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Abstract
Optical Whispering gallery mode (WGM) resonators have attracted attention due to their
label-free and sensitive detection capabilities for sensing. Light is confined and continuously
recirculated within the cavity via total internal reflection at the resonant wavelength. The long
recirculation time significantly enhances the interaction of light with sample, enabling improved
sensitivity. Among various WGM resonators with different geometries, microsphere resonators
fabricated with heating via surface tension can achieve ultrahigh quality factors and small mode
volumes, making them good candidates for WGM sensing applications.
The sensing performance of a microsphere resonator is greatly related to its size. Therefore,
the fabrication method is optimized to form silica microspheres with smooth surfaces and
different sizes (15𝜇𝑚~165𝜇𝑚 in diameter). The size effects on their sensitivities and quality
factors are studied. Silica microspheres with optimal sizes (~45𝜇𝑚 in diameter), which achieve
high sensitivities and large quality factors, are selected for sensing applications. In addition, the
thermal effect on WGM resonators is also explored for silica microspheres and barium titanate
microspheres. WGM resonant wavelength shift versus temperature change is measured in a
range of 21℃ to 45℃. Red shifts with increasing temperature are observed in all size
microsphere resonators, which match the theoretical analysis.
Silica microsphere resonators with the optimal sizes are utilized in a WGM biomolecule
sensing application. Cholera toxin specifically binds to GM1, which can be detected by the
WGM resonant wavelength shift. A DOPC/GM1 bilayer is transferred onto the surface of a silica
microsphere via the Langmuir-Blodgett technique. When cholera toxin molecules bind to GM1,
the refractive index increases, leading to the red shift of the resonant wavelength. By changing
the GM1 concentration in the DOPC/GM1 bilayer and measuring the total WGM shift, we find
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the maximum amount of GM1 that can be coated onto a silica microsphere’s surface to bind
cholera toxin molecules.
Overall, the cavity size effect and thermal influence on WGM silica microsphere resonators
are studied and optimized to achieve high sensitivities and high quality factors. As label-free
optical detectors, silica microsphere resonators’ application in biomolecule sensing is
demonstrated.
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Chapter 1

Whispering Gallery Mode Resonators

1.1 Introduction
Resonant optical sensors have drawn much attention, owing to their compact structure, wide
dynamic range, electrical passiveness and various sensing capabilities. They have, for example,
been used in the measurement of temperature, pressure, force, and biomolecules.1 Among optical
sensors, one specific category based on microcavities supporting whispering gallery modes
(WGMs), has aroused interest due to their unique features such as high quality factor (Q-factor),
small mode volume and label-free detection capabilities.2 Historically, the whispering gallery
mode phenomenon was first described by Lord Rayleigh in 1910, based on the observations of
sound traveling the gallery in St. Paul’s Cathedral in London. He explained that when two people
faced away from each other at the opposite sides of the gallery, one could hear another’s whisper
via sound reflections along the circular wall.
In the beginning of the 20th century, scientists realized that a similar phenomenon could be
observed for electromagnetic waves in small, circular symmetric dielectric cavities as well. Light
propagates along a path around the cavity surface via continuous total internal reflection as a
result of the refractive index differences between the surrounding medium and the resonator.
This phenomenon has been named whispering gallery mode (WGM). Although WGM has been
known for many years, the particular properties and various advantages still attract researchers’
interests. The optimization of fabrication techniques has made it possible to fabricate microscale
WGM resonators with larger Q-factor and higher sensitivity for sensing applications. Before
discussing WGM sensors in details, it is necessary to discuss the concepts of total internal
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reflection and the evanescent wave.

1.1.1 Total Internal Reflection and the Evanescent Wave
Whispering gallery mode resonances can be obtained by continuously recirculating light
inside a resonator at the cavity interface via total internal reflection. Light transmission from one
material to another is represented by Snell’s law:

𝒏𝟏 𝑺𝒊𝒏 𝜽𝟏 = 𝒏𝟐 𝑺𝒊𝒏 𝜽𝟐

Equation 1.1

where 𝑛1 and 𝑛2 are refractive indexes of the two materials, and 𝜃1 and 𝜃2 are angles of the
incident light and refracted light, as shown in Fig. 1.1. When light strikes the interface between
two materials with different refractive indexes, the wave will be partially refracted and partially
reflected. At small incident angles, light passing from a medium of higher refractive index to a
medium of lower refractive index will be both refracted and reflected. By increasing the incident
angle 𝜃1 , the refracted angle 𝜃2 also increases. When 𝜃2 = 90°, no light is refracted, instead it is
all reflected. This 𝜃1 is defined as the critical angle 𝜃𝑐 :
𝒏

𝜽𝒄 = 𝒔𝒊𝒏−𝟏 ( 𝟐)
𝒏𝟏

Equation 1.2

As long as the incident angle 𝜃1 is equal to or greater than the critical angle 𝜃𝑐 , light is totally
reflected back into the original medium instead of refracting into the low refractive index
material, achieving total internal reflection (TIR), as shown in Fig. 1.1.
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Figure 1.1. Light behavior at the interface between two media is described by Snell’s law
(equation 1.1). At small incident angles 𝜃1, light transferring from a higher refractive index
medium (𝑛1 ) to a lower refractive index medium (𝑛2 ) will be refracted (𝜃2) and partially
reflected as well. At critical angle (𝜃𝑐 ), incident light is 100 % reflected back into the initial
medium, with no refraction light, this phenomenon is called total internal reflection (TIR). As
incident angle is larger than the critical angle, TIR occurs.

An important application of this is in optical fibers where light can be transmitted along its
axis via TIR. The fiber consists of an inner core covered by a cladding layer, both materials are
dielectric, and the outermost layer is plastic jacket. The refractive index of the core is greater
than that of the cladding layer, causing the light to reflect off the boundary between the two
layers. As a result, light is able to propagate through the fiber with a little loss.
When light transmitting through a medium undergoes TIR, evanescent waves, which are nonpropagating, exponentially decaying electromagnetic fields are formed. Evanescent waves
extend into the lower refractive index medium, as illustrated in Fig. 1.2. As visible light is totally
reflected, the evanescent wave extends into the medium ~ 200 nm.3 Crucially, this nonpropagating field can interact with molecules at the medium surface, which provides a
convenient method for label-free sensing platforms. For whispering gallery mode resonators,
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light is captured inside the cavity via TIR, and the evanescent wave is an important component
for WGM sensing applications.

Figure 1.2. Formation of an evanescent wave at the media interface via total internal
reflection (TIR). The evanescent field strength exponentially decays with the increasing
distance D to media interface.

1.2 Whispering Gallery Mode Resonators
Common WGM resonators are made of dielectric, high refractive index materials and
fabricated with smooth, circular cross sections that can confine light inside via nearly TIR at the
boundary between the resonator and the surrounding medium. When the circumnavigation
distance within the resonator is equal to an integer number of the coupled light wavelength,
constructive interference occurs, leading to WGM resonances, as illustrated in Fig. 1.3.
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Figure 1.3. WGM resonance is achieved through continuous TIR within a spherical
microcavity.

Light is able to propagate within WGM resonators when the refractive index of the resonator
is greater than that of its surrounding medium. Resonance is achieved when the following criteria
is realized:

𝝀𝒓 =

𝟐𝝅𝒓𝒏𝒆𝒇𝒇
𝒎

Equation 1.3

where 𝜆𝑟 is the resonant wavelength, r is the radius of the resonator, neff is the effective
refractive index of the resonant mode, and m is an integer number of wavelengths in a roundtrip
inside the cavity. A strong exponentially decaying evanescent field is formed due to continuous
TIR of light trapped inside the resonator, which extends into the surrounding medium a few
hundred nanometers, and can interact and respond to external environment changes. According
to Eq. 1.3, a linear relationship exists between the resonant wavelength (𝜆𝑟 ) and the effective
refractive index (neff ). Therefore, resonant wavelength shifts can be used to detect changes in the
refractive index of the surrounding medium, which is an important principle for the use of WGM
resonators as label-free refractometric and biological sensors.3-5

1.2.1 Light Coupling Methods and Measurement
Near field evanescent coupling has shown high efficiency to couple light into WGM
5

resonators by significantly overlapping the evanescent fields of the cavity and the coupler.6
Prisms, side-polished fibers, and thinned fibers are common coupling materials used to excite
WGMs, as shown in Fig. 1.4.

Figure 1.4. Light is near field evanescent coupled into WGM microcavities by using a prism,
side-polished fiber and thinned fiber, respectively.

Among these methods, tapered fibers have been reported to achieve high coupling efficiency
above 99%.7 However, the small diameter of the tapered fiber (several micrometers) makes it
mechanically fragile.8 Additionally, if there is any change in the position of the fiber with respect
to the resonator, the resonant wavelength will also change. This makes it difficult to accurately
measure the refractive index changes from the surrounding medium or binding events.9 In
addition, the air-silica boundary is easily contaminated, which increases noise.10
In contrast, although prism coupling is reported to have a lower coupling efficiency (80%), it
is more stable and easier to control.11 Therefore, a Dove prism is utilized to couple light into the
resonator in this work. Figure 1.5 illustrates a simplified process for the WGM resonant
wavelength measurement of a microsphere resonator. The light emitted from a tunable laser is
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coupled into a Dove prism and captured inside the microsphere through TIR, while the
evanescently scattered light is measured by an avalanche photodiode detector (APD). When the
laser is tuned to the resonant wavelength, a characteristic Lorentzian peak can be observed in the
plot of intensity versus wavelength, which is a manifestation that the electromagnetic energy is
trapped within the cavity.12

Figure 1.5. Schematics of the measurement for WGM resonant wavelength. Light from a
tunable laser transferring to a dove prism is coupled into a silica microsphere via TIR. The
evanescently scattered light is detected by an avalanche photodiode. The corresponding
resonant wavelength is recorded showing a peak at wavelength-light intensity curve at the
same time.

