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Microfluidic Whispering Gallery Mode Optical Sensors for Biological Applications

Yuye Wang, Shuwen Zeng*, Georges Humbert, Ho-Pui Ho®

Abstract: Whispering gallery mode (WGM) resonators have been exploited as a highly
sensitive and efficient sensing technique in the past few years. They offer the advantages of
ultra-high sensitivity, compact size and label-free sensing capability. More recently, with the
rapid development of microfluidic technologies, many integrated WGM sensors, by combining
the portability of lab-on-chip devices and the high sensitivity of WGM resonators, have
emerged. The capabilities of efficient sample handling and multiplexed analyte detection
offered by these systems have led to many biological and chemical sensing applications,
especially for the detection of single particle or biomolecule. In this review, different sensing
mechanisms based on integrated whispering gallery mode resonators are introduced. Various
geometries of WGM cavities including solid, liquid and hollow resonators and a detailed
discussion on their integration with microfluidic devices are also covered. Different types of
packaging schemes and integration methods are compared in terms of ease of fabrication and
device performance. Finally, recent applications of microfluidic-based WGM sensors for
detecting biological and chemical target molecules are discussed, with a prospect on future

challenges and trends of development in microfluidics for multiplexed detection.

Keywords: Integrated sensors; Optical micro resonators; Optofluidics; Multiplexed detection;

Label-free optical sensing.
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1 Introduction

Optical sensors are known to be a useful analytical tool in various fields of bio-chemical

] environmental monitoring " and food security

detection !"-?! including disease screening ™ *
891 They are also promising tools for clinical diagnostics "'”. The optical signals collected in
terms of light intensity, frequency, phase and polarization provide the corresponding
information such as the gas/liquid concentration, pressure, temperature and other characteristics
of the detected objects. Over the past decade, there is an increasing research development on
label-free techniques for real-time sensing due to the need for in-situ and portable devices.
Nowadays, several label-free optical sensing techniques have been investigated and well-

developed, e.g., whispering gallery mode (WGM) resonators, surface plasmon resonance ',

Mach-Zehnder interferometers "%, photonic crystal cavities "> and photonic bragg fibers [,
These sensing devices are free of bio-recognition and signal amplification element such as
fluorescent tags, which makes no contamination to the analytes themselves and enables high-

throughput screening !>,

Among them, WGM resonators possess a relatively high quality factor (Q), which is
generally defined as Q = 4,/AA (where 4, is the resonance wavelength and AA is the linewidth
of the optical resonance in the spectra), up to 10" ' based on the minimal reflection. The high
Q value indicates a very narrow spectral linewidth (less than 100 kHz at 1550 nm) " and a
large circulating power (typically around 100 W) ["®). WGM structures also have the advantages
of small mode volume, rapid response speed and compatibility with aqueous environment '),
As a result, WGM sensors have become a more and more powerful tool for biological and
chemical applications over these years ). Extremely high sensitivities were recently presented

in various application scenarios including temperature sensing (up to 0.96 nm/'C) ", humidity

sensing (up to 47 pm/%RH) *?!, pressure sensing (up to 38 GHz/bar) **), and detection of single

[2 [26,27]

. 24 .. .
biomolecule such as exosome *¥, lentivirus *! or protein .

2
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Despite much progress in terms of sensitivity improvement, many of these WGM sensors
only operate under sophisticated laboratory environment with complicated experimental

19, 20, 28- : :
+20. 28301 'The experimental setup is usually cumbersome,

procedures and bulky instruments
with large volumetric reagent consumption and long assay time, which makes them difficult to
perform on-site, multiplexed and rapid sensing tests. For example, one of the major challenges
in biomedical applications especially for disease diagnosis is the detection of multiple
biomarkers with one single chip using minimal sample volume. Multiplexed detection is
therefore extremely useful under these circumstances. It allows for parallel detection of multiple
analytes, thus largely increasing the sample throughput and improving the sensing efficiency
(31321 1 ab-on-a-chip (LOC) devices and microfluidic systems thus have become useful
solutions to the above-mentioned challenges. They aim to manipulate liquids at micro- or even
nano-liter scale, which largely decrease the sample volume and reduce the reagent cost.
Furthermore, complicated sample handling processes (including separation, mixing and sorting)
and multiple parallel measurements can be performed simply through the design of
microchannels inside the fluidic-chip platform ' *-*!. More importantly, the portability and
robustness of LOC devices are highly desired in clinical applications and point-of-care

B36. 371 Therefore, there is a growing need in developing and engineering the

diagnostics
microfluidic-based WGM sensors for portable and integrated devices *°. Combining with
microfluidics, the sequential loading of liquids, controllable reaction of sample solutions and
multiplexed sensing with higher throughput and efficiency can be achieved simultaneously.

Here, we provide a detailed discussion on the recent development on the combination of WGM

sensors with microfluidic devices in this review, which is barely introduced in other literature.

Overall, this review will firstly focus on the basic sensing mechanism of WGM sensors,
followed by introducing various geometries of WGM resonators, especially their recent

development of integration with microfluidic LOC devices. Furthermore, the advantages and
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practical examples of integrated WGM sensors and their sensing applications in various areas
will be described. Lastly, we will also discuss the future challenges and perspectives of

integrated WGM sensors.

2 Sensing mechanism for optical WGM sensors

Optical whispering gallery mode (WGM) is a type of electromagnetic wave that travels inside
a resonator due to consecutive total internal reflection. While they are confined within the
resonator, some energy of WGM will extend to the surrounding medium and form an
evanescent field. The fluctuations in this evanescent field will result in the modification of
optical path ¥ the shortening of cavity lifetime > or the crosstalk between two counter-
propagating modes % *°1, thus causing detectable changes in WGM modes ™). As a result,
WGMs serve as excellent sensors to detect the perturbations in the surrounding environment

caused by temperature, humidity, bio-reactions, etc.

2.1 Basic sensing mechanism

According to the type of changes in modes, we can generally divide the sensing mechanism

[1, 20, 29, 30, 41

into three categories J: Mode-shift based sensing, mode-broadening based sensing

and mode-splitting based sensing, respectively.

2.1.1 Mode-shift based sensing

Mode-shift based sensing is one of the most commonly adopted mechanisms in WGM sensors.
When particles or analytes interact with the evanescent field of the resonator, a shift in
resonance frequency will take place “*. A simple illustration is depicted in Figure 1. This

process can be explained by the reactive sensing principle. When a particle is bound to the
4
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resonator, it will pull a part of the optical field outward, leading to an increase in the optical

path, which further results in the mode shift. According to the first order perturbation theory,

the angular frequency shift can be determined by the following equation ****/:
A_w ~ aexlE(rd)Iz

wo 2 [8MIE@)2dV,

(1)

where w represents the angular frequency, a,, is the polarization of the particle, E (1) is the
electric field throughout the WGM resonator while E () is the electric field at specific particle
position 1, §(r) is the permittivity and V}, is the mode volume. According to this equation,
increasing the proportion of the electric field that interacts with the detected object is an
effective way to enhance the sensitivity.

Mode-shift based sensing is capable of measuring a wide range of parameters such as

[46,47]

refractive index **!, absorption of analytes and many physical features of the surrounding

environment -

including temperature, humidity, pressure, etc. Versatile as it is, it also brings
some problems in terms of accuracy and specificity since too many variables can result in the

frequency response.
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Figure 1. Mode-shift based sensing (a) Transmission spectra showing the mode shift. (b) Schematic of the

basic WGM sensor setup. (c¢) Resonance wavelength shift in analyte binding process. Reproduced from ref.

