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Whispering gallery modes (WGMs) have been exploited for a broad range of sensing applications. 

However, the vast majority of WGM sensors consist of passive resonators, requiring complex 

interrogation systems to be employed, ultimately limiting their practicality. 

Active resonators containing a gain medium, allowing remote excitation and collection of the 

WGM-modulated fluorescence spectra, have emerged as an alternative to passive resonators. 

Although research is still in its infancy, recent progress has reduced the performance gap between the 

two paradigms, fueled by the potential for new applications that could not previously be realized. 

Here, recent developments in sensors based on active WGM microresonators are reviewed, beginning 

with a discussion of the theory of fluorescence-based and lasing WGMs, followed by a discussion of 

the variety of gain media, resonator architectures, and emerging sensing applications. We conclude 

with a discussion of the prospects and future directions for improving active WGM sensors. 

 

1. Introduction 

Whispering gallery modes (WGMs) are optical resonances arising from light being trapped due to 

total internal reflection at the boundary of a dielectric structure having at least one axis of symmetry. 
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The light propagating along the inner surface of the resonator gives rise to constructive interference 

when returning in phase after each round trip. This creates resonance features, with spectral positions 

and linewidths that depend on the dielectric function and geometry of the resonator, as well as the 

surrounding environment. 

Due to their extremely high Quality factor (Q-factor), defined as the ability to store energy, 

and their small mode volume, [1, 2] WGM resonators have found applications spanning sensing [3-5] 

through to quantum electrodynamics (QED) [6-8] and non-linear optics.[9-11] The applications come 

with an equal diversity of geometries including spheres, [4, 12, 13] hemispheres,[14-16] 

capillaries,[17, 18] bubbles,[19-21] bottles,[22] fibers,[23, 24] knots,[25, 26] toroids,[27, 28] rings 

[29-31] and disks. [32-35] Materials used for such resonators can be amorphous [4, 12, 36, 37] or 

crystalline, [38-43] and organic or inorganic.[18, 29, 44, 45] The vast majority of resonators studied 

are passive, requiring an evanescent-wave coupler to interrogate the WGMs. Commonly, these 

couplers take the form of a tapered optical fiber or a prism, with the taper waist diameter chosen to 

fulfill the required phase-matching conditions. [46] In the case of prism coupling the incidence angle 

is tuned to achieve the phase matching. [47, 48] For either technique, this allows efficient coupling to 

the WGMs. Passive resonators have shown tremendous performance, especially in terms of the Q-

factor which in some cases can exceed 10
11

, [1] but also in terms of ultra-small mode volumes which 

is important for QED and non-linear applications. Note however that the requirement for external 

evanescent coupling configurations, may render any real-life applications outside laboratory 

environments problematic. 

In recent years several attempts to reap the performance benefits of passive resonators for 

real-world applications have emerged. Beyond the more obvious approaches of integrating resonators 

onto a sensing chip, [45, 49, 50] Agarwal et al. [51] have integrated a passive silica microsphere at the 

end of an optical fiber stem with two conical taper couplers, into a monolithic device for dip sensing 

applications, while Shi et al. [52] have directly written, using femtosecond machining, a ring-

resonator onto the core of a polished optical fiber. Other researchers have investigated approaches that 
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allow for free-space coupling into passive WGM resonators. Ballard et al. [53] and Shao et al. [54] 

for instance used deformed microspheres and microtoroids, respectively, presenting “nodes” to couple 

into, while Zhu et al. [55] have used nanoparticles to induce scattering to the same effect. Moreover 

Zullo et al. [56] used a focused free-space edge-coupling scheme to achieve similar results. Using 

passive free space coupling strategies however comes at the cost of reduced performance. 

Active resonators that contain a gain medium are particularly suited to remote excitation and 

collection of the WGM signal, thereby alleviating some of the practical limitations of typical passive 

resonators. The first reported active whispering gallery mode resonator was in 1961, barely a year 

after the first laser was demonstrated by Theodore Maiman. Samarium-doped CaF2 microspheres 

were excited by a flashlamp,[57] apparently surpassing their lasing threshold at a wavelength of 708.5 

nm.  In general, upon excitation of the gain medium the emitted fluorescence intensity is modulated at 

the resonance frequencies as a direct manifestation of the Purcell Effect (i.e. increasing the 

fluorescence intensity at the particular resonance wavelengths).[55, 58, 59]  

Fluorescent-based approaches also facilitate the use of smaller resonators thereby in general 

allowing for greater refractive index sensitivity. Microspheres of 15 µm diameter or even smaller,[44] 

and arrays of resonators can, for example, be interrogated simply by using a scanning microscope.[45] 

As mentioned active resonators however have reduced Q-factors. The lower Q-factor observed in 

active resonators is due to several factors. The asphericity can play a significant role for the case of 

fluorescent microspheres, as shown by Riesen et al.,[60] who investigated the Q-factor of a dye-doped 

polymer microsphere measured in free space and through a fiber taper. The asphericity lifts the 

degeneracy of the resonances in different equatorial planes, so that when indiscriminate collection of 

these WGMs occurs in free space, the partially overlapping modes effectively result in broader 

linewidths hence reducing the Q-factor. Similarly, a reduction in the Q-factor of fluorescent 

cylindrical microcavities has also been observed.[61, 62] As a result, fluorescence-based resonators 

typically remain somewhat restricted to sensing applications and are unsuitable for non-linear optics 

and QED applications where high Q-factors and small mode volumes are critical. 
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For biosensing, single molecule detection has become well established using passive 

resonators with multiple demonstrations being reported.[12, 33, 63-65] However, since fluorescent 

resonators have considerably lower Q-factors, and hence higher detection limits, single molecule 

detection with fluorescent resonators remains challenging. Nonetheless, the free space excitation and 

collection platform enabled by fluorescent resonators allows for novel applications not possible using 

passive resonators. For example, free-floating resonators can be inserted into living cells for sensing, 

[66] or for tagging and tracking purposes, using the specific spectral fingerprint of each individual 

WGM resonator.[67, 68] Even single cells can be turned into WGM resonators by injecting a mixture 

of fluorescent dye and high refractive index oil, providing the required gain medium to generate the 

WGMs and also the required light confinement owing to the refractive index contrast between the oil 

droplet and its surrounding environment.[68] Further, by combining fluorescent microspheres with 

flow cytometry, automated high-throughput sensing can be achieved using a robust data analysis 

algorithm to extract real-time information about the resonator’s properties from its WGM 

spectrum,[69] while fluorescent cholesteric liquid crystal core shell structures have also shown 

tremendous potential as magnetically transportable light sources for in-channel illumination 

applications.[70] In addition, fluorescent resonators can be turned into microscopic laser sources 

using a lasing gain medium and a suitable pump source, enabling slight enhancements in the Q-factors 

to be realized upon reaching the lasing threshold [18, 44, 45, 50, 70, 71] and also lowering the 

detection limit for sensing applications.[18, 71] 

While there are several review articles on WGMs in the literature covering different aspects 

such as theory and applications, [72, 73] especially related to sensing [3, 5, 74-77] and the growing 

interest in WGM lasers [78-81], none of them have been specifically dedicated to fluorescent-based 

resonators and their prospects as sensors. Commonly, fluorescent resonators are covered in a 

subsection of the review, or only one aspect of their properties is covered such as harnessing 

unidirectional laser emission from WGM cavities [78] or examining spherical resonators, [82] for 

example. In this review an overview of the recent work on fluorescent-based WGM resonators, which 
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stands as a prolific research field with emerging sensing applications, is provided. First, the basic 

theory of fluorescent WGMs is discussed, focusing on lasing behavior. Next, strategies for 

incorporating a gain medium, either organic or inorganic, into resonators and the resulting resonator 

properties are reviewed, followed by an overview of fluorescent resonator geometries and 

applications. Concluding remarks focus on future prospects and research opportunities. 