1.2.2 Whispering Gallery Mode Resonators for Biosensing
WGM resonators have been successfully used as sensors in the biomolecular sensing field.
Figure 1.6 illustrates the operation theory of WGM biosensors.4 Analyte molecules (purple)
covalently bind to the immobilized antibodies (blue) on the resonator surface. Since the
refractive index of most biomolecules (𝑛 =∼ 1.5) is greater than that of the surrounding buffer
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solution (𝑛 =∼ 1.33),4 the binding event of biomolecules on the resonator surface increases the
effective refractive index (𝑛eff ), which leads to a quantitative red shift of the resonant
wavelength. Therefore, the WGM resonant wavelength shift can be used to detect biomolecules.
The magnitude of the resonant wavelength shift is illustrated in Eq. 1.4:3
∆𝝀
𝝀

= 𝜶𝒆𝒙

𝝈
𝜺𝟎 (𝒏𝟐𝒔 −𝒏𝟐𝒎 )𝑹𝟎

Equation 1.4

where 𝜎 represents the surface coverage of analyte molecules, 𝑛𝑠 and 𝑛𝑚 are refractive indexes
of the cavity material and the surrounding medium, respectively. 𝛼𝑒𝑥 is the excess polarizability
and 𝑅0 is the resonator radius. A biomolecule binding event can cause a change in the excess
polarizability, which is proportional to the molecular weight. Thus, the amount of target
molecules in solution can be quantitatively determined by measuring shifts in the WGM
resonance, as illustrated in Fig.1.6.

Figure 1.6. Schematics of the biosensing method using a WGM resonator. When analytes
bind to the antibodies on the resonator surface, a red-shift of the resonant wavelength is
observed. The amount of bound analytes can be quantified by analyzing the magnitude of the
resonant wavelength shift.
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1.3 Resonator Performance Metrics
In order to optimize sensing performance, some important parameters are necessary to
consider. These performance metrics are discussed in the following section, including quality
factor (Q-factor), photon lifetime, effective path length, free spectral range, mode volume, and
finesse.

1.3.1 Quality Factor and Loss Mechanism
The Q-factor is an important parameter to characterize a resonator’s performance, which is
proportional to the time that light is coupled inside the resonator.8 Q-factor can be used to
measure the storage capacity of a resonator. The ratio of the resonant wavelength to linewidth is
a common method to determine the Q-factor, as expressed in Eq. 1.5:

𝑸=

𝝀𝒓
𝜹𝝀𝒓

Equation 1.5

where 𝜆𝑟 is the resonant wavelength, and 𝛿𝜆𝑟 is the linewidth (full width half maximum,
FWHM) of the resonant peak. Both can be obtained by the Lorentzian fitting. The higher Qfactor, the more efficient that light is captured and recirculated within the resonator. For sensing
applications, a high Q-factor is desirable. As the Q-factor increases, the resonance linewidth
decreases, which enables the measurement of smaller resonant wavelength shifts.13 Meanwhile,
the Q-factor is directly associated with the number of revolution light makes within the
resonator, therefore, high Q-factor is beneficial to enhance the light-matter interaction length. It
has been reported that Q-factor of microsphere resonators could reach as high as 8 x 109 at 633
nm.14 The Q-factor is limited by the loss mechanisms which explains the main factors causing
light to leak out of a resonator. Therefore, it is necessary to understand the loss mechanism to
achieve a high Q-factor. For microsphere resonators, the total light loss consists of both intrinsic
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and external losses. The external loss derives from the coupling method. The intrinsic loss is
related to the resonator size, material and surface conditions, as shown in Eq. 1.6:15
−𝟏
−𝟏
−𝟏
𝑸−𝟏 = 𝑸−𝟏
𝒓𝒂𝒅 + 𝑸𝒎𝒂𝒕 + 𝑸𝒔.𝒔 + 𝑸𝒄𝒐𝒏𝒕

Equation 1.6

where 𝑄rad is radiation loss or bending loss, it is highly dependent on the size of a resonator.
Some of the light leaks out of the cavity since the TIR at a curvature surface is never complete.
As the resonator radius increases, radiation loss decreases due to small curvature angles.15,16 At
excitation wavelength of 633 nm, when the diameter of a microsphere resonator is equal to or
larger than 30 µm, this radiation loss is minimal.17 In addition to the resonator radius, light loss is
also associated with material absorption (𝑄mat). The most important source of material loss often
comes from the light absorption by the cavity material or the surrounding medium.
Equation. 1.7 can be used to estimate the material loss by using an absorption decay constant
𝛼𝑚 :17,18

𝑸𝒎 =

𝟐𝝅𝒏𝟏
𝝀𝜶𝒎

Equation 1.7

where 𝑛1 is the refractive index (~1.457 at 633 nm) of silica resonator, 𝜆 is the resonant
wavelength. The absorption decay constant 𝛼𝑚 is related to factors such as how tightly the light
is confined within a resonator, the wavelength range, and the measurement environment. For
WGM optical resonators operated in aqueous environment, their 𝑄𝑚 is usually higher when
using lasers of the visible spectrum instead of the near-infrared range, because water has a larger
𝛼𝑚 in the near-infrared spectra. 𝑄s.s refers to scattering loss, which originates from surface
roughness and contamination. The microsphere fabrication process may also decrease Q-factor
via surface contaminants (𝑄cont). By improving the fabrication technique to make the surface
smoother and less contaminated, losses associated with scattering and contamination can be
reduced.
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1.3.2 Effective Path Length
The effective path length (𝐿𝑒𝑓𝑓) describes the length of light-analyte interactions within a
cavity, which is linearly proportional to the Q-factor, as illustrated in Eq. 1.8:14

𝑳𝒆𝒇𝒇 =

𝑸𝝀𝒓
𝟐𝝅𝒏

Equation 1.8

here Q describes the Q-factor, 𝜆𝑟 is the resonant wavelength, and 𝑛 is the refractive index of the
cavity. 𝐿𝑒𝑓𝑓 for WGM optical resonators is determined by the number of times the light circulates
within the microsphere, not by the cavity radius.5 Photons in a resonator may circulate hundreds
to thousands of times on average. Therefore, the effective path length can be as long as tens to
hundreds of centimeters, rather than the resonator size which is micrometers.13

1.3.3 Free Spectral Range
The free spectral range (FSR), illustrated in Fig. 1.7, is the wavelength difference between
two adjacent modes in a resonator and is determined by the excitation wavelength and the cavity
size, which can be estimated by using Eq. 1.9:19

∆𝝀𝑭𝑺𝑹 ≈

𝝀𝟐
𝟐𝝅𝒏𝑹

Equation 1.9

where 𝜆 is the resonant wavelength, R is the cavity radius, and n is the refractive index of the
resonator. According to this equation, decreasing the radius of the resonator should provide a
larger FSR, which is beneficial for distinguishing two adjacent modes.
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Figure 1.7. The free spectral range and full width at half maximum (FWHM, linewidth) of a
cavity.

1.3.4 Mode Volume
The mode volume (V) of an optical resonator is described as the equivalent volume that the
WGM occupies.12 The WGM resonator’ mode volume has great influence on the
electromagnetic field strength at its surface.4 Figure 1.8 shows two different mode volumes. The
electric field distributes widely when the mode volume is large (Fig. 1.8. A). On the contrary, the
electric field is more concentrated at the sensing surface for a smaller mode volume (Fig. 1.8. B).
Therefore, a small mode volume is favorable to achieve a large electromagnetic field strength,
which is advantageous for sensing applications.17,20 Additionally, the excitation wavelength can
affect the mode volume. A smaller mode volume can be achieved by using shorter excitation
wavelength sources. Hence, in this work, to optimize the sensor’s performance, we select a short
wavelength of 633 nm instead of the near-infrared wavelengths used elsewhere.
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Figure 1.8. Images A and B illustrate large and small mode volume for a WGM microsphere
resonator, respectively. Small mode volumes have more concentrated electric field, which are
more desirable for surface sensing applications.

1.3.5 Finesse
Finesse (F) is another important parameter that can be used to characterize the performance
of WGM resonators. The definition of finesse is the ratio of the free spectral range to the FWHM
linewidth. Therefore, large finesse means the resonant peaks are narrow, which is usually
desirable to obtain more accurate sensing results. Finesse is also related to the Q-factor and mode
volume. Equation. 1.10 shows the relationship:18
𝑸

𝑭∝𝑽

Equation 1.10

because of this relationship, microcavities with large Q-factor and small mode volume are
desired for sensing applications.
WGM resonators have many advantages for sensing purposes and much work has been done
in the last 20 years to optimize this platform. The geometries, materials and sensing performance
of WGM resonator have thus been investigated.
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1.4 WGM Resonator Geometries and Comparison
A variety of dielectric materials can be used to fabricate WGM resonators, including silica,
silicon, polymers and liquid droplets.4 Figure 1.9 shows several common microscale resonator
geometries, including capillarys, toroids, rings, and spheres that have been reported to support
WGM resonances. They are used for the detection of various biomolecules including proteins,
viruses, and DNA.15 Each geometry has their unique advantages and limitations, which are
briefly listed in Table 1.1. More details are further discussed below.

Figure 1.9. A variety of spherical resonator geometries support WGM resonances,
including liquid core optical ring (A), microtoroid (B), microring (C), microsphere (D).
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Table 1.1. WGM geometries and biosensing performance comparison

Optical Resonator

Detection

Quality

Refractive

Geometry

Limits

Factors

Index

Advantages and Limitations

Sensitivity
(nm/RIU)
+ Fluidic handing capability
Liquid Core Optical

10-4 – 10-7

Ring Resonator

RIU

(LCORR) 21,22

(Refractive

+ Low sample consumption
- Dangerous and time consuming fabrication
103-105

40

- Low Q-factors
- Not robust

Index Unit)

- Hard to realize multiplex sensing
+ High Q-factors
Microtoroid
Resonator23

10-4-10-6

>108

10

+ Well controlled physical dimensions
- Complex fabrication

RIU

- Individual functionalization
+ Mass fabrication
+ Easy to incorporate with chip technology
Planer Ring

10-4-10-6

Resonator24,25,26

RIU

103-105

70-400

+ Multiplex detection
+ High RI sensitivity
- Low Q-factors
- Individual functionalization
+ Low cost
+ Easy fabrication
+ High Q-factors

Microsphere

10-7 RIU

resonator5,27,28

Single
molecule

105-109

20-50

- Hard to realize multiplex sensing
- Not robust
- Individual functionalization
- Lack of mass production capability
- Difficult to integrate with fluidics
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1.4.1 Liquid Core Optical Ring Resonators (LCORR)
A liquid core optical ring resonator (LCORR) is a capillary-based ring resonator. The ring is
formed in the circular cross section of a fused silica capillary, where the WGM resonance is
excited. The capillary has an extremely thin wall of 3-5 µm, which allows the evanescent field to
reach the capillary core and interact with analytes.21 Light circulating repeatedly within the ring
enhances the light-analyte interaction and improves detection limits. The geometry of LCORR
makes it show excellent fluid handing capabilities, so it is compatible with capillary techniques
to deliver fluid.22 However, since HF etching is used to create the thin capillary walls, the
fabrication process can be dangerous and time consuming. Meanwhile, the etching procedure
creates large surface roughness, which limits the Q-factors. In addition, LCORRs are very
fragile, which makes them difficult to integrate into a robust system. It is also difficult to perform
multiplex sensing using this geometry.