[42

1 Copyright 2008 Springer Nature.

2.1.2 Mode-broadening based sensing

The linewidth of WGM indicates the energy loss per light wave oscillation *°\. In sensing

applications, the energy loss usually increases when the analytes enter the evanescent field, thus

broadening the linewidth. The broadening of linewidth results from both absorption loss (AY 4ps)

and scattering loss (Ay,., ), Which can be calculated through the following equations

respectively:

A ~ _]m[aex]lE(rd)lsz
Yabs = =S E@) 2N,

(1)04Tlm5€0 |aex|2|E(rd)|2

A =~ —
Vsca 6nc® [ S8(E(M2dV,

[51]

(2)

(3)
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where ¢ is the permittivity in vacuum, n, is the refractive index of the WGM resonator while

c is the speed of light in vacuum.

Figure 2 shows an example of mode-broadening based sensing. Different from mode-shift
based sensing, mode-broadening based sensing is not sensitive to the changes of ambient
conditions, which allows for the sensing of small particles with higher specificity and accuracy
23] In this system, the detection of an individual nanoparticle with a radius of 70 nm and a
single virus have been realized. However, since mode-broadening based sensing is essentially
based on the energy loss of the cavity, it will no longer function if the analytes are attached on

the WGM resonator for a consistent period of time > !,
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Figure 2. Mode-broadening based sensing (a) Experimental setup for mode-broadening based PS
nanoparticles and virus detection. (b) Transmission spectra of the mode and the corresponding microcavity-
enhanced-scattering optical images upon binding of 0 - 4 nanoparticles (from top to bottom). Reproduced

from ref. . Copyright 2013 John Wiley and Sons.

2.1.3 Mode-splitting based sensing

In WGM resonators, the optical modes possess a two-fold degeneracy since light can propagate
in both clockwise (CW) and counterclockwise (CCW) directions °*. These counter-

propagating degenerate modes share the same mode characteristics including resonant
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frequency and field distributions. When a particle or molecule is bound to the surface of the
WGM resonator, part of the light is scattered into the surrounding environment while the rest
of it will be scattered back from the original propagating direction (CW, CCW) to the opposite
one (CCW, CW), thus inducing the coupling between the two modes °*! and further lifting the
degeneracy between them. Two standing wave modes (SWMs) will form due to the resulting
interference between these modes, which can be reflected in the splitting of one resonant mode
into two resonances in the transmission spectra of the resonator. Thus, the detection can be

realized through measuring the resonant frequency splitting (shown in Figure 3).
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Figure 3. Mode-splitting sensing (a) Schematic of the experimental setup and (i) The lasing spectrum and
the beat note signal before nanoparticle binding. (ii) The lasing spectrum and the beat note signal after
nanoparticle binding. Reproduced from ref. 0], Copyright 2011 Springer Nature. (b) Field distributions and
transmission spectrum of mode splitting in a whispering gallery mode resonator. Reproduced from ref. (54

Copyright 2010 Springer Nature.

This mechanism is mostly exploited for sensing nanoparticles with size down to 10-100 nm
[56-571 1t has the advantage of providing a self-referenced sensing since the two split modes

share the same noise sources in the surrounding environment °*. In another word, this sensing

technique is not influenced by the ambient noises. What’s more, it enables the detection of
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particle size through the observation on the transmission spectra of the resonator ™). One
disadvantage of the mode-splitting based sensing is that the Q factor of the resonator needs to

be very high to properly distinguish the mode splitting.

2.2 Sensitivity enhancement

Various techniques have been developed for enhancing the detection sensitivity for WGM
sensors. In recent years, hybrid plasmon-photonic WGM structures which combine the
localization surface plasmon resonances (LSPR) with the WGM resonators have been proposed
to effectively enhance the sensitivity '), The combination is usually realized through coating
the resonator with a thin layer of metal °“®* or attaching plasmonic nanoparticles to the
resonator > %), Taking advantages of both the ultra-low loss characteristics of WGMs and
the strong field localization of LSPR modes, these structures normally contain high Q-factor as
well as small modal volumes. Plasmonic-enhanced hybrid microresonators have proved their
capabilities of lowering the detection limit to single-molecule detection level ***”-°1. B.Q.
Shen et al proposed a dissipative sensing method to detect single gold nanorod with a high-Q
microtoroid resonator . By setting the probe wavelength on and off the surface plasmon
resonance, the linewidth change and the mode-shift can be detected simultaneously to evaluate
both the reactive and dissipative sensing methods, thus providing more information of the
nanoparticles such as the particle polarizability. More recently, the hybrid WGM resonator was
further combined with a graphene layer to improve the Raman signals through charge transfer
between the graphene and the analyte molecules (). This hybrid WGM ZnO/graphene/Ag
structure contained three kinds of enhancement factors, namely the strong light-matter
interactions provided by WGM resonators, field enhancement by SPR and chemical

enhancement by graphene. Thus, a femtomolar surface-enhanced Raman spectroscopy (SERS)
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response with an enhancement factor up to 10'* and an ultralow detection limit down to 10" M

for probe molecule detection can be realized.

Other approaches including mode locking, active microlasers, exceptional point and ring-up
Spectroscopy, have also been proposed to effectively enhance the sensitivity °*. Some of these

methods focus on the enhancement based on specific sensing mechanisms. For example, mode

26, 67, 68]

locking method ! is used to improve time resolution based on mode-shift sensing. Here,

the probe laser frequency is locked to the WGM resonance by an electronic feedback loop. The

mode-shift signal induced by particle/molecule binding can then be extracted from the direct

[56,57, 69

measurement of the feedback error signal [®]. Active microlasers I'and exceptional point

(7072 ‘mainly enhance the mode-splitting sensitivity. Compared to passive microresonators
which require external laser sources, the microlaser based active WGM resonators can be an
excellent alternative platform to release the dependence on the tunable laser source and decrease
the costs and bulks of sensing systems. The detection limit is significantly lowered by optical
gain, which can be provided through rare earth ion doping (such as erbium, yttrium, thulium

40, 73]

doping) [ 56, 74

or stimulated Raman scattering | ], In microlaser-based detection, the

detection limit is determined by the laser linewidth, which can be made much narrower than

the resonance linewidth of any passive resonators '’

. This provides opportunities for
monitoring small particles/biosamples that are unable to be detected by passive resonators.
Through monitoring the beat note signal in the laser output, individual nanoparticles can be
continuously detected, including 15-nm-radius polystyrene particles, 10-nm-radius gold
particles and influenza A virions “*). Recently, K. Wang et al. developed a novel mechanism to

detect nanoparticles with perovskite-based active microresonators .

They have
experimentally demonstrated that the intensity of the scattered laser light shows a monotonously

increase with the radius of nanoparticles. In this way, by directly measuring the intensity of

laser emission, the detection and sizing of nanoparticles can be achieved with high sensitivity

10
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[75-76] "Unlike the above mentioned techniques, cavity ring-up spectroscopy (CRUS) is able to
detect the mode shift, broadening and splitting signals synchronously V'""). CRUS is an ultra-
fast approach to acquire spectral snapshots of WGM resonators at minimal time period. By

retrieving the ring-up signal and capturing spectra of WGM resonators at time intervals as short

as 16 ns "), kinetics and events in the nanosecond regime can be monitored.

