Utilization of surface modification for
antibody-antigen pair deposition [28, 32, 114-119]: To offer
biofunctionality and nonfouling properties for biological and
chemical applications, several surface modification methods
for polymer materials have been developed. For an antibody-
antigen pair (i.e. IgG and anti-IgG), low concentration of
human IgG is immobilized on the surface of the structure via
crosslinkers. By applying NaOH and HCI, outermost epoxy
groups are cleaved and hydroxyl groups are generated. Then,
anti-human IgG solution is injected into a bath surrounding
the structure. iv) Random interaction by the Brownian
motion of particles in liquid [120]: A single particle is
suspended in a bath. Unsuccessful attempts of single particle
adsorption due to the Brownian motion of a single-
nanoparticle on top of the sensor can induce spiky signals.

The methods for receptor immobilization or deposition of
single molecules are potentially useful to introduce well-
controlled molecular mass density perturbations on the
random lasing biosensor and to experimentally test the
possibility of single-nanoparticle detection.

CONCLUSION

Our review supports the idea that random lasing in
disordered nanostructures could potentially serve as a
powerful biosensing mechanism, by showing that random
lasing has 1) stable, ii) reproducible emission peaks, iii) high
sensitivity, and iv) low lasing threshold, and n) can be
implemented in biosensing schemes. In addition, moreover,
random lasing biosensors can have the following advantages
over the conventional biosensors: i) The changes in the
multiple modes from perturbations can offer a “fine fishnet”
effect to possibly capture any of perturbations. This
multidimensional information from the multimodes would
provide additional advantages over other conventional
biosensing methods that rely on single peaks or single modes
to quantify input perturbations. ii) The detection strategy is
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straightforward. No precise alignment of the system is
required because the output lasing signals can be easily
detected in the far field. iii) Simple fabrication can be
possible. Random lasing allows defect in fabrication that
would be advantageous over other small and complicated
photonic structured sensors. Overall, these unique and
intriguing characteristics of coherent random lasers could
potentially be transformed into a wide range of multimodal
sensing platforms (e.g. spectroscopy scheme [61, 71, 91],
multiplexed scheme [121, 122], or imaging scheme) for
biological, chemical, and environmental applications.
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