1.4.2 Microtoroid Resonators
Microtoroid resonators are 3-D silica resonators that are fabricated on a silicon chip and have
been demonstrated to obtain ultrahigh-Q factors (> 108).23 The physical dimensions of a micro
toroid resonator can be well controlled to accurately produce the desired size. However, the
fabrication process is complex and elaborate, comprising of photolithography, pattern transfer
into the silicon dioxide layer, dry etching and CO2 laser selective reflow. Expensive equipment
and long fabrication times are required to make microtoroid resonators. Figure 1.10 illustrates
the production procedures. In addition, precise alignment of an optical tapered fiber is needed to
excite WGM of microtoroid resonators. Moreover, only individual functionalization can be
realized for this 3-D geometry, which limits multiplex sensing.
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Figure 1.10. Fabrication procedures of silica microtoroids. (a) A photoresist layer is
deposited on a Silica-Silicon wafer by photolithography. (b) HF wet etching creates silica
pads. (c) Silica microdisks are isolated from the silicon substrate via a high-selectivity XeF2
dry etching. (d) CO2 laser reflow produces microtoroid resonators.

1.4.3 Planar Ring Resonators
Planar ring resonators are normally small waveguides that can be fabricated onto a solid
substrate, such as silicon or silicon nitride using mature photolithography techniques.24 Thanks to
the well developed microfabrication technologies, mass fabrication can be realized to
manufacture planar ring resonators to exact specific requirements. Moreover, this type of
resonator can be fabricated onto a chip to achieve excellent fluid handing capabilities, which is
advantageous in clinical applications.
Additionally, planar ring resonators have been demonstrated to enable multiplexed detection,
and to achieve high sensitivity (70-400 nm/RIU).25,26 However, the Q factors for this type of
resonators are usually small (103-104) and individual functionalization of the resonators can be
tedius.

1.4.4 Microspheres Resonators
Microspheres have some advantages over other geometries such as low costs, easy
fabrication, and high Q-factors, making them good candidates for WGM sensing applications.
Silica microspheres with smooth surface and accurately controlled size can be fabricated via
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melting techniques. Melting the tip of an optical fiber is a convenient and inexpensive method to
obtain a high quality single sphere with precise diameter in a range of 10-200 µm. Upon heating
the tip of a single mode silica fiber that has had its jacket removed, a highly spherical and
uniform bulb is formed through surface tension, which has small surface scattering loss. An
oxygen/butane or nitrous oxide/butane microtorch, a high-power CO2 laser or an electric fusion
arc are commonly utilized to melt the fiber tip. Fused silica microspheres have shown ultrahigh
Q-factors ranging from 108-109 due to their smooth surfaces.4 Such high Q-factors can be used to
study systems with low detection limit.27,28 However, microsphere resonators also have several
drawbacks. For example, it is challenging to integrate them with fluidics technology.5

1.5 Opportunities for Microsphere Whispering gallery mode resonators
Compared with other common geometries, microsphere resonators are advantageous
candidates for assay development because they are easy to functionalize and inexpensive,
commercially available and easily fabricated at desired sizes. In addition, the melting fabrication
technique allows microspheres to obtain exquisitely smooth spherical surfaces, which reduces
scattering loss leading to ultrahigh Q-factors. A large Q-factor implies that the resonator has a
long effective path length and narrow resonance linewidth, which are highly desirable
characteristics in sensing platforms. Therefore, in this thesis, fused silica microspheres are
utilized for sensing applications. We systematically study how a microsphere’s size and
temperature affect its performance.
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1.6 Overview of the thesis
Whispering gallery mode resonators are miniature optical devices which can provide
sensitive label-free detection. Light is confined within resonators via total internal reflection,
creating evanescent waves to sense the refractive index change of the surrounding medium or
surface binding events. In order to optimize the performance of WGM microcavities, large Qfactors and high sensitivities are desirable.
Chapter 2 discusses the resonator size effects on silica microspheres’ Q-factor and bulk
solution sensitivity. Meanwhile, temperature influence is also studied. Silica microspheres of
45μm in diameter achieve large Q-factor in air and high sensitivity with the smallest thermal
impact and are selected for sensing.
Chapter 3 studies the application of silica microsphere resonators in biosensing. DOPC/GM1
bilayers which are uniformly transferred onto resonators via the Langmuir-Blodgett technique
can be used to detect the binding of cholera toxin molecules to GM1 molecules. The binding
event is monitored via the observation of whispering gallery mode resonant wavelength shifts.
Langmuir-Blodgett films provide an easy approach for systematically changing the density of
receptors and quantify in their effect on resonator sensitivity.
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Chapter 2

Studying the Cavity Size and Temperature Effects on the Performance of
WGM Resonators

2.1 Introduction:
In recent decades, optical silica microsphere resonators have become attractive sensors due to
their various advantages, such as low cost, easy fabrication, and high Q-factor. The whispering
gallery mode (WGM) resonances are highly related to the resonator’s morphology. Therefore,
they are also called optical-morphology-dependent resonances (MDRs). In this chapter, we
discuss how the size of silica microsphere resonators influences their WGM performance in
details. Since thermal noise is usually the main noise in WGM study, we also research the
temperature fluctuation effects on the WGM resonances. For sensing applications, WGM
resonators with larger Q-factor and high sensitivity are desirable. Therefore, our interest is to
find the optimal size of silica microspheres for research.

2.2 WGM Resonator Sensing Principles
Before studying what affects the performance of WGM resonators, their sensing principle
needs to be understood first. As discussed in the chapter 1, it is known that light is coupled into
WGM resonators via total internal reflection (TIR). When the optical path length within a cavity
is an integer number of incident wavelength, constructive interference occurs, leading to the
WGM resonance. The resonant wavelength λr depends on the resonator radius r and its effective
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refractive index neff (𝝀𝒓 =

𝟐𝝅𝒓𝒏𝒆𝒇𝒇
𝒎

). The resonant wavelength change can be expressed as Eq.

2.1:1
𝒅𝝀𝒓
𝝀𝒓

=

𝒅𝒓
𝒓

+

𝒅𝒏𝒆𝒇𝒇
𝒏𝒆𝒇𝒇

Equation 2.1

where dλr , dr and dneff are the changes of resonant wavelength, cavity radius and effective
refractive index of the optical mode, respectively. Therefore, a small variation in the cavity size
can alter the resonant wavelength significantly. Meanwhile, TIR within resonators creates an
evanescent field, which has a length of tens to several hundreds of nanometers. It exponentially
decays and penetrates into the surrounding medium, resulting in the interaction between the light
and the analyte. Figure 2.1 illustrates this phenomenon. Either the change in refractive index of
the surrounding medium or the binding or removal of molecules events at the resonator surface
will change the neff , leading to a resonant wavelength shift.2 Consequently, WGM resonators can
be used to analyze bulk medium refractive index change and to quantitative detect biomolecules
as well.3

Figure 2.1 The evanescent field of the WGM penetrates into the surrounding medium and
interacts with the nearby molecules, a binding molecule on the microsphere’s interface can be
detected.
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2.3 Fabrication of Silica Microspheres
A single silica microsphere can be fabricated by melting the tip of an optical glass fiber via
surface tension. This method is not expensive and allows for forming spheres with well
controlled diameter and smooth surface, which largely reduces scattering loss. In this research,
S630-HP fused silica fiber, a high performance single mode fiber with a core diameter about 3.5
µm and cladding diameter about 125 µm was utilized as the resonator material. The fiber was
first stripped to remove the plastic jacket and cleaned with alcohol, then a high power heat
source (ARC Fusion Splicer, FSM-40S, Fujikura) was used to melt the fiber tip. ARC Fusion
Splicer is a mechanic-thermal machine which is originally used to align two optical fibers and
fuse them together via an electric arc. For our purpose, it was utilized to heat a fiber to form a
microsphere. The fiber was placed ~2 mm away from the electrodes and heated by manually
arcing. For fabricating small spheres (diameters in the range of 10 µm-110 µm), a tapered fiber
was made first. A tapered optic fiber with long, and thin sub-micron tip was formed through a
heating and pulling technique with a P-2000 micropipette puller (Sutter instruments) via the
following settings: heat 320, velocity 5, delay 0, and pull 100. Then the ARC splicer melted the
tapered fiber to form a sphere. The size of microspheres was controlled by the position of the
fiber and arc number, the minimum diameter we obtained was about 15 µm. Figure 2.2 shows
images of a tapered fiber and several fused silica microspheres with various diameters.
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Figure 2.2. (A) A thin tapered fiber. (B-G) A variety of fused silica microspheres with
different diameters (A-G are 15 µm, 23 µm, 33 µm, 45 µm, 56 µm, 104 µm, 163 µm in
diameter, separately).

2.4 Whispering Gallery Mode Experimental Setup:
A common configuration of the WGM experimental setup for microsphere excitation and
characterization is illustrated in Fig. 2.3 (A). The excitation light emitted from a tunable diode
laser (633 nm, Vortex 6000) was coupled into the fused silica microsphere via TIR through a
Dove prism. A triangle voltage waveform was used to repeatedly scan the wavelength range of
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approximately 300 pm with a scanning rate of 0.5 Hz. The evanescently scattered light from the
resonator was viewed through an optical microscope (Nikon DIAPHOT 200) equipped with a
10x objective (Olympus, 0.3 NA) and detected by an avalanche photodiode detector (APD)
(SPCM-AQR-14). A computer controlled the laser scanning and recorded the scattered signal.
The scattered light intensity as a function of voltage was recorded and converted to wavelength
to generate a WGM spectrum, as illustrated in Fig. 2.3 (B).