3 Integrated sensors based on microfluidic WGM resonators

The majority of WGM sensors have been realized using bulky and sophisticated laboratory
setup under strict environment. Although high sensitivity can be achieved, the WGM resonators
need to be carefully aligned with high precision and in a bulky scale . Also, the system is
very vulnerable and easily affected by the surrounding environment noises. Therefore, there is
increasing need in developing a robust and integrated system for WGM resonators. In past few
decades, the rapid development of lab-on-a-chip microfluidic systems have opened many new
possibilities and provided a solution to this problem ", The lab-on-a-chip system integrates
laboratory work into a chip platform, which aims to increase the robustness and consistency of
sensing results and realize the automation of various bioassays. It also offers a way to
manipulate sample solutions and implement bioassays with decreased reagent use and reaction
time. Combining with the capabilities of optical platform in transducing the biological or
chemical signal of the analytes to a quantifiable optical signal with high precision, the concept
of photonic lab-on-chip devices have aroused great interest in recent years ©°'). Therefore, more
researches have emerged concerning integrating WGM sensors with microfluidics to build

portable lab-on-a-chip devices.

In this section, we roughly divide those WGM resonators into three categories: solid, liquid
and hollow resonators. To make it clearer to the readers, we list the advantages and current

challenges of different kinds of WGM resonators in Table 1. Then, we focus on the recent

11
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development of integrating different kinds of WGM sensors with microfluidics, including some

packaging methods and integration techniques.

Types of WGM
Advantages Challenges
resonators
Easily fabricated; Low detection
Planar
: Easily integrated into chip scale. sensitivity.
Solid
t .
resonators Complicated
(29, 82] Higher detection sensitivity o
Pillar fabrication procedures;
compared to planar resonators.
Mechanical instability.
Serve as both samples and sensors;
Liquid resonators High detection sensitivity; Liquid evaporation;
(83, 84] ) : o

Tunable sizes and shapes; Structural instability.
Enable real-time sensing.

Hollow resonators Structural stability; Complicated

[23, 85] . . ce . fabricati d

High detection sensitivity. abrication procequres.

Table 1. Comparison of different types of WGM resonators

3.1 Solid resonators

It is known that a vast majority of previous WGM sensors have utilized solid cavities as the
resonators. Over these years, considerable efforts have been paid to on-chip WGM sensors since

they present great opportunities for integration with microfluidic devices. Many cavity

12
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geometries have been proposed, which can roughly be divided into two categories: planar and
pillar supported resonators **),

86-92 [93, 94

Micro-rings **? and micro-disks I'are typical planar cavities. Many on-chip WGM

sensors based on planar resonators have been proposed recently, which enables label-free, real-

95-99]. In particular’ silicon-based

time sensing and detection in an integrated platform !
resonators have been widely studied owing to their advantages in photonic integration. R. C.
Bailey’s group has developed a sensing platform based on silicon microring resonator arrays
1191 Sensor chip with a dimension of 6 x 6 mm which consists of 64 microring resonators (30
um in diameter) was fabricated on silicon-on-insulator wafers. Each of the microring was
addressed by a linear waveguide, which allowed the independent recording of the optical
spectrum for individual microring resonator. This platform has been experimentally

demonstrated to be useful in many application scenarios including multiplexed biosensing "

102

and mass concentration detection . Q. Song’s group has developed a novel technique for

1] The limitation of standard photolithography

mass fabrication of high-Q silicon microdisks |
method including high surface roughness and low Q-factor can be overcome through utilizing
isotropic etching process. This technique can effectively smooth the surface of silicon
microdisks to a roughness less than 15 nm. In another work, they have also experimentally
demonstrated a cost-effective and simple mechanism to couple light into the high-Q silicon
microdisk. They connected a waveguide to the silicon microdisks so that the incident light can
be injected into the resonator directly through the waveguide without using the evanescent
coupling setting ’*. This end-fire injection configuration can achieve a coupling efficiency up
to 57% and a Q-factor at the level of 10°. These researches have paved the way for mass
fabrication as well as practical applications of silicon-based resonators. Figure 4 (a)(b) shows

one example of integrated micro-ring WGM sensor ['*Y. In this design, the polymer WGM

microresonator sensor was integrated inside a glass microfluidic chip. The device fabrication

13
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process includes microfluidic chip fabrication through hybrid femtosecond laser
micromachining, freestanding polymer sensor fabrication by two photon polymerization (2PP)
method and assembling with PEEK tubes and optical fibers. This integrated WGM sensor has
been exploited for label-free biosensing with a high refractive index sensitivity of up to 61nm
per RIU. Furthermore, in the biotin—streptavidin binding experiment, the minimum detectable
surface density increase can reach 67 = 5 x 10° molecules per um. In Figure 4 (c), a micro-ring
resonator integrated with poly-(dimethylsiloxane) microfluidic channels was illustrated by S.
Wu et al '], The incorporation of microfluidic channels not only significantly decreased the
sample consumption and experimental cost, but also made the modification of the chip more
efficient. The real-time and quantitative detection of IgG with a detection limit of 0.5 pg/ml

was demonstrated, which is 14 times lower than previously reported microring resonators.

Generally, planar resonators are limited to a low detection sensitivity due to the low Q factor

caused by their direct contact with the substrate. As a result, several methods were proposed to

[106]

increase the sensitivity, including employing slot waveguides' -, using porous silicon

[107] [108-110

resonators , cascading the resonators I and amplifying signals through particle

trapping '), etc.

14
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Figure 4. On-chip planar resonators for sensing. (a) Schematic view of the glass microfluidic chip; (b)
detail of the WGM biosensor integrated inside the microfluidic channel. Reproduced from ref. ' with
permission of Royal Society of Chemistry. (¢) Schematic illustration of the integrated sensing system. (d)
Photograph of the PDMS microfluidic channels. Reproduced from ref. [105]

Publishing.

with permission of AIP

To overcome the challenge of low sensitivity, pillar supported resonators, namely

[27,112,113] [114,115 [38,116

microspheres , microgoblets I'and microtoroids 1 which can lead to a much

higher detection sensitivity due to their high Q factor compared to planar resonators, have been
exploited. Nonetheless, the fabrication process is more complicated. The requirement of tapered
fiber as the coupling device also results in mechanical instability. Thus, many studies have been

carried out to fabricate chip-scale pillar supported resonators. Although the incorporation of

[117]

silicon substrate facilitates photonic integration ', it still has several disadvantages including

its biocompatibility difficulties and strong absorption of visible light, which hinders the sensing

[118 [116, 118] [114,

applications in this region !''®. As a result, other materials such as silica , polymer

119] [120

, silicon nitride " and chalcogenides ''*], have been explored to fabricate microresonators.

For example, Figure 5 (a) shows the fabrication process of all-glass microtoroid resonators '™,

The fabrication process preserves the same scheme as SiO,-on-Si microtoroids but removes the

15
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silicon pillar and results in a silicon toroid atop an oxide pillar. The elimination of silicon largely
facilitates large-scale integration and enables fluorescence detection. The integration of
microtoroid resonator with waveguide was also reported by X. Zhang et al !'*"!. Through the
combination of top down and bottom-up fabrication methods, they packaged silica microtoroid
with an on-chip waveguide to form a monolithically integrated microtoroid-waveguide system.
This system offers the advantages of high quality factor which exceeds 4 million and
wavelength flexibility, which is of great importance in sensing applications. T. Wienhold et al
(141 hroposed an all-polymer sensing platform based on microgoblet resonators (Figure 5 (b)).
The microgoblet resonator was fabricated through spin-coating, optical lithography, wet
chemical etching, and parallel thermal reflow procedures. Further, they exploited this platform
to perform refractive index sensing, which shows a high sensitivity of 10.56 nm per refractive
index unit. This integrated microfluidic chip based on all-polymer WGM resonators has the

advantages of low fabrication cost and high throughput, thus has great potential in promoting

disposable chips with low cost and high sensitivity in sensing platform for point-of-care
diagnostics.
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Figure 5. (a) Fabrication process of all-glass toroid resonators. Reproduced from ref. [118]

with permission
of John Wiley and Sons. (b) PMMA microgoblet lasers fabricated on a polysulfone substrate: (i) Zoom-in

of a single PMMA microgoblet laser fabricated on a polysulfone substrate. (ii) Array of 100 microgoblet
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lasers fabricated by parallel solution-based processing. (iii) Photograph of a sensing chip. Reproduced from

ref. "' with permission of Royal Society of Chemistry.