2. Fluorescent based and Lasing WGM Theory  

. [83, 84] 
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    More computationally intensive models such as Finite-Element Method (FEM) [88] or Finite-

Difference Time-Domain (FDTD) [89, 90] have yielded complementary results, while also facilitating 

the investigation of a broader range of resonator shapes,[38] as well as providing access to 

intermediate values of the fields in the time-domain which allows for the study of transient or 

emergent optical phenomena such as directional emission in deformed cavities.[91-95] Resonator 

design has also started focusing on microbubbles, and single/multi-layered microspheres,[96-99] 

because of their improved refractive index sensitivity [88, 99] and applications in non-linear 

optics.[11, 100-102]  

WGM microcavities have also been used as ultra-low-threshold microlasers in various 

configurations.[18, 44, 45, 50, 70, 74, 103, 104] Examples of the typical behavior of lasing WGMs in 

fluorescent resonators can be seen in Figure 1 (a) and (b), where the mode intensity increases rapidly 

above the lasing threshold. The Q-factor also increases upon lasing, typically by approximately 

fourfold.[18, 44] 

Employing the Lasing Eigenvalue Problem (LEP) formulation,[105, 106] which introduces gain 

through an imaginary part of the refractive index, the lasing frequency and threshold can be 

determined numerically.[107] However, modeling how the resonator’s Q-factor and effective mode 

volume (Veff) influence the lasing threshold and how the modes behave above the lasing threshold 

remains problematic. 

Spillane et al. [108] have established a relation for the Raman lasing threshold of a fiber coupled 

microsphere where the lasing threshold (Ithreshold) scales proportionally with the gain factor (A) and 

more importantly with Veff/Q
2
: 

            
    

  
.     (1) 
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The gain factor, A, is related to the Raman gain coefficient for a Raman laser,[108] or the gain 

medium concentration and quantum yield in the case of a fluorescent dye.[44] As expected, the lasing 

threshold as described in Equation 1, is inversely proportional to the Purcell enhancement factor, F, 

given by,[58] 

    
(
  
 
)
 

       
 

 

    
 .    (2) 

In other words, a low lasing threshold is achieved if the Purcell factor is high. 

However, in earlier work by Sandoghdar et al.,[109] the lasing threshold of neodymium 

doped silica microspheres was found to have a linear dependency on Q
-1

. More recently, Gargas et al. 

[110] established the same Q-factor dependency on the lasing threshold of a ZnO microdisk, further 

indicating that the behavior of lasing WGMs and especially the lasing threshold is not yet fully 

understood. 

3. Gain Media 

The most important feature of fluorescence-based resonators, besides the resonator geometry, is the 

gain medium, which provides the required fluorescence emission that is then modulated by the WGM 

resonances. In the following section the different types of gain media used are reviewed, including 

how they have been incorporated into or combined with WGM resonators. In most cases the approach 

used for incorporating the gain medium is independent of the resonator geometry itself. The approach 

used is however strongly influenced by the nature of the gain medium and the resonator material. 

3.1. Organic Gain Media 

Fluorescent dyes are the most common gain media used for active microresonators, providing a broad 

range of emission bands stretching from the UV,[111] to the visible and through to the near infrared 

[112, 113] as shown in Table 1. 

A large body of literature exists on the chemistry of various organic dyes in polymer 

matrices,[114] in which the dye chemistry (i.e., solubility, reactivity, and so on) can be classified on 
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the basis of the presence of azo (–N=N–) groups, quinone groups (anthraquinone dyes), or 

phthalocyanines. Organic fluorophores are commonly mixed with a polymer (e.g. PMMA, SU8, 

PDMS, Polystyrene), and then fabricated into rings, disks,[31, 35, 115] solid or liquid 

microspheres,[116] or drawn into solid fibers or capillaries.[117, 118] Alternatively, fluorescent dyes 

can be introduced into already-formed polymer microresonators. A common method, especially for 

polystyrene microspheres is to use a two phase liquid system where the resonators are suspended in an 

aqueous solution while the fluorophore is dissolved in an organic dye that is not miscible with 

water.[44] Alternatively, resonators can simply be coated with fluorescent dye molecules using 

chemical moieties on both the dye and the resonator surface.[119, 120] 

Fluorescent dyes were pivotal in the development of lasing WGM microcavities with thresholds 

as low as a few tens of nJ/mm
2
 [31, 121] to a few µJ/mm

2
.[35] It should be noted that the lasing 

threshold is strongly influenced by the fluorescent dye quantum yield, concentration and the resonator 

configuration (Q-factor and mode volume).[31] Ultimately, the fluorescent dye concentration must be 

carefully controlled in order to minimize the lasing threshold.[44] Fluorescent dye-doped polymers 

tend to be plagued by instabilities associated with photochemical degradation under lasing conditions 

(commonly referred to as “photobleaching”),[122] eventually resulting in loss of optical gain. This is 

a notable limitation in the application of active biosensing devices. Fluorescent dyes are typically 

excited with pulsed lasers not only to reach the lasing threshold, but also in order to minimize 

deleterious photochemical effects (i.e., dye-dye or dye-oxygen [123] interactions) and to reduce the 

formation of nonradiative triplet states.[124]  

Alternatively, conjugated polymers can be used which are naturally fluorescent and are known to 

lase.[124] They typically consist of alternating single and double bonded C atoms, producing an 

electronic structure with extensive orbital delocalization and semiconductor-like energy gap. 

Conjugated polymer devices can be especially sensitive to the surrounding environment in terms of 

changes in the lasing intensity or threshold, for example showing “amplified quenching” due to their 

relatively high carrier mobility. This property makes them sensitive turn-off sensors for nitro 
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compounds.[125] Thus, conjugated polymers could be used for fabricating new and ultra-sensitive 

resonators for sensing vapors of toxic or dangerous substances, similar to how the lasing intensity of 

plasmonic cavities is quenched by nitroaromatics.[126] However, the synthesis of WGM-compatible 

structures from conjugated polymers is difficult [127] without blending with another polymer. 

Kushida et al. [128] were among the first to exploit blends of conjugated polymer, with one donor and 

one emitter, enabling Fluorescent Resonant Energy Transfer (FRET). A FRET approach could be 

highly beneficial for limiting photobleaching using adequate donor/acceptor pairs,[129] paving the 

way to a WGM FRET laser.[130, 131]  

Fluorescent proteins have also been exploited as gain media for active resonators.[132] Jonáš et 

al. [133] for instance demonstrated the potential of liquid microdroplet resonators, doped with 

suspended fluorescent proteins, as optofluidic biolasers. They revealed that even a single fluorescent 

bacterium, producing this fluorescent protein, is sufficient for inducing lasing. Chen et al. [134] used 

the fluorescent properties of chlorophylls to develop the first optofluidic chlorophyll laser, laying the 

path for future biocompatible and biodegradable lasers. 