Normalized Intensity

B

1
0.8
0.6
0.4
0.2
0
634.700 634.750 634.800 634.850 634.900 634.950 635.000

Wavelength (nm)

Figure. 2.3. (A) WGM experimental setup; (B) A resonant peak of a fused silica microsphere
in the air.
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2.5 Measurements of the Microsphere Performance
As mentioned, Q-factor and refractive index sensitivity are two important properties to
measure the performance of a WGM resonator. Therefore, these two characteristics were
analyzed in this thesis. Fused silica microspheres with various diameters were fabricated via
surface tension, then the fiber stem of a silica microsphere was clamped stably on a XYZ stage
and slowly brought in contact with the surface of a coverslip placed above the Dove prism.
When light was coupled within the resonator, a resonance peak was observed. A Lorentzian
curve fit was used to find the resonant wavelength and its corresponding linewidth. Q-factor was
obtained by calculating the ratio of the resonant wavelength versus linewidth. Q-factors of
microspheres were measured in air first. Bulk solution refractive index assays were then
performed to calibrate the response of individual microspheres. A microsphere was slowly
immersed in de-ionized (DI) water first, then NaCl stock solutions with various concentrations
were injected to uniformly alter the refractive index of the medium. Upon the injection, the
resonant wavelength shifts were observed in response to the homogeneous refractive index
change.

2.6 Results and Discussion of Microsphere Size Effects on the Performance of Fiber
Resonators

2.6.1 Q-factors of Silica Microspheres in Air and in Liquid
The Q-factors of silica microspheres with different diameters were analyzed in air and in
liquid separately, results were listed in Table 2.1.
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Table 2.1. Q-factors of silica microspheres with various diameters in air and in liquid.
(N=3, All the values below are average results)

Microsphere Diameter (μ𝒎)

Q-factor in Air

Q-factor in NaCl Solution

15 ± 2

(2.6 ± 0.3) ×105

N/A

23 ± 3

(5.4 ± 0.4) ×105

N/A

33 ± 2

(9.4 ± 0.3) ×105

(0.9 ± 0.2) ×104

46 ± 2

(19 ± 0.8) ×105

(1.3 ± 0.2) ×104

56 ± 3

(1.6 ± 0.3) ×105

(3.5 ± 0.3) ×104

104 ± 4

(2.2 ± 0.2) ×105

(4.6 ± 0.4) ×104

163 ± 3

(6.1 ± 0.1) ×105

(84.5 ± 0.4) ×104

In air, the Q-factor for microspheres initially increased with the increasing resonator diameter,
then the value suddenly dropped, subsequently this parameter increased again as the diameter
expanded. Figure 2.4 (A) depicts this phenomenon. The optimal diameter to obtain a high Qfactor in air was about 46 µm, which had a Q-factor of ~1.9 × 106 . On the other hand, it was
found that the Q-factors significantly decreased in liquid versus air.4 And larger microspheres
had larger Q-factors, as shown in Fig. 2.4 (B).
B
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Q-factor in NaCl solution

A

0

25

50

75

100

125

Resonator Diameter (µ𝑚)

150

175

25.00

50.00

75.00

100.00 125.00 150.00 175.00

Resonator Diameter (µ𝑚)

Figure 2.4. Q-factors comparison of microspheres with different diameters in air and in
liquid.
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As indicated in chapter 1, the Q-factor is a very important parameter, which describes the
light coupling efficiency within a resonator. Since it can be expressed by the ratio between the
resonant wavelength and linewidth, when the Q-factor increases, the linewidth decreases and the
resonance peak is narrower, making it easier to measure a smaller wavelength shift.5 Moreover,
the effective length Leff , characterizing the length of light-analyte interactions within the cavity,
which illustrates the number of revolutions of the light supported by the resonator, increases with
Qλ

the increasing Q-factor (Leff = 2πn). As the WGM resonance circulates repeatedly around the
sphere surface, this light circulation significantly enhances the light interaction with analytes on
the resonator surface.2 The higher degree of light confinement results in longer effective path
length and stronger resonator-analyte interaction, which is helpful to obtain a higher sensitivity.6
Therefore, a large Q-factor is desirable. In order to increase the Q-factor, the light loss needs to
be reduced. The total light loss consists of intrinsic loss and external loss. The external loss
comes from the coupling method. In our work, a Dove prism is used to couple light. Thus,
accurate phase matching between the microsphere and the prism is necessary to reduce the
external loss. For the intrinsic loss, it is comprised of radiation loss, material loss, scattering loss
and surface contamination loss, which greatly depends on the resonator size.
For fused silica microspheres, since they are fabricated by surface tension, ultra-smooth
surfaces can be obtained, which largely reduces the surface roughness and contamination.
Therefore, scattering loss and surface contamination loss are not regarded as the main limiting
factors in determining the Q-factor in air. In addition, some of the light leaks out of a resonator
since the TIR at a curved surface is never complete, which corresponds to the radiation loss.
When the diameter of a microsphere is very small, the effective path length inside is also small,
and light approaches the resonator interface in a steep angle, largely reducing the efficiency of
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TIR. Therefore, within a certain diameter range, smaller microspheres have smaller Q-factors in
air. With increasing the resonator size, radiation loss decreases, so Q-factor increases, which
corresponds to the trend seen in Fig. 2.4 (A). It appears that for microspheres with diameters
larger than 30 µm, radiation loss is a minor factor.7 Instead, as the size of microspheres
increases, material loss arising from light absorption by both the resonator and surrounding
medium becomes the primary limiting reason for Q-factor. In air, the Q-factor of the 56 µm
diameter resonators suddenly dropped, which may be due to large material loss caused by water
moisture adsorption onto microspheres. However, Q-factors of silica microspheres in liquid were
significantly smaller than those in air. Figure 2.5 shows an example of resonant spectra of a 45
µm diameter microsphere in air (𝑄 = 1.5 × 106 ) and in liquid (𝑄 = 1.2 × 104 ), where the peak
in liquid is much broader than in liquid, which is likely a result of the increased scattering loss
and large material loss by water absorption in liquid.8

In air
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Figure 2.5. Resonant wavelength spectra of a single silica microsphere in air (blue) and in
liquid (orange). The Q-facter in air (𝑄 = 1.5 × 106 ) is significantly higher than that in liquid
(𝑄 = 1.2 × 104 ).
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In addition, refractive index difference between the microsphere material (𝑛~1.46) and the
liquid medium (𝑛~1.33) is smaller than that of microsphere with air (𝑛~1.00). The larger
refractive index contrast can cause light to be more tightly confined within a resonator, leading to
less loss and a higher Q-factor.9 When microspheres were immersed in liquid, the Q-factors
increased with growing diameters, as shown in Table 2.1 and Fig.2.4 (B). For microspheres with
diameters smaller than 30 µm, no obvious resonance was observed, which might be due to a
combination of large radiation loss and water absorption loss. As the size of resonators increases,
radiation loss becomes lower and Q-factors increase. However, the mode density increases with
larger resonators as well, causing the overlap of Lorentzian transmission between several
different modes, which makes it challenging to track the shift of a single resonant peak.10 In
𝝀𝟐

addition, microspheres with larger diameters have smaller free spectra range (∆𝝀𝑭𝑺𝑹 ≈ 𝟐𝝅𝒏𝑹) ,
making it harder to distinguish two adjacent modes. Figure 2.6 illustrates an example of the
resonant spectra of a large resonator (𝐷~160 𝜇𝑚). The resonator has multiple resonant peaks in
liquid. Therefore, it is difficult to monitor a single wavelength shift when the refractive index of
its surrounding medium is changed. By shortening the scanning wavelength range, fewer
resonance peaks show up, letting it be possible to track the shift of a single peak.
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Figure 2.6. Resonant spectra of a resonator (𝐷~160 𝜇𝑚) in water and their shift with adding
NaCl solution to create a 5 mass% NaCl solution.

Continuing to increase the resonator’s size results in a greater proportion of the WGM mode
volume within the cavity itself instead of the surrounding medium. With regard to common
biosensing applications, resonators with such large sizes are not as useful, hence we don’t
consider large diameter microspheres (> 200 𝜇𝑚) in this work.11

2.6.2 Bulk Solution Refractive Index Sensitivity of Silica Microspheres
Sensor sensitivity is another significant parameter to evaluate in its performance. In general,
sensitivity is the sensor’s response to changes in analyte concentration. The sensitivity of optical
sensors is dependent on the strength of the light-analyte interaction.12-14 For WGM optical
resonators, their refractive index sensitivity is defined as the magnitude in the resonant
wavelength shift versus the change in refractive index of the sample, as shown in Eq. 2.2:

𝑺=

∆𝝀
𝚫𝒏

Equation 2.2

where ∆𝜆 and Δ𝑛 represent the resonant wavelength shift and the refractive index change of the
surrounding medium. In short, if the WGM wavelength is monitored for several different
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refractive indexes, the sensitivity is the slope of the generated trend. The unit of sensitivity is
nm/RIU, where RIU is the refractive index unit. In this work, in order to measure the sensitivity
of resonators, a microsphere was immersed in water (n2= 1.3325) first, then NaCl solution was
slowly added to the water to uniformly increase the refractive index of the medium. Various
refractive indexes of 5-6 spectra were recorded to calculate the sensitivity. Figure 2.7 shows a
resonator’ resonant wavelength shifts versus the increasing solution refractive indexes (A), a
corresponding linear (R2= 0.9946) calibration curve (B) with a sensitivity of ~50.4 𝑛𝑚/𝑅𝐼𝑈 was

A

Normalized Intensity

obtained.