To date, most studies on WGM resonators have utilized a tapered fiber to efficiently couple
light into the resonator. However, this coupling system are limited by environmental
disturbance because of its low mechanical stability, which will affect the sensing precision and
hinder their wider applications. To overcome this challenge, several researchers have designed
the packaging strategies for WGM sensors to form an integral structure. These packaged
systems are not only more reliable due to the increase in stability of the coupling between the
fiber and WGM resonator, but also more portable and integrated. Here, two main strategies are
most commonly presented: (i) wholly-package; and (ii) spot-package . Wholly-package is a
technique of enclosing the entire coupling system with a low refractive index (RI) material. Y.Z.

1 "% proposed a packaged microsphere-taper coupling structure using the low RI

Yan et a
ultraviolet glue as the coating material. This method has successfully isolated the microsphere-
taper from the surrounding environment and managed to maintain the Q-factor above 10° for a

few months. F. Monif et al ['*)

encapsulated a microtoroid resonator with a coupled fiber taper
using low RI polymer. This system was tested under various ambient conditions to have high
robustness with a high sensitivity of 0.131 nm/ °C for thermal sensing, which is 10 times higher
than unpackaged silica microtoroid. Wholly-packaged design provides protection for the WGM
resonator from the external perturbance. Though being able to isolate the environmental noise,
this scheme also isolates analytes at the same time, which makes it unable to realize bio-
chemical sensing through measuring interactions of the evanescent field with analytes.
Moreover, the coupling conditions will be affected in the package process and Q factor will be
decreased due to the optical loss of the UV polymer. As a result, some researchers designed the

spot-package method for packaging WGM resonators. In this strategy, only the coupling region

was encapsulated with low RI polymer '**. Compared to wholly-package method, this structure
17
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is able to maintain the ability of interacting with the analytes. However, operation of this
packaging technique is relatively difficult. Also, due to the fact that smaller package spot will
decrease the system robustness while larger point will reduce the Q factor, the size of package
spot should be carefully controlled to reach a balance between good stability and high Q-factor.
There are also some other approaches to address this issue. Some special microresonators were
also designed and optimized to allow stable and controllable coupling by placing the fiber taper
in contact with the resonator. For instance, inverted-wedge resonators were designed so that the
thin outer ring of the resonator can provide support for the coupling fiber, which leads to robust
coupling status !'**. Moreover, an octagonal toroidal microcavity were fabricated to enhance
the mechanical stability of coupling by allowing the tapered fiber to touch the sidewall of the
cavity ["*®!. Furthermore, coupling systems in the form of in-fiber couplers possessing the

advantages of compactness and robustness have also been reported '*"'*),

There have been many efforts to exploit the integration of WGM sensors with microfluidics.
These microfluidic integrated WGM platforms provide promising opportunities in real-time

B9 developed a compact WGM system

biodetection and point-of-care diagnostics. X. Xu et al |
with multiple components including a tunable laser, a function generator and a photodiode
detector and demonstrated its application in temperature sensing. This system, though have not
been fully integrated with microfluidics, provides some insight in terms of combing and

integrating different components for LOC devices. A. I. Gubin et al ['*!]

reported a technique
based on a WGM resonator covered by a plastic layer with a microfluidic channel to measure
the permittivity of liquids. The liquids were measured inside a microfluidic channel on a top of
the WGM resonator, which not only ensures the contactless measurement but also increases the
sensitivity. Through analyzing the interaction of electromagnetic field with liquid in a WGM

resonator and measuring both the WGM resonance frequency shift and the change of the inverse

quality factor, the small concentration change in biochemical solutions can be detected with
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high accuracy. This approach was applied to obtain the complex permittivity for small volume

of sample solutions such as glucose, albumin bovine serum, lactalbumin and cytochrome C.

Apart from the integration with channel-based microfluidics with relatively bulk liquid
volume, some work has also been explored in using droplet microfluidic to further decrease the
reagent volume and reaction time. For example, S.M. Wildgen et al '"**! proposed to use WGM
resonators in small droplets to facilitate rapid analyte detection. They loaded 500 barium-
titanate microsphere resonators into a 10 uL. PBS droplet on a hydrophobic surface. WGM
resonances were excited by the evanescent field at the substrate interface, which is very
sensitive to the refractive index change caused by the binding of biomolecules onto the
functionalized WGM resonators. Each resonator can serve as an individual assay, which enables
multiplexed sensing with extremely small volumes. This study is very useful in rapid biosensing
applications where fast mass transfer of the analyte and quick response time upon analyte
binding are required. L. Luan et al integrated a microdisk resonator and a photodiode into a
digital microfluidic (DMF) system !'**!. In DMF systems, each droplet serves as an isolated
microreactor, which is easily manipulated and convenient to conduct parallel experiments. The
integration allows for sample preparation of different concentrations in droplets and refractive
index change detection through measuring the electrical current signal transduced from the
optical output. Though multiplexed sensing was not supported in this work, it is a significant
step towards the integration of optical systems, which has great potential in clinical diagnostics.
More recently, S.F. Wondimu et al have successfully integrated multiple whispering-gallery
mode sensors into the DMF system for multiplexed sensing !**!. In this setup, microgoblet
resonators are integrated on the top substrate of the DMF assembly. The WGM resonators were
doped with organic dyes so that they can function as optically pumped lasers. Excitation and
read-out of the microgoblet lasers can be realized via free-space optics, which enables large-

scale integration. On the bottom substrate of the system, actuation electrodes are placed to

19



WILEY-VCH

manipulate droplets (shown in Figure 6). Both refractive index sensing and label-free detection
were demonstrated using this system. The experimental results show a refractive index
sensitivity up to 28.11 nm per RIU and a sensitivity of 3.83 pm pg ' ml for streptavidin
detection. Combining the advantages of both droplet microfluidics and WGM resonators, this

technique enables in situ label-free detection of multiple analytes in a single DMF cell.

(a) Time=t, Time=t, Time=t,

e R A | 7
(b) (c)

Top substrate (glass)

Counter electrode (ITO)

Microgoblet laser

Hydrophobic coating
(Teflon)

Dielectric layer (CEP)

H Y
Actuation electrode

(c jum) Move Split

Bottom substrate
(glass)

Figure 6. Cross-sectional view of a digital microfluidic system integrated with microgoblet resonators. (a)

Analyte delivery process through activating the electrodes. (b) Close-up of the integrated system depicting

[134]

the material layers (c) Some basic on-chip microfluidic operations. Reproduced from ref. with

permission of Royal Society of Chemistry.

3.2 Liquid resonators

Although solid resonators have been widely adopted in WGM sensors, they have some
fundamental disadvantages. One important issue is that the shift in WGM resonance frequency
is small since samples only interact with the relatively weak evanescent tail in external medium.
Also, long detection time is often required due to the delivery of samples and the requirement

of reaching surface equilibrium conditions.