3.2. Inorganic Gain Media 

Inorganic gain media allow continuous wave laser excitation and are relatively impervious to 

photobleaching. They are chemically robust, stable and offer several accessible excitation wavelength 

windows, depending on their energy level structure, as shown in Table 2. 

Owing to the commercial availability of Quantum Dots (QDs),[135] semiconductors have risen 

as a popular gain medium. Unlike organic fluorophores where the pump wavelength must be in a 

specific region of the optical spectrum (i.e. the maximum absorption wavelength), the only 

requirement for exciting semiconductor materials is for the pump wavelength to be shorter than the 

band gap. Furthermore, as varying the size of the QDs provides control over the fluorescence 

emission, and since QDs can all be excited with a single pump source, multiplexed sensing is readily 

achievable.[136] The QDs can be covalently attached,[137] grown onto the resonator surface [138] or 
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embedded within the resonator itself.[139] More recently, semiconductor oxides such as ZnO [140, 

141] and TiO2 [142] have been exploited for their light emitting properties. Alternatively, quantum 

well heterostructures can be used for the fabrication of disk or pillar resonators using state-of-the-art 

fabrication processes,[34, 143, 144] allowing them to be in some cases electrically driven [144] 

instead of using light for excitation. Lasing using semiconductors has been demonstrated with both 

quantum well heterostructures [50] and QDs.[143, 145] However, non-radiative Auger recombination, 

exhibiting a recombination rate significantly higher than radiative transitions can drastically reduce 

the efficiency of such gain media for lasing applications.[146, 147] 

Perovskite is an emerging new type of gain medium, which refers to crystalline materials with a 

composition ABX3, where A and B are two cations and X is an anion bonding to both A and B, such 

as CsPbBr3. The chemical composition dictates the bandgap structure [148] (i.e. direct or indirect 

bandgap) as well as its emission wavelength.[149] Various perovskites have been used to fabricate 

micron-sized polygonal resonators (i.e. squares, pentagons, or hexagons) supporting WGMs. Lasing 

of perovskite resonators has also been demonstrated, however the lasing threshold ranges from the 

relatively high values of a few µJ/cm
2
 [150] to tens of µJ/cm

2 
[38] owing to the lower Q-factor 

exhibited by these polygonal resonators. 

Rare-earth ions such as Er
3+

, Nd
3+

 and Tm
3+

, utilized for telecom fiber amplifiers and fiber lasers, 

have been used for microsphere fabrication by melting rare-earth doped fused silica fiber to realize 

microspheres with high Q-factors.[151, 152] Rare-earth ions can also be dissolved in different glass 

hosts, such as ZBLAN [153] or tellurites,[154] unlocking different emission wavelength windows, 

especially in the mid-infrared where silica’s absorption becomes an issue. Upconversion has also been 

exploited for rare-earth systems, enabling fluorescence emission [155, 156] and lasing [156, 157] at 

shorter wavelengths. The use of rare earth doped sol-gel coatings has been investigated for coating 

fused silica microspheres.[152, 158] This method has also been applied to other resonator geometries 

such as toroids, taking advantage of their low mode volume and large Q-factor, for lasing 

applications.[74, 157] Many of the fundamental characteristics of WGM-based lasing have been 
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carefully investigated using rare-earth doped microsphere systems,[159] with CW lasing thresholds 

ranging from µW [103] to several mW.[160]   

4. Fluorescent Resonator Geometries 

Microscale resonators have been fabricated from a diverse range of media spanning liquids to 

polymers, and glass to semiconductors with an equally large variety of geometries. Here we 

summarize some of the more commonly-utilized fluorescence and lasing WGM resonator geometries 

and the materials from which they are fabricated. 

4.1 Liquid Droplets  

Microspherical liquid-drop resonators have resurfaced as candidates for microlasers [70, 161] and 

biosensors,[133, 162] despite initial limitations preventing their widespread usage.[163] Liquid 

droplets form naturally smooth spherical surfaces due to surface tension, allowing high Q-factors to 

be realized (4.2×10
9
 at 300 nm).[164] Fluorescent dye-doped droplet-based resonators have found 

applications in microfluidics [165] (Figure 2 (a)), and can also readily be manipulated using optical 

tweezers.[166] Further, using a water-in-oil-in-water (W/O/W) double emulsion, depicted in Figure 2 

(c), where magnetic nanoparticles were incorporated into the center, the droplets position can be 

controlled using a magnet.[70] 

 A key advantage of droplet resonators is their ability to be tuned. For example, nematic liquid 

crystal (LC) droplets [167] provide the means of tuning the WGM resonances using electric fields to 

manipulate the LC orientations,[168] while Tang et al. demonstrated the tuning capability via 

manipulating the diameter of the droplets as they travel into a microfluidic chip and are slowly 

dissolved.[165] Similar behavior has been reported with self-assembled static dye-doped polystyrene 

microdroplets formed in a PDMS matrix.[169] Finally, free-floating liquid droplets, shown in Figure 

2 (b), have the capability to change their shape under external stimulus, allowing for tuning of the 

resonance wavelengths.[170] 
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4.2 Solid Microspheres 

Solid fluorescent microsphere resonators [69, 128, 171] are commonly fabricated from polymers due 

to their low cost, structural flexibility and ease of fabrication and integration of a gain medium.[44, 

128, 169, 172-174] Beyond the straightforward approach of using a single microsphere resonator, 

either trapped with optical tweezers [175] or simply deposited onto various substrates,[173] there has 

been interest in combining fluorescent microspherical resonators with capillaries,[176] or 

microstructured optical fibers (MOF),[71, 177, 178] as shown in Figure 3 (a) and (b). The latter 

approach allows the fiber to be used to simultaneously excite and collect the fluorescent/lasing WGM 

signal. Further, the local environment of a MOF around a fluorescent microsphere can enhance 

specific modes due to a change in mode out-coupling and, secondly, an alteration of the dipole 

emission due to the change in the local environment. resulting also in improved lasing 

efficiency.[179] The combination of a MOF and a fluorescent microsphere can for instance be used 

for sensing applications, whereby the microsphere resides in one of the fiber’s axial holes.[71] 

Rare-earth doped microspheres are also commonly used although most of the research 

undertaken with such resonators still employs a fiber taper for evanescent coupling. In comparison, 

the few free space coupled experiments reported in the literature have displayed lower 

performance,[155, 180, 181] although some interesting opportunities have still been identified notably 

by Kishi et al. who introduced a “terrace” structure, which breaks the microsphere symmetry to 

achieve quasi-single mode output lasing.[154] 

4.3 Polygon Resonators 

Polygons can also support WGMs, and have recently become an interesting addition to more 

traditional circularly-symmetric resonator geometries. They are often characterized by their number of 

facets (m), where m = 2 corresponds to a Fabry-Perot cavity and cavities with m ≥ 3 can support 

quasi-WGMs.[182] The Q factor for non-absorptive cavities is given as, 

  
       (

  

 
)      

  (      )
,     (3) 
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where n is the cavity index of refraction, R is the reflectivity of the polygon facet, D is the polygon 

diameter, c is the speed of light, and υ0 is the resonance position. By considering the normalized Q-

factor, it can be seen that the Q-factor tends to decrease as m increases, revealing why the vast 

majority of the facetted crystals supporting WGMs (see Figure 4), exhibit as few facets as 

possible.[182] Polygonal resonators are commonly grown using Chemical Vapor Deposition from 

perovskite, which has a fairly large refractive index (typically above 2 in the visible),[38] providing 

strong confinement of the WGMs.[38, 60, 149] The Q-factors of these resonators however remain 

somewhat limited to below ~10
3
. 