RI= 1.331
RI= 1.33115
RI= 1.3313
RI= 1.33145
RI= 1.3316

1
0.8
0.6
0.4
0.2
0
634.775

634.825

634.875 (nm) 634.925
Wavelength

634.975

B
Wavelength (nm)

634.893
634.886
634.879
634.872
634.865
634.858
1.3309

1.33115

1.3314

1.33165

Refractive Index (RIU)

Figure 2.7. (A) Resonant wavelength shifts with the increasing solution refractive index. (B)
The calibration curve showed a linear relationship (R2= 0.9946) between the refractive index
and the resonant wavelength. A measured sensitivity of the microsphere was ~50.4 𝑛𝑚/𝑅𝐼𝑈.
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The size of a microsphere resonator not only affects its Q-factor, but also has a great influence on
its sensitivity. Bulk solution refractive index sensitivities were measured for silica microspheres
with different diameters. Results are shown in Table 2.2. Figure.2.8 plotts the corresponding
WGM resonant wavelength shifts versus refractive index changes for 5 microspheres with
different diameters. These calibration curves all displayed excellent linearity.
Table 2.2. NaCl solution refractive index sensitivities of silica microsphere resonators with
various diameters.
(N=3, all values below are average results)
Microsphere Diameter (𝝁𝒎)

Sensitivity (𝒏𝒎/𝑹𝑰𝑼)

15 ± 2

N/A

23 ± 3

N/A

33 ± 2

14.5 ± 2.1

46 ± 2

56.5 ± 1.1

56 ± 3

26.7 ± 1.3

104 ± 4

21.0 ± 2.2

163 ± 3

36.7 ± 1.2

Wavelength (nm)

634.7

33 μm

634.6

46 μm

634.5

56 μm
104 μm

634.4

163 μm

634.3
634.2
634.1
1.335

1.3355

1.336

1.3365

1.337

1.3375

1.338

1.3385

Refractive index (RIU)

Figure. 2.8. Resonant wavelength shifts versus solution refractive index change of silica
microspheres with different diameters. Perfect linearity was observed for all resonators.
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According to Table 2.2 and Fig. 2.8, the sensitivity was highly dependent on the
microsphere size. For extremely small microspheres (D~15 − 35 μm), their sensitivities were
not observed or were quite low. Q-factors for these resonators were small in liquid due to large
radiation loss, leading to short effective length Leff . Thus, the light-medium interaction was not
strong enough to provide high sensitivity. As the microsphere diameter (D~45 − 105 μm)
increased, higher sensitivity was obtained. In this diameter range, microspheres with small sizes
had high sensitivities. This phenomenon was a result of a combination of several factors. First,
larger Q-factors in bigger microspheres can support longer effective length and stronger
resonator-analyte interaction, which is helpful for achieving high sensitivity. On the other hand, a
more important factor that affects the sensitivity of a WGM microsphere is how tightly the light
is coupled inside the sphere. For smaller microspheres it is easier for more photon energy to leak
out, so their evanescent tails can extend further into the surrounding environment. This
tremendously enhances the light-matter interaction, leading to higher sensitivity.15 The length of
the evanescent tail is inversely proportional to the resonator diameter; therefore, smaller
microspheres are favorable. In order to better explain this phenomenon, theoretical mathematical
analysis is as follows:
A microsphere of radius r with refractive index n1 is immersed in a uniform surrounding
medium with refractive index n2 . At resonance, the wave vector of the resonator is represented
by k 0 . Only considering the first-order whispering gallery mode, when n2 is changed to n2 +
∆k

∆n2 , k 0 becomes to k 0 + ∆k. The fractional shift k of Transverse Electric (TE) and Transverse
0

Magnetic (TM) modes can be calculated by Eq.2.3 and Eq.2.4, respectively.9
∆𝒌

(𝒌 )
𝟎

𝑻𝑬

≅−

𝒏𝟐 ∆𝒏𝟐
𝟐
(𝒏𝟏 −𝒏𝟐 𝟐 )𝟑⁄𝟐

𝟏
𝒌𝟎 𝒓

Equation 2.3
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𝟏

𝟎𝒓

Equation 2.4

Based on the fraction shift, sensitivity factors fTE and fTM , which are used to measure a
resonator’s sensing performance, can be obtained via Eq.2.5 and Eq.2.6:

𝒇𝑻𝑬 = − (∆𝒌⁄𝒌𝟎 )𝑻𝑬 ⁄[𝒏𝟐 ∆𝒏𝟐 (𝒏𝟏 𝟐 − 𝒏𝟐 𝟐 )−𝟏 ] =
𝒇𝑻𝑴 = − (∆𝒌⁄𝒌𝟎 )𝑻𝑴⁄[𝒏𝟐 ∆𝒏𝟐 (𝒏𝟏 𝟐 − 𝒏𝟐 𝟐 )−𝟏 ] =

𝟏

𝟏

𝟏⁄𝟐 𝒌 𝒓
𝟎
(𝒏𝟏 𝟐 −𝒏𝟐𝟐 )

𝟏

𝟏⁄𝟐 (𝟐 −

(𝒏𝟏 𝟐 −𝒏𝟐 𝟐)

𝒏𝟐 𝟐 𝟏
)
𝒏 𝟏 𝟐 𝒌𝟎 𝒓

Equation 2.5
Equation 2.6

The sensitivity factors for both modes are related to the resonator radius r. For resonators with
the same refractive index n1 , their refractive index sensitivities in the same solution are highly
dependent on their sizes. In a certain radius range, smaller microspheres have larger sensitivity
factors for both TE and TM modes. Therefore, it is easier for them to obtain higher sensitivities.
The highest sensitivity achieved was nearly 55 nm/RIU with the microsphere’s diameter about
45 μ𝑚.
However, it was observed that the sensitivity of microspheres with D~163 μm was higher
than that of microspheres with D~53 μm. For large microspheres (D > 150 μm), light is more
tightly confined inside, further limiting their evanescent tails’ extension into the medium. On the
other hand, their ultra-large Q-factors can result in much longer effective length at the same time,
which helps to increase sensitivity to some extent.

2.6.3 Optimal Size of Silica Microsphere for Sensing Applications
To achieve the best sensing performance of WGM silica microspheres, it is desirable to
obtain high Q-factor and high refractive index sensitivity at the same time. These two parameters
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are greatly dependent on the diameter of a microsphere. However, the resonator’s size affects the
Q-factor and the sensitivity in different ways, as discussed in the previous section. Large
microspheres have higher Q-factors, making it easier to detect a small resonant wavelength shift;
however, their sensitivity is limited. Small microspheres can obtain higher sensitivity, but it is
challenging to measure small resonant wavelength change since they have broad resonant peaks.
Therefore, it is necessary to find a compromise between these two parameters to optimize the
microsphere’s sensing performance. Among a variety of silica microspheres analyzed (D ~15 −
165 μm), resonators with diameter ~45 μm obtained the highest Q-factors in air and the highest
bulk solution refractive index sensitivity. Although their Q-factors in liquid were not very high,
obvious resonant wavelength shifts still could be identified. Therefore, the optimal size of silica
microspheres selected in this work is ~45 μm for sensing applications.

2.7 Thermal Effects on Microsphere Resonators

2.7.1 Theory of Resonant Wavelength Shifts Caused by Temperature Change
WGM resonators, as label-free optical refractive index sensors, have been applied in various
applications. To enhance their performance, it is necessary to reduce as much noise as possible.
Among various noise sources that affect a resonator’s performance, thermal-induced fluctuation
is the main noise.12 Based on the research discussed in the previous section, it is known that the
size and the refractive index of a resonator are important parameters which have great influence
on the WGM resonance criterion. However, a resonator’s size and refractive index are very
susceptible to temperature changes. Large thermal fluctuation may greatly alter the resonator’s
size and refractive index, leading to appreciable shifts in the resonant wavelength. This can affect
the sensing results. Thus, it is necessary to keep a stable and continuous operational environment
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when using a resonator16,17 and checking the temperature influence on the performance of WGM
resonators.
Change in microsphere resonator’s size and refractive index by temperature fluctuation
induces a change in the cavity optical path, which leads to the resonant wavelength shift. The
resonator material has a linear thermal expansion coefficient of 𝛼 (unit:℃−1) that is related to the
microcavity size and a thermo-optic coefficient β (unit:℃−1 ) which is used to describe the
change of its refractive index with temperature. The thermo-optic effect is a result of the
competition between the material’s absorption resonance change (polarizability) and its density
change (thermal expansion) caused by the temperature.18 For dielectric materials, such as silica,
the polarizability is dominant. Therefore, these materials’ thermo-optic coefficients have positive
values.19 A wavelength shift in resonance caused by the microsphere’s temperature change can
be expressed as a function of the resonator’s diameter and its refractive index shown in Eq.
2.7:19

𝒅𝝀 𝒅(𝒏𝑫) 𝒅𝑫 𝒅𝒏
=
=
+
= 𝜶𝒅𝑻 + 𝜷𝒅𝑻 = (𝜶 + 𝜷)𝒅𝑻
𝝀
𝒏𝑫
𝑫
𝒏
𝒅𝝀
𝒅𝑻

= 𝝀(𝜶 + 𝜷)

Equation 2.7

Here 𝜆 represents the resonant wavelength; n and D are the refractive index and diameter of a
microsphere, respectively; dD, dn and dT are changes of the resonator’s diameter, refractive
dD

dn

index and temperature, respectively; α = DdT is the thermal expansion coefficient, and β = ndT is
the thermo-optic coefficient of the resonator. For fused silica bulk material at 633 nm, α ≈
0.55 × 10−6 ℃−1 , and β ≈ 8.9 × 10−6 ℃−1.20 It is obvious that β is one order magnitude
larger than 𝛼 . Therefore, the temperature has a larger influence on the resonator’s refractive
index. The resonant wavelength shift is mainly due to the refractive index change of the
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resonator.8 Both coefficients are positive values; hence, when the temperature increases a red
shift should be observed for the resonant wavelength. On the other hand, when the surrounding
medium is liquid, the refractive index of the liquid will have bigger changes with temperature
variation. Because liquids usually have a much larger thermo-optic effect than that of air. The
thermo-optic coefficient of water is about −94 × 10−6 ℃−1 at 633 nm.20 This negative value
will cause a blue shift of the resonant wavelength with increasing temperature, counteracting
some of the thermo-optic and thermo-mechanic effects from the resonator itself.21
The temperature influence on the resonant wavelength shifts for both barium titanate and
fused silica microsphere resonators were investigated in detail as follows.