As a result, some researchers have proposed to use micro-resonators which are directly

made of liquid droplets containing the reagents to be detected. In this way, droplets serve as
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[135

both the samples and the sensors. Liquid resonators were studied since 1970s ['**). Over these

[136]

years, many new designs of liquid resonators have been proposed. Typically, a capillary r

7 is used to sustain a droplet as the resonator. When a laser beam is close to

cylindrical stem !
the droplet rim, the WGM spectrum of the liquid resonator is formed. This setting ensures that

target molecules are able to interact with the stronger portion of the WGM, which fully

exploited the cavity enhancement of WGM, thus leading to much higher detection sensitivity

[84] 138, 139]

. Another key advantage of liquid resonators is their tunable sizes and shapes |
compared to solid resonators which have fixed geometries after fabrication. Liquid resonators
also allow for frequency-tunable resonance modes with external stimulus such as electrical

[141

control "* or surface tension alteration ["*!!. Furthermore, utilizing liquid resonators enables

real-time sensing and detection of the samples.

Liquid resonators are suitable for integration with microfluidic manipulation or analysis
platforms owing to their low-cost and convenient fabrication process. The integration has many
notable advantages. Firstly, it is obvious that the microfluidic chip offers a sealed place for bio-
reactions, which helps reduce the perturbations from the environment. Furthermore, the
microfluidic channel provides an effective way to generate and manipulate droplets. Through
microfluidic channel design, one can control the size of droplets to realize the tuning of WGM
resonance !'**.. There is also report in utilizing silicone rubber to hold and manipulate droplets
(1421 A droplet array can be designed through this method, which holds great potential in many
novel applications due to the combination of the intra- and inter-cavity resonances. Moreover,
the integration with microfluidic chips provide a convenient way to introduce many other unit
functions into the system. For example, one can embed heating modules inside a microfluidic
chip to control the temperature of liquid resonator, which realizes real-time thermal tuning !'**!.
To facilitate effective integration, many free-space coupling techniques have been exploited

[144-147] "For example, some researchers inserted optical fibers into the chips and trap the droplet
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193] which provides a feasible way to trap

inside the microfluidic channel with optical tweezers
droplet resonators inside microfluidic channels and perform sensing experiments. As shown in
Figure 7 (a), droplets with different size can be trapped by optical tweezers near the tip of an
excitation fiber such that WGMs inside droplets can be excited with a tunable laser. Q-factors
of WGMs up to 1.8 x 10" were measured for droplets with a diameter of 45um. Spectral shifts
of WGM were also observed due to droplet dissolution, which shows its capability of sensing
minute perturbations. Complex systems such as double emulsions can also be realized through
the integration of microfluidic chips. L. Zheng et al !'**! designed a microfluidic system with
embedded liquid lasers. Double emulsion droplets were generated through two microfluidic
capillary devices in series (Figure 7 (b)). In particular, they designed two modes of employing
laser droplets: the benzyl alcohol droplets contained dye solutions were either embedded within
or wrapped around aqueous microfluidic droplets. Both cases were characterized in terms of
lasing behavior through detecting WGM resonances. The experimental results show great

14
1 also

potential in realizing on-drop sensing through WGM-based lasing. L. J. Chen et al !
proposed a double emulsion system facilitated by microfluidics, where the droplet’s position
can be controlled using a magnet. Although further sensing experiments are not performed in
this article, the idea of employing liquid crystals droplets as WGM microresonators in a

microfluidic context is inspiring. The high Q-factor as well as the electric-field tunability of

WGM lasers presented in this system have great potential in various sensing applications.
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Figure 7. (a) Experimental setup of microdroplet scattering experiments and an image of scattered light
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when the trapped droplet was excited by a red laser. Reproduced from ref. [145) \yith permission of The

Optical Society. (b) Glass capillary devices to embed liquid lasers within aqueous microfluidic droplets.

£ [148]

Reproduced from re with permission of Wiley Online Library.

3.3 Hollow resonators

Despite the advantages provided by liquid resonators, they have the drawbacks of liquid
evaporation and structural instability, which greatly limits their practical applications.
Therefore, many researchers have proposed to solidify the media surrounding liquid droplets.
This type of resonators with thin spherical shells and hollow volume inside can be summarized
as hollow resonators (*). In this way, the resonators not only have increased stability compared
to liquid resonators, but also maintain most advantages of liquid resonators compared to solid
ones such as high sensitivity and convenient integration with microfluidics. Hollow resonators

[150-152

can be roughly divided into two categories: bottle-like resonators I'and the microbubble

1 154
resonators (153,15

I The latter is more commonly adopted owing to its high Q-factor. They are
usually fabricated through local heating on a silica microcapillary while pressurizing the cavity
internally. The local heating and internal pressure will determine the cavity shape and shell

thickness. For example, a single-mode fiber embedded microbubble resonator with compact

size and low cost as a highly sensitive pressure sensor was reported !'>>.. The microbubble
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resonator with wall thickness down to 2 pm was fabricated by utilizing the pressure-assisted
arc discharge technique. This ultrathin resonator can provide a pressure sensitivity of 164.56
pm/kPa and a temperature sensitivity of 4 pm/°C.

Recently, researchers have focused on tuning the WGM resonance through temperature >,

[157-159] [160-162]

strain or pressure , which has laid a foundation for different sensing applications

using microbubble resonators. Some researchers also studied the optimized geometrical

1631 Other than theoretical calculations and

parameters of microbubble resonators for sensing
simulations, more and more researchers have focused on constructing integrated microbubble

WGM sensors for sensing applications. In the most commonly used setup, the sample fluid '**

165] [23

or air ! is passing through the microbubble resonator for detection, usually by connecting
to a syringe pump or a compressed air source while a tunable laser source is coupled into the

hollow WGM resonator through a tapered optical fiber.

Like solid resonators, many packaging strategies have also been proposed for hollow
resonators. T. Tang et al showed an example of packaging the microbubble resonator with the
fiber !, Figure 8 (A) shows the four steps of packaging process, including optimal coupling
of the microresonator and the fiber taper, fixation of the resonator, injection and solidification
of UV polymer. The packaged system is capable of conducting sensing experiments in aqueous
environment. The sensing performance were evaluated through refractive index sensing and
surface sensing, which shows a sensitivity of 18.8 nm/RIU and 31.29 pm/nm. Besides
microbubble resonators, there has also been progress in the fabrication and packaging based on

17 proposed a self-assembled and packaged

microbottle resonators. G. Persichetti et al |
microbottle resonators in a full polymeric lab-on-a-chip sensing platform. In this packaging
scheme (Figure 8 (B)), a planar SU-8 waveguide was fabricated instead of the commonly used

tapered fiber to enhance the stability and a fiber stem was used to mechanically support the

microcavity without affecting its optical properties. Two holes are drilled at the ends of fiber
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stem, which allows for the controllable delivery of glue. This spot-package technique
effectively prevents packaging directly on the coupling region and is able to perform bio-
chemical sensing. This platform has a refractive index sensitivity of 120 nm/RIU. Possessing
the advantages of high sensitivity, good portability and robustness, packaged hollow WGM

sensors can be exploited in integrated photonic devices for various sensing applications.
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Figure 8. (A) Packaging process of microbubble resonators. Reproduced from ref. ') with permission of

Optical Society of America. (B) Lab-on-chip platform fabrication and packaging steps of microbottle

167]

resonators. Reproduced from ref. "' with permission of Elsevier.