4.4 Toroid, Goblet, Microdisk and Ring Resonators 

Microfabrication techniques have also been exploited for producing integrated microresonators, the 

most well-known example being toroid resonators initially developed by Vahala et al. at Caltech.[27] 

These techniques have since been adapted by many other research groups. Earlier examples of 

microfabricated WGM resonators include microdisks [32, 183] and micro-rings.[29, 184] These 

particular resonant structures have the ability to confine light in ultra-small volumes,[185] making 

them particularly suited to QED and lasing applications. Over the last few years, active variants of 

toroid or “goblet” resonators,[45, 185, 186] disks [45, 185] and ring resonators (Figure 5) [31] have 

emerged.  

Fluorescent goblet resonators can for instance be integrated into microfluidic chips and 

interrogated remotely using a scanning confocal microscope.[45] It is envisioned that the large-scale 

integration of lasing resonant microstructures such as microgoblets could be of high interest for 

multiplexed sensing, with each individual resonator functionalized for the detection of a specific 

analyte. However, it should be noted that the requirement of a scanning confocal microscope for 

interrogating individual resonators could limit the practical implementation of such a configuration. 

Adding a photo-responsive liquid on top of the goblet resonator, for example, could also enable fast 

tuning of the lasing wavelength through the elastic deformation of the resonator.[186] 
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Microfabrication techniques have also allowed for the fabrication of coupled resonators, which 

require both resonators to have almost identical dimensions to ensure spectral overlap of the 

resonances.[187] Coupled disk and ring resonators have been used to exploit the Vernier effect [188] 

and have also allowed for the realization of single-mode WGM lasers.[31, 35] Microfabrication can 

also be used for the development of alternative resonator geometries with controlled deformations 

[35] or with directly connected waveguides for unidirectional emission [35, 189] for integrated 

photonics applications. 

The creation of reusable [190] and reconfigurable [31] ring resonator lasers has recently been 

demonstrated by Chandrahalim et al., opening up the possibility of realizing photonic devices such as 

on-chip coherent light sources. The reusability of the resonators was demonstrated through depositing, 

removing and re-depositing both a dye-doped polymer liquid and solid, while wavelength 

reconfiguration was demonstrated using a similar process via interchanging the gain medium. 

Finally, Sun et al. investigated the use of proteins for the fabrication of biocompatible disk 

resonators, using femtosecond machining.[115] By combining a protein matrix with fluorescent dyes, 

lasing behavior of the resonator was demonstrated, paving the way for novel biocompatible materials 

to be used as laser sources. 

4.5 Capillaries and Microfibers 

Capillary-type structures with fluorescent channel coatings can also support fluorescent WGMs and 

have been used as refractometric sensors [18, 138, 191, 192] and biosensors.[50] For microcapillaries 

to function as active WGM-based sensors, the capillary must be coated with a fluorescent layer that: 

(a) has a high refractive index in order to support WGMs, and (b) has a thickness of less than ~1 µm 

so that the resonant field profile extends sufficiently far into the channel medium as shown in Figures 

6 (a) & (b). Recently, the first capillary-based WGM laser sensor for refractometric sensing was 

developed using a dye-doped polymer,[18] in principle yielding an order of magnitude improvement 

in the limit of detection, as compared to the same device operated below the lasing threshold. 
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Microfibers supporting WGMs such as R6G-doped PMMA [24, 118] or CdSe–ZnS core–shell 

QD-doped polyvinylpyrrolidone (PVP) nanowires,[139] forming cylindrical structures whose 

diameter can be precisely controlled, are shown in Figures 6 (c), (d) & (e). Such structures can 

exhibit lasing WGMs with unusually high refractive index sensitivities of up to 300 nm/RIU.[24] 

Inkjet-printed fluorescent dye-doped epoxy resin, and PDMS fibers have also been shown to support 

WGM lasing with good sensitivity to external strain,[118, 169, 170] generating interest due to their 

high flexibility and mechanical robustness. Fluorescent dye-doped polymer-coated waveguides have 

similar benefits and are suitable candidates for future biosensing applications.[31] 

Developments in nanofabrication techniques [193] have enabled the realization of self-rolled 

nanotubes from bi-layer materials.[194-197] The bi-layer is strained and deposited atop of a sacrificial 

substrate, which is subsequently etched away, releasing the layer and allowing it to roll and form a 

nanotube.[193] Most commonly the bi-layer is SiO/SiO2, enabling robust, transparent and 

biocompatible sensors to be fabricated.[194, 195] Moreover, hybrid polymer/oxide/polymer tubes 

have also been fabricated,[196] and novel composite cavities made from dielectric and metal 

materials have also recently been proposed.[197] The diameter and wall thickness of nanotubes can be 

controlled during the deposition process, and there is also the possibility of incorporating a thin 

organic active layer.[194] These structures have proven to be successful candidates for refractive 

index sensors, with sensitivities as high as 450 nm/RIU reported.[195] They have also been shown to 

allow for the detection of volatile organic compounds,[194] could serve as humidity sensors,[196] and 

also present great promise for lab-on-chip integration due to their compact size.  

5. Applications 

WGM resonators are inherently suited to optical sensing due to the dependence of the spectral 

positions of the resonances on both the resonator geometry and the refractive index of the surrounding 

environment. This has been exploited for sensing pressure, temperature, humidity, electric fields, and 

for biological sensing. Mode tracking is by far the most common interrogation method as depicted in 
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Figure 7(a), where the resonance shift (Δλ) is directly proportional to the change of effective radius 

(ΔR) experienced by the resonator as a result of molecular adsorption, local change of refractive index 

onto the resonator surface or expansion/compression induced by temperature change or isotropic 

mechanical forces. Unidirectional mechanical strain as depicted in Figure 7(b) will induce a 

deformation of the resonator, thereby lifting the mode degeneracy, resulting in a splitting of the 

resonances which can only observable with fluorescent/lasing microsphere. For instance, Himmelhaus 

et al., incorporated fluorescent dye-doped microspheres into living cells, enabling the measurement of 

biomechanical stress induced during endocytosis and phagocytosis to be analyzed via the resonance 

splitting of a fluorescent polystyrene microsphere.[66] Variations in the Q-factor (Figure 7(c)) is 

another method which has been initially exploited for monitoring binding event onto a passive 

microsphere.[198] This however requires very high Q-factor and therefore has never been shown for 

fluorescent based resonators which typically exhibit lower Q-factor compared with passive resonators. 