2.7.2 Experimental Setup for Temperature Study
The experimental setup for this temperature study is shown in Fig. 2.9. This setup was very
similar to the one utilized in the previous study on resonator size. The 633 nm light was coupled
within the resonator through a Dove prism by TIR. An electric heating plate was placed on the
Dove prism to heat the sample. The Heat Wave (HW-30, Dagan Corporation), a low electrical
noise heating temperature-controller, was used to accurately control the temperature. In order to
better reduce environmental disturbance from the room the resonator and water were put in an
insulted vial. The thermistor (TH-30, Spare Thermister for HW-30) was placed about 0.4 mm
away from the resonator in the vial to monitor the temperature change of the microsphere. The
temperature was measured at the same time as the WGM resonant wavelength shifts were
recorded.
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Figure 2.9. The Experimental setup for temperature study of microsphere resonators.

2.7.3 Resonant Wavelength Stability Test at a Constant Temperature
Before studying the temperature effects on the microsphere’s resonant wavelength it is
necessary to test the stability of the temperature sensor first and also prove the stabilization of
resonant wavelength at a constant temperature. In Fig. 2.10, the temperature of the thermistor
versus time was recorded. The temperature was held constant at 21.4 ± 0.1 ℃ for 1 hour. The
extremely stable performance of the thermistor was demonstrated.
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Figure 2.10. Temperature stability test of the thermistor.

Next, the microspheres’ resonant wavelength stability at a constant temperature was
demonstrated. WGM resonant wavelengths of barium titanate microspheres with diameter of 106
µm and silica microspheres with diameter of 85 µm were monitored at 20.7 ℃ over a 1 hour
period. Results are shown in Fig. 2.11. Barium titanate glass microspheres were purchased from
Mo-Sci Corporation (Rolla, MO). Silica microspheres were fabricated by the same method
illustrated in the previous section. The surface tension melted a tapered fiber to form a
microsphere with a smooth surface. It was observed that for both kinds of microspheres the
maximum resonant wavelength fluctuations were less than 1 pm, which demonstrated the
stability of the measurement system. Air convection, room temperature fluctuation and other
problems that may affect the stabilization of the experimental setup were not found significant.
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Figure. 2.11. Schematics of microspheres’ resonant wavelengths stability in water at 20.7 ℃
for 1 hour. (A) (B) show the resonant wavelength fluctuation of a silica microsphere; its
maximum wavelength variation was about 0.8 pm. (C) (D) represent the resonant wavelength
fluctuation of a barium titanate microsphere; its maximum wavelength variation was 0.6 pm.

2.7.4 Temperature Effects on Silica Microspheres and Barium Titanate Microspheres with
Different Diameters in Water
With the stability of the system demonstrated, the temperature effects on silica microspheres
and barium titanate microspheres could be studied in water. The silica microspheres with
diameters of 45 µm, 53 µm, 85 µm were fabricated, and barium titanate microspheres with
diameters of 45 µm, 75 µm, 106 µm, 125 µm were purchased. A vial was filled with DI water.
Then the microsphere and the thermistor were immersed in the water. The measurement started
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at room temperature (21 ℃), then the microsphere and the surrounding medium were heated up
to about 20 ℃ higher at a rate of 1 ℃ every 3-4 minutes. The temperature was slowly and
steadily increased to make sure the resonator and the surrounding medium were in thermal
equilibrium. The resonant wavelength against temperature was recorded for every 0.5 or 1 ℃
during the process.
The temperature influence on silica microspheres was studied first. Their temperature
sensitivities, linear correlation coefficients, as well as Q-factors in water are listed in Table 2.3.
To better view the resonant wavelength shifts versus temperature rise, Fig. 2.12 plots the
calibration curves for these different sizes of resonators. The temperature sensitivities (resonant
wavelength shift per unit temperature change, nm/℃) were extracted via the curve fitting.

Table 2.3. Temperature influence on silica microspheres with different diameters.
(N=3, all values are average results)
Resonator Diameter (μ𝐦)

Sensitivity (𝒑𝒎/℃)

R2

Q-factor

45 ± 4

2.9 ± 0.1

0.991 ± 0.002

(5.37 ± 1.1) × 104

53 ± 3

3.9 ± 0.1

0.992 ± 0.006

(1.33 ± 0.6) × 104

85 ± 2

5.8 ± 0.2

0.993 ± 0.002

(3.75 ± 0.7) × 105

Wavelength (nm)

635.00
45.63 um
52.83 um
85.01 um

634.96
634.91
634.87
634.82
634.78
634.73
20
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35

40

45

Temperature (℃)

Figure 2.12. Resonant wavelengths versus temperature increase for silica microsphere
resonators with different diameters.
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Based on Table 2.3 and Fig. 2.12, a linear relationship between the resonant wavelength
shifts and the temperature change was observed for all microspheres. At 633 nm, the sum of
α and β coefficients of bulk silica materials is about 9.45 × 10−6 ℃−1 , leading to a theoretical
temperature sensitivity of about 6 pm ℃−1 (Sensitivity=𝜆 × (𝛼 + 𝛽)) in air. However, measured
sensitivities of microspheres were smaller than this value, which was due to the thermo-optic
effect from water.22 Water has a negative thermo-optic coefficient βw of −94 × 10−6 ℃−1 .
When the temperature of water increases its refractive index decreases, resulting in a blue shift of
the resonant wavelength. This value could be calculated by using Eq. 2.8:

𝚫𝝀 = 𝜷𝒘 × 𝑺

Equation 2.8

Here Δ𝜆 is the blue shift of the resonant wavelength per ℃ caused by the water; βw is the
thermo-optic coefficient of water, and S is the measured solution refractive index sensitivity of
the microspheres. As mentioned in the previous section, silica microspheres with different sizes
have different S. For microspheres with a diameter in the range of 45 − 105 μm, smaller
resonators have higher S. The S for silica microspheres with diameters of 45 µm, 53 µm, 85 µm
are approximately 56 nm⁄RIU , 30 nm⁄RIU , 21 nm⁄RIU, respectively. By using the Eq. 2.8, the
blue shift Δ𝜆 per ℃ caused by the water’s negative thermo-optic effect was calculated. For
microspheres with diameters of 45 µm, 53 µm, 85 µm, the corresponding values are 5.26
pm ℃−1 , 2.82 pm ℃−1 and 1.97 pm ℃−1, respectively. Therefore, the resonant wavelength shift
caused by the contribution of a microsphere’s size and refractive index can be estimated. It is the
combination of the blue shift by water contribution and the measured combined effect. The
measured sum of the microsphere resonators’ α + β can be calculated (𝛼 + 𝛽 = 𝜆 ×
resonator′s contribution). Results are listed in Table 2.4:
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Table 2.4. Measured property values of silica microspheres with various sizes
(N=3, all values are average results)
Measured 𝜶 + 𝜷 (𝟏𝟎−𝟔 ℃−𝟏 )

Resonator Diameter

Absolute Temperature Sensitivity

(𝝁𝒎)

(𝒑𝒎℃−𝟏 )

45 ± 4

8.16 ± 0.5

12.85 ± 0.15

53 ± 3

6.72 ± 1.1

10.59 ± 0.24

85 ± 2

7.72 ± 0.8

12.16 ± 0.18

From Table 2.4, a slight variation in the absolute temperature sensitivities was observed
between the microspheres with different diameters, since the resonant wavelength was related to
the resonator size. Moreover, the measured absolute sensitivities were a little higher than the
theoretical value. The main reason could be due to the use of the values α and β.23 The
calculation of the theoretical sensitivity is based on the α and β values of the bulk silica material.
However, the calculated sum of α and β coefficients of silica were slightly larger than those of
the bulk material. It may be due to the reason that when silica resonators are fabricated in
micrometer scale, their α and β coefficients will change slightly. Therefore, for future studies, it
will be necessary to further measure the thermal expansion and thermo optic coefficients in
micro-scale materials. At the same time as the sensitivities were measured, it was noticeable that
the temperature increase did not have much influence on the resonators’ Q-factors in water. In
addition, larger silica microspheres had higher Q-factors, which was consistent with the previous
study. On the other hand, small microspheres have small mode volume, so they are less
susceptible to the thermofractive noise.22 Based on Table 2.3, the silica microspheres with a
diameter of 45 μm exhibited the minimal temperature sensitivity. This phenomenon indicates
that the temperature influence on them is the least, making them good candidates for sensing
applications.
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The temperature effects on WGM resonant wavelength were also studied for barium titanate
(BaTiO3) microsphere resonators. Barium titanate microspheres are crystalline photorefractive
WGM resonators with a high refractive index (RI ≈ 1.9). Its bulk material has a thermal
expansion coefficient of 10.1 × 10−6 ℃−1.24 However, its thermo-optic coefficient is still
unknown, which may be due to its complex structure. Barium titanate solid can exist in five
phases. The same method for silica microspheres was used to analyze the temperature effects on
barium titanate microspheres with various diameters. Results are shown in Table 2.5 and Fig.
2.13.

Table 2.5 Temperature influence on barium titante microspheres with different diameters.
(N=3, all values are average results)

Diameter of resonator (𝝁𝒎)

Sensitivity (𝒑𝒎 ℃−𝟏)

R2

Q-factor

45 ± 3

8.4 ± 0.5

0.998 ± 0.001

(5.60 ± 0.8) × 104

75 ± 4

8.0 ± 0.8

0.996 ± 0.002

(5.16 ± 0.7) × 104

106 ± 4

10.9 ± 0.4

0.994 ± 0.004

(2.09 ± 0.5) × 104

125 ± 4

11.3 ± 0.5

0.995 ± 0.002

(3.41 ± 0.6) × 104
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45 um
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635.10
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Figure 2.13. Resonant wavelengths versus temperature increase for barium titanate
microsphere resonators with different diameters.
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From Table 2.5 it was observed that the measured linear correlation coefficients were all
close to 1, indicating an excellent linearity of the resonant wavelength shifts versus temperature
rise. This also meant the sum of barium titanate microspheres’ thermal expansion coefficient and
thermo-optic coefficient were positive and should be regarded as constant values in the
measurement range. On the other hand, it was seen that the temperature sensitivities of the
barium titanate microspheres were higher than those of the silica microspheres, which could be
due to two main factors. First, barium titanate material has a larger sum of the thermal expansion
and thermo-optic coefficients. Although its thermo-optic coefficient has not yet been
scientifically verified its thermal expansion coefficient itself is already close to the sum of the
two coefficients of silica. Second, as WGM resonators, the bulk solution refractive index
sensitivity of barium titanate microspheres is about 2-12 nm/RIU, which is lower than that of the
silica microspheres. Hence, the resonant wavelength blue shift caused by the water’s thermooptic effect is smaller. In addition, large barium titanate microspheres showed higher temperature
sensitivities than those of the small microspheres.