4 Applications

WGM resonators have been exploited in a wide range of sensing applications due to the strong
dependence of the mode changes on the resonator geometry and surrounding environment /'),
Here we briefly review some of the latest development in different sensing applications,

including nanoparticle and biomolecule sensing, temperature, humidity and pressure sensing.

4.1 Nanoparticle and biomolecule sensing
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WGM sensors have been widely used in sensing applications because of their capability of
detecting particles or biomolecules in a label-free manner. Here we briefly review some of the

latest progress in these areas.

Nanoparticle sensing has drawn significant attention from the research field during the past
few years. Various geometries of resonators and sensing mechanisms have been exploited to
improve the sensitivity. For example, using liquid resonators instead of solid resonators can
greatly enhance the detection sensitivity™®". Microbubbles have been proved to have much
better performance than microsphere resonators in particle sensing ['**!. J. M. Ward et al "]
have successfully demonstrated that using microbubble resonators can largely increase the
detection sensitivity beyond the limitation of the evanescent field. The experimental results
show that in mode-broadening based sensing for 100 nm particles, there is 276 times increase
in terms of the number of linewidths compared with microsphere resonators. More recently, H.

Jing et al ')

use a spinning a WGM resonator other than the commonly used stationary one to
achieve much higher sensing performance. The mode-splitting based sensing is enhanced due
to the different sagnac frequency shifts experienced by the clockwise and counterclockwise

optical fields during spinning. In Table 2, we have summarized the performance of different

types of the WGM sensors for nanoparticle and biomolecule sensing in recent papers.

Types Analytes Strategy Performance Ref
Microring Biotin_ ) ) Detection limit: 0.0048 +
Fabricated by hybrid 0.0003 RIU

streptavidin femtosecond laser o (104]
Sensitivity: 61 £ 1 nm per

> micromachining
——— ) RIU

) Ultrahigh Q polymer
Bovine serum microring Detection limit: 5.3 pg/mm?* | 7%
albumin i
Microdisk NACL Silicon photonic micro- Detection limit: 5.5%10™* (172]
Protein A disk RIU
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Sensitivity: 142 nm per RIU

biotin-BSA
- Human IgG Active }i\}/ﬁ gggil:lid_])mm Detection limit: 9 ag/ml (73]
\\\_’J
o Novel referencing scheme | Detection limit: 104 ng/ml | [174]
Streptavidin ) ) o
Microdisk laser arrays Sensitivity: 13 pg/ml
Microsphere Two microspheres in [175,
Neutravidin microstructured optical | Detection limit: 0.20 pg/mL | 174
fiber
\‘> B. globigii Quantum Dot-coated Precision: 3x10™* in RI (77l
\ Microsphere
Helicobacter Silica microspheres Detection limit: (178]
hepaticus P 1x10* cells/mL
Microtoroid Accuracy in mode shifts: 10
o attometers
Digital . [24]
Exosome frequency locking Detection limit: single
P exosome with size of 44 +
\K 4.8 nm
Human Robust, silane- based T (179]
interleukin 2 surface modification Detection limit: 0.1 nM
Human ch0r19n1c Frequency locked Detection limit: 3fM [67]
gonadotropin resonators

Microbubble

\

Silica molecules

Packaged system using
polymer

Detection limit: 31.29
pm/nm

Sensitivity: 0.02 ng/mm’

[166]

>~ E. coli PVA-Lysozyme o [180]
) Detection limit: 0.5 ppm
— paraoxon microbubbles
Detection limit: 15 fM
Lead ions GR-5 DNA;yme Sensitivity: 265.2 nm per (181]
modification
RIU
Microbottle Bovine serum Self-referenced
X differential-mode detection | Detection limit: 10 fg/ml (182]
albumin scheme
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: . Detection limit: 7.8x10°°
‘\ Integrated polymeric self- RIU

Ethanol solutions
assembled resonators o
Sensitivity: 120 nm per RIU

[167]

Table 2. Performance of different types of the WGM resonators for biosensing

In the particle sensing process, it is important to deliver target particles precisely to the

sensing region. To solve the limitation due to the reliance on random diffusion, K. Han et a] ['®”]

use an optomechanical sensor to enable the detection of flowing particles with high throughput.
It is also highlighted that the mechanical properties of particles including mass density,
viscoelastic dissipation, mechanical compressibility and elastic modulus can be measured. The
experimental results indicate that these optical measurements can be realized at rates exceeding
10,000 particles per second. The group also demonstrated real-time sensing with electro-opto-
mechanics''**. The proposed scheme has a temporal resolution of better than 20 ps and particle

size sensing resolution down to 490 nm. Moreover, there is some progress in making on-chip

[111,118]

single particle sensing and imaging systems , which facilitates large-scale integration.

Nanoparticle sensing has opened many possibilities for biological applications and clinical
diagnostics, where the presence and characteristics of analyte molecules need to be accurately

detected and quantitatively analyzed. To date, many biomolecules have been detected,

[24]

including viruses 491 bacteria ['® 18] DNA P RNAg 130, proteins [27.187] " axosomes ** and

ribosomes *°). Researchers are now able to detect not only the presence of biomolecules, but

188] [38, 44

also the information regarding the concentration !'**!, size and mass I'of the analyte through

the signal change of WGM sensors. In biosensing applications, it is also of vital importance to

. . . . . . 2
monitor the specific interactions between molecules, which has been reported in many cases >

51]
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Figure 9. (a) Silicon microchip overlaid with four red boxes indicating sub-array regions containing 8
microring resonators, each functionalized with an antibody specific for a different cancer biomarker
antigen. (b) Methodology of the layer-by-layer signal enhancement on the microring resonator silicon

surface. (d) A real-time plot showing the resonance wavelength shifts through the entire bioassay.

£ [189]

Reproduced from re with permission of Royal Society of Chemistry.

It is also worth mentioning that the recent development of integrating microfluidic chips with
biosensors has paved the way for multiplexed sensing. Through the proper design of
microfluidic systems, large quantities of parallel experiments from sample loading to controlled
bio-reactions can be performed ["*°!. Thus, combining with WGM resonators, which can also
be cascaded as arrays to realize multiple sensing, an integrated system with parallel processing
and multiplexed sensing abilities can be built. To elaborate, an array of microring resonator
integrated with microfluidic chips in a compact cartridge was proposed to realize multiplexed

(1961 The integrated cartridge includes an optical chip, a microfluidic layer, an

biosensing
adhesive film and a plastic shell. Light is split and coupled to six microring resonators in

different channels, which are all individually addressable by a microfluidic channel containing

input and output ports to transport different analytes. This work shows the capability of using
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integrated WGM sensor array to perform multiple sensing experiments in parallel. A.L.
Washburn et al !'® exploited a chip-integrated biosensor array to realize the multiplexed
detection of cancer biomarkers. Figure 9 (a) shows the design of a silicon microchip with 32
active microring sensors arranged in an array for simultaneously detecting eight different
analytes in a fully automated antibody-based sandwich assay. Through the layer-by-layer
signal enhancement strategy shown in Figure 9 (b), a real-time measurement of resonance
wavelength shifts was plot during a multiplexed biomarker assay from a human serum sample
(Figure 9 (c)). This work is highly effective and extremely useful in personalized cancer

111 demonstrated the integration of microbead WGM sensors

diagnostics. Later, Y.J. Cheneta
with microfluidics to detect various biomarkers, which has sensitivity down to with nanomolar
level (Figure 10). The microfluidic chip is designed to guide sample loading and control the
flow rate. Through patterning the microfluidic device, microfluidic channels are also able to
both release and trap different kinds of cells, which opens the possibility of realizing the sensing
of multiple biomarkers. In this system, the drug solutions were continuously pumped into the
microfluidic chip and the analyte was captured by the antibody functionalized microbead
surface, thus enabling label-free biodetection. This work shows the great potential of combining
precise microfluidic control with highly sensitive optical sensing devices to realize label-free
and real-time biosensing with high sensitivity and accuracy. We can see that microfluidic chips

play an important role in combining the reaction and detection process in a highly integrated

way.
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Reproduced from ref. 'Y with permission of John Wiley and Sons.