Intensity based sensing provides an alternative sensing modality, removing the need to continually 

monitor and track the precise position of resonances. In this case the sensitivity, limit of detection, and 

the dynamic range of the sensor can all be redefined in terms of intensity changes.[199, 200] 

However, this approach requires for the gain medium to modulate its emitted intensity as a 

consequence of the interaction with a specific molecule. 

5.1 Physical Sensors 

In this section we provide a brief overview of physical sensing applications reported in the literature 

using fluorescent or lasing microresonators. We note here that whilst the performance of most of the 

active sensors in terms of resolution, sensitivity etc is lower compared to their passive counterparts, 

the benefits here revolve primarily around the practical advantages of free space interrogation which 

is readily achieved using active resonators. 

5.1.1 Pressure/Deformation 

Pressure/deformation sensing using active microresonators has been well documented. Martin et al., 
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for instance investigated the effects of pressure on Nd
3+ 

doped, barium titanium silicate microspheres, 

with an average sensitivity of 6.5 × 10
-4

 GPa
-1

, which is higher than conventional ruby pressure 

sensors.[201] Pressure sensing has also been demonstrated with other resonator geometries, for 

example Chen et al., used optically pumped dye-doped microfibers encapsulated with PDMS 

elastomer. Strain-induced refractive index changes from either tensile or compressive forces incurred 

during bending allows for bidirectional tuning of the WGM resonances, enabling a new range of bend 

sensing applications.[118] Similarly, Zamanian et al., have demonstrated numerical simulations on 

the effect of shear stress and wall pressure on the resonances of multiple cylindrical microlasers 

encapsulated in a slab, allowing for simultaneous wall pressure and shear stress measurement.[202] 

Finally, Manzo et al., demonstrated the use of a rhodamine 6G doped dome-shaped polymer WGM 

microlaser with the incorporation of a membrane, for pressure sensing with a resolution as low as 9 

Pa.[203]  

     It is worth mentioning here that intrinsically the performance of fluorescent and lasing resonators 

is not different to passive resonators, although in practice the reduced Q-factors commonly observed 

in fluorescent resonators can degrade the performance in terms of resolution. However, owing to the 

free space excitation and collection possible with fluorescent resonators, significant advantages in 

terms of practicality exist. One can therefore envision a plethora of other applications which would 

not be possible with passive resonators requiring a fiber taper or prism for coupling light into the 

resonator. As an example, Himmelhaus et al., demonstrated the incorporation of fluorescent dye-

doped microspheres into living cells, enabling the measurement of cell stress.[66] 

    The slight performance reduction typical of fluorescent or lasing resonators can therefore be 

compensated in many cases by the practical advantages afforded to free space interrogation. As with 

the example given above, the free space excitation also allows for smaller resonators of higher 

sensitivities to be addressed which would otherwise be cumbersome if not impractical using taper or 

prism coupling setups. 
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5.1.2 Temperature 

Active whispering gallery microresonators have also found applications in temperature sensing. For 

example SBN Er
3+

-Yb
3+

 co-doped glass microspheres were demonstrated for temperature sensing in 

the range of 290-380 K.[155] Excitation of the microspheres at a wavelength of 1 µm led to a broad 

upconversion emission in the green, which is modulated by the sphere resonances yielding a 

resonance shift resolution of 4.7 pm/K with a minimum temperature resolution of about 0.01 K.[155] 

Furthermore, microbottle lasers fabricated from Er:Yb glass molten onto silica capillaries were 

demonstrated by Ward et al. for the same purpose, with the Er:Yb doped outer glass pumped at a 

wavelength of 980 nm via a taper, while the WGMs were recorded at ~1535 nm. This structure allows 

for thermo-optic tuning of the microlaser modes by passing gas through the capillary, exploiting the 

cooling effect that shifts the WGMs to shorter wavelengths. A tuning of the lasing modes was 

demonstrated over 70 GHz. The setup can also be used to measure liquid flow rate, and a water flow 

rate sensitivity of 1 GHz/nL/s was demonstrated. Alternatively, the bottle resonators could be 

calibrated to allow for gas flow rate or indeed temperature measurements by monitoring the WGM 

shifts.[204] Although this particular example uses a fiber taper for pumping the gain medium and 

collecting the lasing WGM signal, one can clearly envision the use of a free space approach for this 

application. We note here that phase transitions in dye-doped LC droplets, resulting in a change of the 

resonator Q-factor can also be exploited for temperature sensing, although they typically exhibit a 

very small dynamic range of a few degrees around the LC phase transition.[168] 

5.1.3 Humidity 

Labrador-Paez et al., have demonstrated a liquid-state WGM resonator that allows for highly sensitive 

humidity sensing. The microdroplets used consist of glycerol doped with rhodamine 6G. Since 

glycerol is highly hygroscopic the refractive index and radius of the microdroplets change with 

humidity, resulting in shifts in the resonance wavelength positions. The sensors allow for a relatively 

high sensitivity of 10
-3

 per relative humidity percent (% RH
-1

).[116] 

5.2 Biosensing Applications 
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Since the first demonstration of the capabilities of WGM resonators for label-free biological sensing, 

measuring either the wavelength shift [4] or Q-factor spoiling [198] upon adsorption of biological 

molecules onto the resonator surface, significant effort has been invested into improving the 

sensitivity, selectivity, detection limit and response time of such sensors. While single molecule 

detection has been achieved with passive resonators providing a gateway for investigating 

fundamental processes in biology on the nanoscale, single molecule detection is of limited relevance 

for the vast majority of biosensing applications and especially for medical diagnostics, where 

biomarkers such as proteins are usually found in concentrations ranging from a few ng/mL [205] to 

hundreds of µg/mL.[206]  

     Active resonators on the other hand offer novel opportunities not possible with passive resonators, 

as well as providing another modality for sensing beyond tracking the resonance shift or Q-factor 

spoiling, namely monitoring  WGM intensity changes.[200] The intensity of WGM laser emission 

originating from active resonators is extremely sensitive to changes in absorption, scattering, and 

fluctuations in refractive index, all of which can be tailored to monitor specific interactions for a range 

of biosensing applications.[162] Of course, intensity-based sensing can only be achieved if 

photobleaching or other changes within the lasing medium itself are minimized or eliminated entirely. 

5.2.1 Refractive Index Biosensing 

Refractive index sensing is still the most common WGM sensing application, in which changes in the 

refractive index (δn) within the WGM evanescent field induce shifts (δλ) in the resonance 

wavelengths: 

  

 
 
  

 
 .       (4) 

The wavelength shift induced by adsorption of molecules with excess polarizability (αex) and a surface 

density (σs) is given by,[4] 
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where ε0 is the vacuum permittivity, R is the radius of the resonator, and n1 and n2 are the refractive 

indices of the resonator and the surrounding medium, respectively. The excess polarizability can be 

approximated from the Clausius-Mossotti equation, in which the polarizability is linearly proportional 

to the molecular weight. It follows that the sensitivity (S) is strongly dependent on the molecular 

weight of the molecule to be detected, as is the case for other refractive-index-based sensing 

techniques. 

Here, the sensitivity S depends on the fraction of energy of the WGM contained within the 

sensing medium.[207, 208] Therefore, increasing the magnitude of the evanescent part of the field 

through controlling the resonator diameter or the refractive index contrast between the resonator and 

its surrounding environment, naturally affects the sensitivity.[60] Alternatively, depositing a thin layer 

of high refractive index material onto the resonator surface can shift the mode field profile in such a 

way as to enhance S.[99] Depositing a monolayer of QDs onto the surface of polystyrene 

microspheres has also been shown to increase the sensitivity,[209] but this also reduces the Q-factor. 