2.7.5 Temperature Effects on Silica Microspheres and Barium Titanate Microspheres with
Different Diameters in PBS Solution
Instead of water, a phosphate-buffered saline (PBS) solution of pH~7.4 is used as the
medium to research the salt effects on WGM temperature study. PBS is a water-based salt
solution with the main component sodium chloride (NaCl). It is a common buffer solution
utilized in biological research. The temperature effects in PBS solution were studied for silica
microspheres with a diameter of 85 μm and barium titanate microspheres with a diameter of 106
μm. Figure 2.14 compares the resonators’ temperature sensitivities in water and PBS solution.
Red shift and linearity were observed for microspheres in PBS solution as well as in water.
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However, for both resonators, their temperature sensitivities were a little higher in water. This is
probably due to the fact that PBS has a larger negative thermo-optic coefficient than that of
water, leading to a bigger blue shift of the resonant wavelength. The exact thermo-optic
coefficient of a PBS solution depends on its components. Nevertheless, since NaCl is the main
component of a PBS solution, its thermo-optic coefficient should be close to that of a NaCl
solution. The thermo-optic coefficient of the 1 mol/L NaCl solution is about −1.2 × 10−4 ℃−1,
compensating for the red shift caused by the resonator properties to a greater degree than that of
water.
Silica Microsphere in Water VS. in PBS
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Figure 2.14. (A), (B) illustrate the calibration curves for silica microspheres and barium
titanate microspheres in water and in PBS, separately. Smaller temperature sensitivities were
observed in the PBS solution for both microspheres, which may be due to the fact that PBS
has a larger negative thermo-optic coefficient than that of water, leading to a greater blue shift
of the resonant wavelength.
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2.7.6 Comparison of the Resonator Heat-Up and Cool-Down Processes
The heat-up and the cool-down processes of silica microspheres and barium titanate
microspheres were compared. When the heat up process was finished the heater was turned off
and the whole system was allowed to cool down naturally. The results are compared in Fig 2.15.
In the cool down process linear and blue shifts of the resonant wavelength versus temperature
decrease were observed for both resonators. In theory, the behavior for these two processes
should be exactly reversible with the same sensitivities. However, the measured temperature
sensitivity of the cool down process was a little lower than that of the heat-up process. The
difference was about 0.6 − 1.1 pm ℃−1 . This result may be mainly attributed to the thermal
disequilibrium between the resonator and water. The temperature measured by the sensor shows
the temperature of the water. However, the temperature decreasing degree of the resonator may
be not the same as that of the water. In addition, a small fluctuation exists in the resonant
wavelength at a constant temperature, as shown in the previous section 2.7.3. This value was
about 0.6 − 0.8 pm. These two factors may result in the different temperature sensitivities of the
heat-up and cool-down processes.
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Figure 2.15. Heat-up and cool-down processes for silica microspheres (A) and barium
titanate microspheres (B). Slight sensitivity differences were observed between these two
processes for each microsphere.

2.8 Incident Light Power Influence on the Silica Microspheres
As discussed in section 2.7 WGM resonant wavelength is easily affected by the thermal
fluctuations originating from the ambient environment temperature change. In the meantime,
when high incident power is launched into the resonator, light is partially absorbed by its
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material. This may also increase the temperature of the microcavity, leading to a resonant
wavelength shift. Silica microspheres with different launched light powers were studied. First, a
low-power light of about 55 μW was utilized to excite the resonator; a corresponding resonant
wavelength was recorded. Then a high-power light of about 260 μW was launched into the
microsphere. The resonant wavelength was tracked every 10 minutes. Results are shown in Fig
2.16. When the high light power was circulated in the microsphere for 30 minutes only a
negligible red shift was observed. This result may be due to the fact that the light absorption by
the resonator’s material caused the microsphere’s temperature increase. In conclusion, the
thermal fluctuation due to the high light power launching in a microsphere will not lead to a
large change in the resonant wavelength. To decrease noise, it is still necessary to keep the
launching light in a constant power when using WGM resonators for sensing applications.
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Figure 2.16. Resonant wavelengths of silica microspheres with different launched light
power within themselves.

52

2.9 Conclusions
In this chapter the resonator size effects on silica microspheres and barium titanate were
studied. The two important parameters, Q-factor and sensitivity, that describe the performance of
a WGM resonator are highly related to its geometry. Silica microspheres with a diameter
~45 μm were found to achieve a high Q-factor (1.9 × 106 ) in air and a high bulk material
refractive index sensitivity of around 56 nm/RIU. Meanwhile, thermal influences on silica
microspheres and barium titanate microspheres were also studied in different media.
Temperature fluctuations can change both the size and the refractive index of microspheres as
well as the refractive index of the surrounding medium. Silica microspheres with a diameter of
45 μm exhibited the minimal effect from temperature changes, making them good candidates for
biosensing applications. In addition, barium titanate microspheres showed high temperature
sensitivity in liquid (~10 pm/℃). Therefore, they may be used as sensitive temperature sensors
in future work.
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Chapter 3

Application of Whispering Gallery Mode Silica Microsphere Resonators in
the Detection of Biomolecules

3.1 Introduction:
Label-free optical sensors are a convenient and powerful tool which has a number of
applications in many areas, such as pharmaceuticals, biomolecule detection, and environmental
analysis.1 The label-free sensing platform enables detection of target molecules in their original
forms. It avoids labeling or altering the target molecules, which is easier and cheaper to perform
compared with label sensors.2 For optical biosensors, a common detection mechanism is the
measurement of the refractive index change caused by a molecule binding event. For sensing,
biorecognition molecules are immobilized onto the surface of an optical biosensor first, then the
sensor is immersed in a buffer solution. When target molecules which have a larger refractive
index than that of the buffer solution molecules (for example, the refractive index of protein is
approximately 1.5 and that of PBS buffer solution is about 1.33) bind to the biorecognition
molecules on the sensor’s surface, the refractive index near the sensor surface is increased.
Figure 3.1 shows an example of the binding process.
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Figure. 3.1. Illustration of an optical label-free biosensor. Target molecules (red) bind to
biorecognition molecules (black).

Among various optical biosensors, whispering gallery mode (WGM) microsphere
resonators have been widely studied and developed during the past 15 years due to their easy
fabrication, simple structure, low-cost, and high sensitivity.3-8 Light is coupled inside a
microsphere via total internal reflection, which creates an evanescent field with a characteristic
length of several hundreds of nanometers to strongly interact with the surrounding medium.
Therefore, when the surface of the microsphere resonator is functionalized with some molecules
that can bind specific analytes, the capture of the target biomolecules will cause a local change in
refractive index. It alters the resonant wavelength, allowing highly sensitive and label-free
detection of biomolecules.8
In this work, the Langmuir-Blodgett approach was used to transfer DOPC-GM1 bilayers on
silica microsphere resonator surfaces. Those microspheres were fabricated by the surface tension
method as discussed in chapter 2. Since cholera toxin (CT) molecules specifically bind to GM1,
the refractive index of the bilayer changes as CT is adsorbed on the resonator’s surface, which
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causes a WGM resonant wavelength shift. By tracking the total WGM wavelength shift, the
maximum characteristic concentration of CT that binds to GM1 can be determined.

3.2 Mechanism for Cholera Toxin Binding to GM1
The binding event of CT to GM1 is a multivalent ligand-receptor interaction. GM1 is a
typical ganglioside (glycosphingolipids that contains sialic acid) of mammalian brains, which is
located in the epithelial cell apical membrane.9 The chemical structure of GM1 is shown in Fig.
3.2. GM1 has a hydrophilic pentasaccharide chain and a hydrophobic lipid moiety.

Figure 3.2. Structure of the GM1 ganglioside.

CT is a multimeric protein toxin secreted by the bacteria Vibrio cholera. CT is the main
pathogenesis for cholera.10,11 Cholera is a common disease that affects human being’s life. Every
year there are approximately 1.3 to 4 million cases of cholera occur around the whole world, and
about 21,000 to 143,000 deaths due to cholera.12 Therefore, it is of great importance to reduce the
CT toxicity. CT has an AB5-type structure: one A subunit (CT-A) that produces the A1-chain

with catalytic property to activate adenylyl cyclase13 and five identical B subunits (CT-B)
which can specifically bind to GM1, as illustrated in Fig. 3.3.14,15 The binding constant is about
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10-8-10-12 M.16,17 The binding of CT to GM1 is the fist step to cause cholera.13 Therefore, it is of
great interest to study this event.

Figure 3.3. The B subunits of Cholera Toxin bind to GM1.

3.3 Langmuir-Blodgett Film Technique
A Langmuir-Blodgett trough (Type 611, Nima Technology, Coventry, England) was utilized
to form and transfer DOPC/GM1 bilayers onto the surface of a silica microsphere. Before
discussing how the WGM resonator was used to study the binding event of CT to GM1, it is first
necessary to understand the Langmuir-Blodgett film technique.
Langmuir-Blodgett films are composed of surfactants that remain trapped between two
phases, such as air-water interface. Surfactants are amphiphilic molecules which consist of
hydrophobic tails and hydrophilic heads. Hydrophobic groups are nonpolar, such as hydrocarbon
chains. Hydrophilic groups are polar, such as hydroxyl groups (-OH), carbonyl groups (-COOH),
amino groups (-NH2), and sulfhydryl groups (-SH). The hydrophobic tails of surfactants are
oriented towards the air and the hydrophilic heads are more favorable to the polar phase. When
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the surfactant molecules are trapped at the air-water interface, their arrangement is shown in Fig
3.4.

Figure 3.4. Surfactant molecules arrange at an air–water interface.