4.2 Temperature sensing

Temperature variation can lead to mode shifting in WGM resonators through inducing a change
of refractive index or size of the microcavity. Therefore, it is favorable to use materials with
large thermal-optic and thermal expansion coefficient as the microcavity. Polydimethylsiloxane

(PDMS) 192 191 polymethyl methacrylate (PMMA) 1% %°1 cholesteric liquid crystal (CLC)

[ 96]

21,14 o 1 . . .
1991 doped silica glass "% are some common choices for the resonator. Different geometries

[87] [197]

for the WGM resonators have been proposed, including microrings ", microdisks

[198] [147]

microspheres , microtoroids "*%, microdroplets and microbubbles ! 1. Recently,
many researchers have devoted their efforts into building integrated sensing devices. L. Wan
et al " developed a chip-scale temperature sensor based on dye-doped polymer microring
resonator. The organic dye R6G-doped polymer was deposited on the microring as a gain
medium, which reduced the spectral linewidth and improved the detection limit. This active

resonator-based temperature sensor enabled a simpler measurement setup with free-space

optics. They characterized the spectral characteristics, lasing threshold and photostability to
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1 proposed a packaged

validate the performance of this temperature sensor. X. Chen et al |
droplet microresonator and demonstrated its application in thermal sensing (Figure 11). They
simulated the regime of quasi-droplet resonators through Mie theory and experimentally
demonstrated the thermal sensing with a sensitivity up to 205.3 pm/°C. The packaged design
offers the advantages of high compactness and facile fabrication. The capability of operating
through free-space optics also has great potential in integrated photonic sensing devices. There
is also report in developing wireless temperature sensor with a packaged microtoroid resonator
(2001 'A UV curable low-index polymer was used to package the resonator with a fiber-taper
waveguide, which ensures the long-term stability of the device. Using this system, both real-
time temperature and temperature distribution in selected areas can be measured. Moreover, a
user-friendly interface with wireless module and customized app was built. This work has

shown the capability of integrating WGM sensors with wireless interfaces for remote

measurement and analysis of sensing signals.
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Figure 11. (a) The experimental setup of the WGM thermal sensor. (b) The resonance shifts as a linear
function of the temperature. Reproduced from ref. '’ with permission of Multidisciplinary Digital

Publishing Institute.
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In Table 3, we summarize the temperature sensing sensitivity of different types of WGM
resonators in recent papers. The sensitivity shown in the table is achieved in the corresponding
temperature detection range, as also listed in Table 3. Note that the detection range represents
the experimental data in each paper instead of the maximum detection range for each category.
Generally, the liquid resonators can achieve higher sensitivity than solid ones, but their sensing
range is compromised. Therefore, the type of microresonator needs to be selected according to

the specific sensing requirements and conditions.

Sensitivity | Detection
Type of microresonators
(pm/°C) range
Dye-doped polymer microring™®”’ 228.6 304 -316 K
PDMS-coated microtoroid!**? 151 293 —-309 K
Solid Packaged silica microsphere!®! 15.1 293 -333K
Ho’" doped microsphere!**” 10 290 -320K
Tm’" doped chalcogenide glass microsphere?*! 28 299 - 370 K
Dye-doped packaged droplet™” 205.3 295 -299 K
Liquid Liquid crystal microdroplet"] 960 296 - 306 K
DCM-doped oil droplet!*”! 377 298 -318 K

Table 3. Sensitivity comparison of WGM temperature sensors based on different

microresonators.

4.3 Humidity sensing
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The refractive index and size of the resonators can also change when absorbing water vapor
(2041 A's a result, WGM resonators can also be exploited as humidity sensors. Efforts have been
paid to improve the sensitivity through optimizing the size and the material of the microcavity

(2051 Many researchers have reported microspheres as the resonators to successfully realize the

206,207 208]

sensing of relative humidity (RH) I M. Eryiirek et al **® utilized SU-8 polymer microdisk,
which is a material that has high interaction with water vapor and also easy-to-fabricate, to
make an integrated humidity sensor (Figure 12 (a)). This integrated sensor with microdisk
resonator and optical waveguide was fabricated through standard single-step UV
photolithography. The chip was placed inside a gas chamber to test relative humidity (RH) from
0 to 50%. A tunable laser light is coupled to SU-8 waveguides through end-face coupling
method and a photodiode is placed at the other end of the waveguide to collect the transmission
signal. Then, the shift in the transmission spectra resulted from both refractive index change
and radius change of the resonator can be measured as the sensing signal. The experimental
results show a sensitivity of 108 pm/% RH between 0 and 1% RH and good sensing response
for RH values up to 50%. This device has the advantages of high sensitivity as well as easy
fabrication. Microbottles which have high Q-factor and good performance are also exploited in
humidity sensing applications. M. A. Md Johari et al **! fabricated a microbottle resonator
(MBR) through “soften-and-compress” method. The MBR was optically excited and proved to
have a Q-factor of 10*. They evaluated the humidity sensing ability of both MBR and no-MBR
microfiber, which showed the superiority of MBR over no-MBR in both sensitivity and linearity.
The effectiveness of a liquid droplet acting as a humidity sensor has been exemplified by L.
Labrador-Paez et al *'°!. They utilized a droplet made of glycerol doped with fluorescent
material as the resonator (shown in Figure 12 (c)). The droplet resonator was formed at the tip

of a modified optical fiber and the fluorescent doping makes it possible to directly observe

WGMs without coupling to a tapered optical fiber. Since the refractive index and radius of the
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droplet will change with ambient humidity, this device was implemented as a highly effective

humidity sensor with high sensitivity of 10~ per relative humidity percent.
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Figure 12. (a) Experimental setup of the integrated humidity sensor. (b) One exemplary transmission

£ [208]

spectrum. Reproduced from re with permission of Elsevier. (c) Image of the liquid resonator made in

the tip of the modified optical fiber and experimental setup. (d) Calibration of the variation of the
wavelength of a WGM peak with increasing RH (red squares) and estimation of the displacement of the
wavelength of the WGM peak from the expected variation of the refractive index and the radius of the

resonator with RH (blue line). Reproduced from ref. 219 \yith permission of The Optical Society.