As the magnitude of the evanescent field increases, the Q-factor drops,[60] which raises the detection 

limit.[210] Consequently, an appropriate tradeoff between the sensitivity and the Q-factor needs be 

made to optimize the sensing performance.[60] Lasing microresonators are highly beneficial in this 

context, providing a way to significantly increase the Q-factor [18, 44, 45, 50, 70, 104] without 

affecting S, and thus significantly lowering the detection limit.[18, 71] Another way to improve S is to 

use coupled resonators, utilizing the Vernier effect in coupled microspheres [211] or microcapillaries, 

with the latter resulting in a sensitivity above 2510 nm/RIU.[212] One application of the Vernier 

effect in two coupled polymer microfibers resulted in a twofold increase in the sensitivity compared 

with the individual resonators.[213]  

The vast majority of the literature relating to WGM resonators for biosensing applications 

focuses on characterizing the sensitivity of the proposed device. Table 3 provides a non-exhaustive 
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overview canvasing the performance of both active and passive resonators from the literature in terms 

of the sensitivity, Q-factor and detection limit. Although the detection limit of passive sensing 

configurations may be lower than that of active ones, the practical advantages of active sensing 

configurations remains unmatched.[44, 66-70, 133, 134, 144] 

Beyond simply characterizing a bulk refractive index change, WGM resonators have also been 

used for detecting various biomolecules. Bioreceptors, including antibodies,[214] aptamers,[215] and 

DNA strands [216, 217] have been immobilized onto WGM resonator surfaces. As proof-of-concept 

demonstrations of active biosensors, the highly specific interaction of streptavidin and 

biotin/biotinylated proteins has been utilized on a number of devices including, dye-doped 

polystyrene microspheres,[71, 218] dye-doped polymer coated microcapillaries,[138] polymer 

microring resonators [219] and polymeric microgoblets.[220] This approach also forms the basis for 

more complicated surface functionalization approaches, such as the immobilization of biotinylated 

proteins or antigens. For example, one novel large-scale functionalization technique involves the 

deposition of fluorescently-labeled phospholipids and the incorporation of biotinylated ink in the 

procedure. This work demonstrated that microgoblets can be used as biolasers for the detection of 

anti-2,4-Dinitrophenol.[221] Other examples of biosensing include polystyrene microspheres 

embedded with CdSe/ZnS QDs for thrombin detection,[87] dye-doped polymer coated 

microcapillaries for detecting Vitamin D Binding Protein,[222] fluorescent microspheres for the 

detection of unlabeled oligonucleotide targets,[217] and the multiplexed quantification of ovarian 

cancer markers.[214] In terms of reaching the same single-molecule detection capability of passive 

resonators, a self-referenced and self-heterodyned WGM Raman microlaser was recently 

demonstrated.[223] This setup is restricted in its practical application compared with free space 

interrogated active resonators, due to the precise alignment, and laser frequency stability and locking 

requirements. 

The capability of a sensor to distinguish or eliminate the effects of non-specific binding is critical 

for sensing within complex biological samples. Successful prevention of non-specific binding has 
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been demonstrated in passive configurations using covalent surface functionalization strategies, 

notably using polyethylene glycol (PEG),[224] allowing Pasquardini et al. to detect thrombin (down 

to ~ 8 μM) in 10-fold diluted human serum samples.[225] Alternatively, a simpler approach using two 

active microspheres, with one acting as a floating reference measuring the non-specific binding 

component, and the second resonator measuring both the non-specific and specific signal has been 

used for measuring the neutravidin concentration in undiluted human serum.[218] 

Multiplexed sensing is of particular interest for many biosensing applications, most notably 

within medical diagnostics whereby multiple markers can be monitored, facilitating better 

understanding of disease development and diagnosis.[226, 227] Multiplexed sensing has been 

demonstrated with passive resonators, including the remarkable multiplexed DNA sensing by Vollmer 

et al. involving two passive silica microspheres coupled to the same fiber taper.[228] However, 

, along with the practical limitations of using a fiber taper 

as previously discussed. More recently, Genalyte Inc. developed a robust passive multiplexed silicon 

photonic chip diagnostic platform using ring resonators with integrated waveguides, capable of 

detecting up to 32 biological analytes from a single sample.[229] Fluorescent resonators also provide 

the possibility of realizing robust and highly multiplexed biosensors such as the fluorescent-labeled 

microspheres used by Huckabay et al.,[230] or the fluorescent microgoblets developed by Wienhold 

et al.[45] 

5.2.2 Intensity Based Biosensing 

Intensity based sensing provides an alternative sensing modality, removing the need to continually 

monitor and track the precise position of resonances. In this case the sensitivity, limit of detection, and 

the dynamic range of the sensor can all be redefined in terms of intensity changes.[199, 200] Figure 7 

shows a comparison between the operating principles of an intensity based and resonant-wavelength 

shift WGM sensing system. It is clear from Figure 7 that in an intensity based system the sensitivity 
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becomes strongly dependent on the Q-factor of the resonator, as higher Q-factors result in sharper 

resonances allowing smaller variations in intensity to be measured. Intensity-based detection systems 

have also demonstrated higher sensitivities and lower detection limits compared with wavelength-shift 

sensing methods, albeit with significantly smaller dynamic ranges.[219]By incorporating 

biochemical/biological molecules directly into the gain medium and taking advantage of the sensitive 

nature of the lasing threshold on the resonator parameters, optofluidic biolasers have emerged as a 

highly effective platform for a range of biosensing applications.[162] Capillary-based sensors, such as 

optofluidic ring-resonators or fluorescent-core microcapillaries, are particularly interesting with their 

ability to blend together microfluidics and laser technology, alleviating complexities involved with 

sample delivery. For example, Sun et al. incorporated DNA samples and probes into the gain medium 

which is flown through the channel of an optofluidic ring-resonator, allowing sensitive and selective 

detection of two different DNA sequences.[231] 

Alternatively, recent work by Chen et al. demonstrated the ability to position the gain medium 

onto the surface of the resonator, producing an optofluidic laser with a single molecular layer of gain, 

opening up the possibility for surface-based detection, a feature that is not commonly observed in 

optofluidic lasing platforms.[232] 

6. Conclusion and Future Prospects  

Despite many emerging sensing applications, the performance of active resonators remains 

significantly lower than their passive counterparts. Fluorescent-based resonators typically exhibit a 

lower Q-factor which can constrain the sensor detection limit, despite lasing of the WGMs of such 

resonators potentially allowing for a slight improvement of both the Q-factor and signal to noise ratio. 

Nevertheless, there are many avenues worth exploring that could enable the emergence of new 

sensing methodologies. 

One envisioned approach combines fluorescent resonators with plasmonic effects. While 

plasmonic nanoparticles have been successfully used to reach single molecule detection [12, 233] and 
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passive resonators have been coated with a metal layer to induce a WGM-like behavior of the 

plasmonic wave,[234] the adaptation of the same methodologies to fluorescent resonator has not yet 

been investigated. Even more interesting is the prospect of using another plasmonic effect, namely 

Metal Enhanced Fluorescence (MEF), which is well suited for lasing microresonators. MEF is 

attributed to the stronger interactions occurring between a fluorophores’ excited states and the induced 

surface plasmon resonances (SPR) in metal particles or films due to the increased electromagnetic 

field in the proximity of metal.[235] As a result, the radiative fluorescence lifetime could be 

drastically decreased, resulting in an enhancement of the fluorescence intensity. This phenomenon is 

obviously of particular interest for fluorescent/lasing-based microresonators, potentially driving down 

the lasing threshold. However, MEF also has very strict requirements. First, the SPR must match the 

excitation wavelength of the gain medium. Most of the noble metals used for their plasmonic 

properties (Au, Ag) exhibit SPRs in the shorter-wavelength range of the visible spectrum, restricting 

the gain media that could be used. In addition, MEF requires the gain medium to be positioned a few 

nanometers above the metal supporting the SPR, in order to produce the maximum 

enhancement.[235] Therefore, only two options appear to be viable for fluorescent microresonators to 

benefit from MEF. First, one may coat or incorporate metallic nanoparticles in fluorescent resonators, 

similar to what has been achieved with plasmonic epitope,[12, 233] although one may question the 

impact this procedure will have on the Q-factor, since these nanoparticles are likely to behave as 

scattering centers. Second, depositing micron size resonators onto specifically engineered substrates 

that can support a long range SPR (LRSPR) [236] may further extend the penetration depth of the 

plasmonic field, and consequently increase the distance above the metallic coating at which the 

fluorescence is enhanced. 

Enhanced Raman Scattering is another intriguing phenomenon, taking advantage of either the hot 

spots created by the propagating WGMs at the resonator surface to enhance the Raman effect without 

the use of metallic nanoparticles (cavity enhanced Raman scattering) [237, 238] or through the 

addition of nanoparticles inducing scattering at the microresonator surface.[239] Lasing 
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microresonators are of particular interest for exploiting these effects, promising highly sensitive 

detection modalities. However, these effects require the resonator to exhibit very high Q-factors. 

As discussed, simply using the WGM fluorescence intensity for sensing has been widely 

exploited, relying on the fluorescent/lasing gain medium emission that is varied upon interaction with 

the analyte to be detected. However, the Q-factor can be affected by binding events occurring at the 

resonator surface, with the first demonstration of this phenomenon being documented over a decade 

ago by Nadeau et al.[198] More recently, Hu et al. theoretically investigated the resonance 

broadening induced by dielectric nanoparticles and revealed that a single particle can be detected 

without resorting to any sensitivity enhancement mechanism or active noise control technique.[240] 

The same mechanism was experimentally used by Shao et al. for the detection of a single virus 

particle.[241] This novel sensing mechanism holds great promise for lasing resonators, as any Q-

factor spoiling should result in an increase of the lasing threshold as shown in the Figure 8. Although 

measuring the lasing threshold could be somehow impractical, one can resort to measuring only the 

intensity of the lasing modes, assuming that both the gain medium and pump source intensity are 

stable. This method would not only allow better performance to be achieved but also alleviate 

practical requirements related to the specialized and expensive equipment typically used for 

performing mode tracking measurements, potentially paving the way for viable commercial 

application of WGM-based sensing technologies. 

Finally, fluorescent microresonators offer the potential for in-vivo sensing. After the first 

demonstration of intracellular sensing [66] and tagging,[67, 68] the concept of free-floating resonators 

inside blood vessels no longer seems quite as unrealistic, especially with the emergence of flow 

cytometry.[161] However, for this vision to be realized one would have to use a gain medium in the 

NIR rather than in the visible spectrum,[242] as the latter is strongly absorbed by tissue. Powerful 

spectral analysis methods for the determination and characterization of binding events without prior 

knowledge of the resonance spectra would be required in such setups.  
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Figure 1. (a) WGM spectra exhibiting the typical transition between fluorescence and stimulated 

emission regimes of a 10µm in diameter polystyrene microsphere, doped with green fluorescent 

protein, inside a living cell and (b) Output energy of the fluorescent WGM signal as a function of the 

pump power.[67] Reproduced (adapted) with permission from.[67] Copyright (2015), American 

Chemical Society.  

 

 

Table 1. Examples of organic dye-doped resonators.  

Dye 
Excitation/Emission 

Wavelength (nm) 
Resonator Type 

CY-3 480/540 Dye-doped SU8 microring [31]* 

Coumarin 540 420/530 Dye-doped liquid droplet [243]* 

Coumarin 6G 480/510 Dye-doped polystyrene microsphere [66, 173] 

CY-3 480/540 Dye-doped SU8 microring [31]* 

Yellow Venus protein 500/530 Liquid droplet [133]* 

Rhodamine B 532/580-600 

Dye-doped monolithic microdisk [115]* 

Dye-doped melamine-formaldehyde resin microsphere [40] 

Dye-doped solid and hollow PMMA fibers [117, 118]* 

Dye-doped liquid crystal droplet [244] 

Dye-doped SU8 photoresist [35]* 

Rhodamine 6G 532/580-600 

Liquid filled microcapillary [113]* 

Free floating liquid droplet [116], methanol droplet in PDMS matrix [245] 

Dye-doped SU8 microring [31]* 

Dye-coated rolled microtube [120] 

Nile Red 532/580-600 

Dye-doped polystyrene microsphere [44, 71, 218]* 

Dye-doped polymer coating on microcapillary [246]* 

Dye-doped oil droplets [68, 247]* 

CY-5 570/760 Dye-doped SU8 microring [31]* 

DCM 490/600-800 Micro hemisphere [248] 

Rhodamine 640 

perchlorate 
620/700 Liquid droplet [165]* 
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Chlorophyll 430/680-730 Liquid filled microcapillary [134]* 

* Lasing of the WGM(s) was observed. 

 

 

Table 2: Examples of inorganic material used as gain medium in microcavities. 

Material 
Excitation/Emission 

Wavelength (nm) 
Resonator Type 

ZnO 355/390 
Hexagonal shaped sub-micron disk,[110]* Microwire,[141, 249]* 

Microsphere [140, 250] 

GaN/InGaN 350-500 Core-shell wire [251] 

CdZnS/ZnS Q dots 440 Liquid filled capillary [252]* 

PbI2 400/~500 Hexagonal shaped crystal [38]* 

CsPbBr3 520-540 Rectangular cross sectioned nanowire [253]* 

Er3+ 530-460 
Upconversion emission doped microsphere,[155] Upconversion lasing on 

microtoroid [157]* 

Tm3+ 
1064/450, 461, 784, 802, 

816 
Upconversion lasing on microtoroid [156]* 

CH3NH3PbBr3 400/560 Square shaped microrod [150, 254]* 

CdSe/ZnS Q-dots 433/655 Single Q-dot coating inside thin wall capillary [135]* 

400/420-700 Square shaped crystal [149]* 

Si Q-dots 770 Q-dot coated capillaries [138] 

Nd3+ 780/1064 

Doped barium titanium silicate microsphere,[180]* Doped silica 

microsphere,[103]* Glass microsphere,[181]* Doped tellurite microsphere 

[154]* 

InAs/InGaAsGaAs/ 532/1270 Microring [143]* 

HgTe Q-dots 1250 Q-dot coated microsphere [145]* 

Er3+ 1535 Doped microtoroid,[255]* Doped microspheres [152]* 

Ge/SiGe Quantum 

well 
1450-1650 Microdisk [252] 

Tm3+ 1550-1610/2000 Microtoroid [74, 160]* 

InAsSb/InAsPSb 

Quantum well 
4000 Microdisk [34] 

* Lasing of the WGM(s) was observed. 