4.4 Pressure sensing

The spectral shift response of whispering gallery modes with regards to the pressure or strain
has also led to many sensing applications. Several investigations have been carried out
concerning the effects of pressure on the behavior of microsphere resonators. H. P. Wagner et
al ' specifically studied the effects of uniaxial stress on polar WGM and pointed out that the
WGM resonance will reveal a blue shift when the pressure increases. The magnitude of this

shift depends on the radial mode number n. Moreover, L. L. Martin et al *'*! simulated that the
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average sensitivity of silicate microsphere resonators can reach 6.5 x 10~*GPa ', which presents
great advantages compared to conventional pressure sensor. More recently, A. Bianchetti et al
(2131 analyzed a refractometry based pressure sensor with spherical glass WGM microresonators
(Figure 13). The pressure sensing ability has been characterized by measuring the WGM shifts
caused by dynamic sinusoidal pressure variations between £1.8 kPa. It is also verified that
adopting smaller radius of resonator and exciting TM-polarized modes instead of TE-polarized
modes can lead to higher sensitivity. Hollow resonators have also been utilized as an effective
way for pressure sensing owing to their particularly high sensitivity towards sensing air pressure

changes. The microbubble resonator proposed by R. Madugani et al *'*!

is capable of measuring
pressure with a detection limit of 2 x 10 MPa. They applied the Pound-Drever-Hall (PDH)
frequency locking technique to reduce the environmental noise. In this system, the fiber-
coupled tunable laser source was split into two beams. One was used in the feedback loop for
the PDH locking while the other was firstly phase modulated, then coupled to the microbubble
and detected through a photodiode. This system was also proved to have no hysteresis and long-

1 ] fabricated a

term stability, which has great advantages in pressure sensing. Y. Yang et a
microbubble resonator with ultra-thin wall (~500 nm) and extremely high Q-factor (>5x10),

which allows for pressure sensing with a resolution of 0.17 mbar. Techniques including the

[215, 216] 217]

incorporation of membranes and orthogonal demodulation Pound-Drever—Hall !
have also been developed to increase the sensitivity as well as decreasing the detection limit of

pressure sensing.
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Figure 13. (a) Experimental setup of the WGM pressure sensing platform. (b) Spectral shift versus pressure

£ [213]

for two spheres of radii R{=127 pm and R,=89 pum. Reproduced from re with permission of Elsevier.

4.5 Ultrasound sensing

The high Q-factor of optical WGM resonators also makes it a promising approach to realize
high frequency ultrasound detection, which enables non-invasive medical imaging as well as

218-22 . . g .
(2182201 Over these years, various microfluidic optical

structural diagnosis of biological samples
resonators have been exploited for highly sensitive ultrasound detection in miniaturized sensing
devices. The most commonly developed types here are micro-ring resonator-based ultrasound

[

sensors > H. Li et al designed a transparent ultrasound detector based on a polymeric

(2241 Tt enables ultrasound detection with a high sensitivity down

optical micro-ring resonator
to an estimated noise-equivalent pressure (NEP) of 6.8 Pa and an ultra-broad bandwidth of 140
MHz. Figure 14 (a) illustrates the packaged ultrasound detector. Two tapered fiber were
exploited to couple light in and out of the polymer waveguide with a 90-degree bend. This
method simplifies the packaging procedure and has the potential to realize high coupling
efficiency owing to the better mode matching between the tapered fiber and the bus waveguide.
Figure 14 (b) shows the experimental setup of the photoacoustic microscopy system. The

miniaturization and optical transparency of microring resonator was able to be utilized for

microscopy in reflection mode, which makes it compatible with various imaging modalities |
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Figure 14. (a) Schematic illustrations of the packaged micro-ring ultrasonic detector. (b) Experimental setup

of the photoacoustic microscopy system. Reproduced from ref. (224 with permission of The Optical Society.

More recently, optical microbubble resonators were also studied as a promising tool for high-
precision ultrasound detector. J. Pan et al presented a novel ultrasound detection approach based
on high-Q optical microbubble resonators combined with a digital optical frequency comb
technique ***). This hollow microbubble resonator with an ultrathin wall will enhance the

sensitivity to a NEP as low as 4.4 mPa/y/ Hz at 165 kHz. In another work, the microbubble

. . . . 22
resonator serve both as the acoustic transducer and as the microvial for sample preservation %271,

The combination with microfluidic design enabled photoacoustic inspection without the need
for impedance-matching media. In summary, the small size and high sensitivity of optical
resonators have made it a great choice for ultrasound detection, which has great potential in

clinical endoscopic systems.

To date, WGM based sensing techniques have expanded to cover a range of application areas

apart from those mentioned above. WGM resonators have also been exploited as sensors for

[228-230 [231-233 [234, 235 [236-240]
t )

displacemen 1 refractive index 1 electric fields 1 magnetic fields

[241]

liquid concentration and gas sensing ***>*. We anticipate that WGM resonators will play

more and more significant roles in multiple sensing application areas.
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5 Conclusion and future prospects

In this paper, we have reviewed several sensing mechanisms of WGM sensors and summarized
different geometry types of WGM resonators. We also introduced the techniques that can be
exploited to increase the sensitivity of these resonators. It is worth noting that there is a rapid
progress in the development of integrated systems for portable and multiplexed sensing. In fact,
a number of new WGM sensors have already emerged, as summarized in Section 3, covering
various coupling techniques, packaging schemes and integration designs. Many researchers
have investigated the combination schemes for microfluidic chips with WGM resonators to
develop lab-on-chip devices for sensing applications. Thus, we have highlighted the recent
trend of integrating WGM sensors with microfluidics and compared the sensing performance,
together with different resonator designs and various integration schemes (see Table 2). This
review paper provides a useful guideline for integrating optical sensing techniques with
microfluidic systems to perform both the handling and detection of samples, making full use of
the liquid manipulation as well as multiple sample analysis capabilities of microfluidic chips
and high detection sensitivity of WGM resonators. In the last section, we have discussed the

applications of these integrated WGM sensors in different sensing areas.

Nevertheless, current development of integrated microfluidic-based WGM sensors still faces
several challenges: (i) The elimination of environmental disturbance including thermal
fluctuations and spectroscopic noise still needs to be improved for all WGM sensors. Further
enhancement on sensitivity and accuracy of the device is still needed. (ii) The design of a more
robust and stable packaging system while maintaining the ability of bio-chemical sensing can
be further explored. Despite the current development on packaging methods, few of them can
achieve both high system stability and high sensitivity, together with the ease of fabrication.

(ii1)) The multiplexing ability of WGM sensors are highly desired nowadays. Currently, the
39
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coupling techniques are still not optimized to build a robust device with multiple WGM

23] There is still

resonators in single chip platform while possessing the ultrahigh sensitivity
much room for realizing multiplexed detection using an array of WGM resonators, which is of
great importance in many biological applications. (iv) The large-scale optical integration of on-
chip resonators remains a challenge, which is of great importance to promote their widespread
field application in portable and on-site detections ''™. More studies should be carried out on
optimizing material properties and fabrication schemes of the WGM resonators to facilitate
large-scale integration. (v) To date, the research community has not established a general
standard for testing these devices. Thus, the establishment of a reference standard such as
ELISA for integrated WGM biosensors ' will accelerate adoption rate by prospective users.
(vi) Most of the current microfluidic-based WGM sensors focus more on the design of the
packaging schemes for the microresonators rather than the whole automation process from
solution loading to sample detection. However, the concept of full integration represents an all-
in-one automated system with the abilities to conduct controllable sample loading, reaction,

detection and analysis in one device, which has not yet been realized in the current development

of WGM sensing systems.

To summarize, we believe that the key challenge and opportunity here is to make full use of
the advantages of both microfluidic techniques and WGM microresonators. In addition to
further improving the Q-factor of WGM microresontors, we also should pay more attention to
utilizing the current microfluidic integration techniques to increase the stability and reduce the
size of the sensing device. Most importantly, the convenient sample handling and multiplexed
detection abilities of microfluidic technologies should be exploited to promote the practical
applications of microfluidic-based WGM sensors. One can readily see that if more efforts are

put into the development of fully integrated WGM sensors, all-in-one point-of-care diagnostic
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devices with high detection sensitivity as well as high robustness will be realized in the near

future.
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