 

 

(b)

(c)
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Figure 2. (a) Rhodamine 640 perchlorate doped free-floating benzyl alcohol micro droplets in sodium 

dodecyl sulfate in a microfluidic chip,[165] (b) free floating Rhodamine 6G doped dichloromethane 

and epoxy resin micro droplet laser.[170] (c) Diagram of glass capillary microfluidic setup for 

producing W/O/W double-emulsion droplets.[70] (a) Reproduced with permission from.[165] 

Copyright (2011), Optical Society of America. (b) Reproduced with permission from.[170] Copyright 

(2016), Nature Publishing Group. (c) Reproduced with permission from.[70] Copyright (2016), Royal 

Society of Chemistry.  

 

 

 

Figure 3. Dye-doped polymer microspheres (a) inside [177] and (b) on the tip [218] of a 

microstructured optical fiber. (a) Reproduced with permission from.[177] Copyright (2013), Optical 

Society of America. (b) Reproduced with permission from.[218] Copyright (2016), American 

Chemical Society.  

 

 

Figure 4. Cesium lead halide (CsPbX3; X=Cl, Br, I) square nanocrystals exhibiting WGM lasing at 

different wavelengths.[149] Reproduced with permission from.[149] Copyright (2016), Wiley.  
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Figure 5. (a), (b) Fluorescent PMMA goblet resonators on a chip.[45] (c) Coupled ring resonators 

etched on fused silica and coated with a fluorescent dye-doped high refractive index polymer [31] and 

(d) coupled disk resonator with a protruding waveguide for directional emission.[35] (a), (b) 

Reproduced with permission from.[45] Copyright (2015), Royal Society of Chemistry. (c) 

Reproduced with permission from.[31] Copyright (2015), Nature Publishing Group. (d) Reproduced 

with permission from.[35] Copyright (2015), Elsevier.  
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Figure 6. (a), (b) Microcapillaries with a dye-doped polymer coating,[246] and (c)-(e) dye-doped 

polymer fibers [118]. (a), (b) Reproduced with permission from [246]. Copyright (2013), Optical 

Society of America. (c), (d) and (e) Reproduced with permission from [118]. Copyright (2014), 

American Chemical Society. 

 

 

 

Figure 7. Sensing modalities used by fluorescent WGM resonators. (a) Resonance wavelength shift, 

(b) Mode-splitting, whereby applied stress to the resonator causes the degeneracy in the modes to be 

lost resulting in a broadening of the WGM peak, (c) variation in the Q-factor, and(d) Change in the 

mode intensity (I). 

 

Figure 8. Variation of lasing characteristic induced molecular adsorption resulting in change of lasing 

threshold (Pthreshold) and mode intensity (I). 
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Table 3: Examples of refractive index sensitivities for active and passive resonators. 

Sensitivity 

(nm/RIU) 
Q-factor 

Detection 

Limit (RIU) 
Resonator Details (passive/active, dimension, refractive index) 

1.1 (TM) 

0.73 (TE) 

2.1 × 108 (TM) 

1.7 × 108 (TE) 
1.5 ×10-3 

Crystalline (birefringent) magnesium fluoride (MgF2), 2.4 and 5.8 mm 

microdisks (no = 1.375, ne = 1.387) [256] 

0.5 6 × 107 1.0 × 10-6 Silica microbubble resonators with diameters 340 µm (n = 1.45) [257] 

3 2 × 103 2.6 × 10-2 
Dye-doped polymer coating (1 µm, n = 1.56) inside a 100 µm diameter fused 

silica capillary [18]* 

6.5 3.0 × 104 6.2 × 10-4 
38 µm diameter barium-titanate microsphere (n = 2.43) excited with a tunable 

diode laser at 633 nm using a dove prism [37] 

7.7 4.5 × 104 5.2 × 10-4† 9 µm diameter Er doped tellurite microsphere (n = 2.03 at 633 nm) [36] 

9.8 
800 (Type I) 

1500 (Type II) 
7.2 × 10-3 

Si Q-dot coated silica capillary (Type I: Inner diameter 25 µm and outer 

diameter 360 µm, Type II: Inner diameter 100 µm and outer diameter 160 µm) 

[191] 

10 1.5 × 103 4.0 × 10-4† 
Si Q-dot coated silica capillary (50 µm Inner diameter, 360 µm outer diameter) 

[138] 

10 1 × 105 5 × 10-4 Dye-doped 50 µm diameter PMMA microgoblet (n = 1.48) [45]* 

20 1.2 × 106 1.0 × 10-6 
Silica (n = 1.45) liquid core ring resonator (100 µm outer diameter, 2-3 µm wall 

thickness) [258] 

30 800 10-3 
Dye-doped polymer coating (1 µm, n = 1.56) inside a 50 µm diameter fused 

silica capillary [246] 

33 1.3 × 107 8.7 × 10-6 50 µm diameter PMMA microgoblet (n = 1.48) [220] 

50 7 × 104 8 × 10-5 10 µm diameter dye-doped polystyrene microsphere [44]* 

50 2 × 104 2.6 × 10-5 Dye-coated 38 µm diameter soda-lime microsphere emitting at 630 nm [230] 

100 103 § 4 × 10-4 CdSe/ZnS quantum dot embedded 10 µm diameter polystyrene microspheres (n 

= 1.59) emitting at 550 nm [87] 

100 1700 1 × 10-4 Si Q-dot coated 30 µm diameter silica (n = 1.45) microsphere [259] 

300 8.2 × 103 - 
Dye-doped 36 µm diameter PMMA microfiber (n = 1.48) emitting at 600 nm 

[24] 

390 500 1 × 10-4 
Thin wall silica (n = 1.45) capillary (11 µm outer diameter, 0.8 µm wall 

thickness) [260] 

570 1.2 × 105 2.8 x 10-7 Thin wall silica (n = 1.45) capillary (70 µm outer diameter, 2-3 µm wall 

thickness) [261] 

5930 2.5× 103 § 2.7 × 10-5 Coupled optofluidic ring laser (125 µm diameter, n = 1.52) [262]* 

* Lasing of the WGM(s) was observed; † Calculated values of detection limit based on the refractive index sensitivity (S) and Q-factor, 

assuming a wavelength resolution of 4 pm achievable with a high-resolution spectrometer; § Calculated values of the Q-factor from the 

WGM spectrum. 
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Graphical Abstract 

Fluorescent and lasing whispering gallery mode microresonators are emerging as a novel paradigm 

for sensing applications and are an alternative to standard passive resonators. Although their 

performance is yet to match those of passive resonators, active resonators provide the freedom to 

remotely interrogate the resonators, opening up novel opportunities for sensing. Here we review this 

emerging paradigm and discuss future prospects and improvements.      
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