Surfactants are dissolved in a non-aqueous volatile solvent (e.g. chloroform, methanol).
There should be no interaction between the surfactants and the solvent. The solvent is injected
onto the polar liquid surface and allowed to evaporate until all the surfactants are totally spread
at the liquid-air interface with their tails oriented to the air and heads solvated in the liquid. At
first, surfactants spread in a disordered way at the liquid-air interface. When compressing the
interface with a barrier, the surface pressure, which is the reduction of the surface tension,
increases, making the surfactants pack more closely and in a more ordered way. During the
whole compression process the molecular configuration may undergo 5 transitions: Gas (G),
Liquid Expanded (LE), LE-LC coexistence phase, Liquid Condensed (LC) and Solid (S), such as
DPPC monolayer. An example of a common pressure-area isotherm is shown in Fig. 3.5 (A).
However, for the lipid DOPC used in this study, the LE-LC coexistence phase does not exist in
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the isotherm, illustrated in Fig. 3.5 (B). With continued compression of the interface, the surface
pressure reaches the collapse pressure, which is the maximum surface pressure that a monolayer
can be compressed before buckling. Therefore, an appropriate target pressure needs to be chosen
to make Langmuir-Blodgett films.

Figure 3.5. (A) An example of the surface-pressure isotherm with 5 regions: Gas (G), Liquid
Expanded (LE), LE-LC coexistence phase, Liquid Condensed (LC) and Solid (S). (B) A
DOPC pressure-area isotherm without the LE-LC coexistence phase. (Both isotherms are
cartoon, instead of real pressure-area isotherms)
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In order to form a Langmuir-Blodgett film, surfactants are distributed on the interface first,
then isotherm cycles are performed. After that, the film is compressed to reach the target
pressure and the pressure is held for 10-15 min. By slowly pulling a substrate immersed in the
liquid through the monolayer, a film is transferred onto the substrate. In order to form a bilayer,
the substrate is dipped back through the film at the air/water interface. Figure 3.6 illustrates the
process of a Langmuir-Blodgett monolayer and bilayer formation.

Figure 3.6. Deposition of a monolayer (A) and a bilayer (B) onto a substrate.

3.4 Transfer of DOPC/GM1 Bilayers onto WGM Silica Microsphere Resonators
In this study DOPC/GM1 bilayers were transferred onto WGM resonators to study the
binding event of CT to GM1. Silica microspheres with a diameter of 45 μm were utilized as
WGM resonators. They were fabricated by the method described in the previous section via
surface tension. The stem of a silica microsphere was stably held by the dipper and slowly
moved down until the sphere was totally immersed in the subphase of the trough. The
microsphere was used as the substrate for deposition of Langmuir-Blodgett films.
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DOPC and GM1 were purchased from Avanti Polar Lipids, Alabaster, AL. CT was
purchased from Molecular Probes, Eugene, OR. All chemicals were used without further
purification. The CT solution was diluted in a PBS solution (pH=7.4) with required
concentrations. DOPC/GM1(95:5 mol%) solutions were prepared at 2 mg/ml concentrations in a
65:35 volume mixture of chloroform and methanol. Approximately 30 μl of the lipid solution
was injected into the Langmuir-Blodgett trough with an 18 MΩ water subphase. The solvent was
allowed to evaporate for 15 minutes before the compression/expansion cycles. Two cycles were
performed between the surface pressures of 3 mN/m and 40 mN/m at a constant barrier rate of
100 cm2/min. Then the film was compressed to 25 mN/m and held for 10 minutes.
By pulling the microsphere at a velocity of 3 mm/min through the monolayer, a DOPC/GM1
monolayer was transferred onto the resonator surface. In order to form a bilayer, the microsphere
was dipped back through the film at the air/water interface again. A microsphere coated with
DOPC/GM1 bilayer is illustrated in Fig. 3.7. In this study, CT only binds to GM1 in the second
layer.

Figure 3.7. A DOPC/GM1 bilayer is coated on the surface of a silica microsphere. The GM1
molecules are embedded in the DOPC second layer.
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3.5 Results and Discussion

3.5.1 Demonstration of a DOPC/GM1 Bilayer Transfer onto a Silica Microsphere
Before carrying out the WGM response study of the GM1-cholera toxin binding event, it was
necessary to prove that the DOPC/GM1 bilayers were successfully transferred onto the surface
of microspheres. The first monolayer was deposited on the microspheres by using the method
described above. Then 0.25 mol% Texas-Red dihexadecanoyl-sn-glycero-3phosphoethanolamine (TR-DHPE) (Life Technologies, Carlsbad, CA) was added to the
DOPC/GM1 lipid mixture as a fluorescent lipid probe. This new lipid solution was dispersed
onto the water subphase, and the same procedures were performed to transfer the second layer
onto the microsphere’s surface, forming a bilayer. Figure. 3.8 illustrates the fluorescence image
of a silica microsphere with bilayer transferred using the described procedure. Bright
fluorescence was observed on the microsphere, which demonstrated that the DOPC/GM1 bilayer
was successfully transferred onto the microsphere’s surface.

Figure 3.8. Fluorescent image of a silica microsphere coated with DOPC/GM1 bilayer.
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3.5.2 Confirmation of Cholera Toxin Binds to GM1 on Silica Microspheres
In order to confirm that CT specially binds to the GM1 in the DOPC/GM1 bilayer, a control
experiment was conducted using silica microspheres coated with pure DOPC bilayers. Those
resonators were allowed to react with different concentrations of CT solutions for 5 minutes.
Since the CT molecules are fluorescently labeled with dye Alexa 555, if they bind onto the
microsphere’s surface, an increase in fluorescence should be observed when increasing the CT
solution concentration (0 pM, 30 pM, 100 pM CT solutions). However, no obvious changes were
seen, indicating that nearly no CT molecules bound onto the surface of microspheres coated with
pure DOPC bilayers.
On the contrary, when silica microspheres coated with DOPC/GM1 (GM was 5 mol%)
bilayers were also allowed to interact with the CT solutions for 5 minutes, noticeable
fluorescence was observed, as shown in Fig. 3.9. This demonstrates that the increase in
fluorescence observed is caused by the specific interaction between the CT and GM1.
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A

C

B

D

Figure 3.9. Fluorescent images of the same silica microsphere coated with DOPC/GM1(GM1
is 5 mol%) bilayers incubation with (A) 0 pM CT; (B) 10 pM CT; (C) 30 pM CT; (D) 100
pM CT. The increase in fluorescence indicates the specific binding of CT molecules at GM1
sites in DOPC/GM1 bilayers.

By analyzing the light intensity of the microsphere surface versus the CT solution
concentration in Fig. 3.10, it was obvious that the exposure of the DOPC/GM1 bilayer coated
microsphere to CT solutions with the increased concentration led to an increase in the fluorescent
intensity. This further indicated that more CT molecules bound to GM1. Meanwhile, it was also
observed that the fluorescence intensity leveled off when the concentration of CT solution
increased from 30 pM to 100 pM. This may be due to the saturation of CT-GM1 binding sites.

67

18000

15835
14754

Light Intensity (pixels)

16000
14000

12236

12000
10000
8000

7857

6000
4000
0

20

40

60

80

100

120

Cholera Toxin Concentration (pM)

Figure 3.10. Light intensity of the microsphere surface at different CT concentrations.
Increased light intensity was observed for higher CT concentration, due to the fact that more
CT molecules bound to GM1. When the binding event was nearly saturated, there was no big
change in light intensity with the increasing CT concentration.

3.5.3 WGM Response of the DOPC/GM1 Bilayer Coated Silica Microsphere Resonator
Having verified that CT specifically binds to the GM1 in the DOPC/GM1 bilayers, WGM
response was explored to detect the presence of CT via the silica microsphere resonators coated
with DOPC/GM1 bilayers. For this study, DOPC/GM1 bilayers with 5 mol% GM1 were
transferred onto silica microspheres in a diameter about 45 𝜇𝑚. A series of WGM resonant
wavelengths were collected as a function of CT concentration, as shown in Fig 3.12. Before
adding CT solution, this microsphere resonator had a resonant wavelength of 634.8829 nm with
a Q-factor of 2.6 × 104 . This Q-factor was very close to the Q-factor of silica microspheres
with a diameter of 45 𝜇𝑚 in liquid solutions (~104 ). This indicates that the transfer of
DOPC/GM1 bilayer onto the silica microsphere does not have obvious influence on the
resonator’s Q-factor. When adding 6.1 pM CT, the resonant wavelength had a red shift of 6 pm
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as CT binds to the GM1/DOPC bilayer on the microsphere surface. This binding event increases
the effective refractive index around the microsphere, leading to the resonant wavelength change.
With continued increasing the CT concentration, the resonant wavelength keeps red shifting.
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Figure 3.11. WGM resonant wavelengths of the same silica microsphere resonator at CT
solution with 5 different concentrations. The specific binding of CT to the GM1 in the
DOPC/GM1 bilayer coated on the microsphere changes the effective refractive index around
the microsphere, leading to the red shift of the resonant wavelength.

A binding curve which summarizes the results in Fig. 3.11 is shown in Fig. 3.12. This curve
describes the WGM resonant wavelength shifts as a function of CT concentration. At the
beginning, a linear relationship is exhibited between the WGM shift and the CT concentration
(Figure 3.13 (A)). With continued increasing the CT concentration, no obvious shifts are
observed, due to the binding saturation. The saturation concentration is approximately 50 pM CT
(Figure 3.13 (B)) and a measured Kd is 1.58 × 10−11 (Figure 3.13 (C)). This value is in the range
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of the reported Kd values (7.3 × 10−10 − 4.6 × 10−12 ) obtained by surface plasmon
resonance,12,13 which further confirms the binding event between GM1 and CT.
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Figure 3.12. CT-GM1 binding event was monitored by tracking the WGM resonant
wavelength shifts with increasing the CT concentration. (A) A linear relationship (R2=0.9931)
is shown between the CT concentration (0-38.5 pM) and the WGM shift. (B) With continued
increasing the CT concentration, no obvious WGM shift is observed ([CT] > 53.7 pM), due to
the binding saturation. (C) A log plot of the CT concentration versus WGM shifts, a Kd of
1.58 × 10−11 is calculated from this figure, which is in the range of the reported Kd values
(7.3 × 10−10 − 4.6 × 10−12 ).
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The number of CT molecules binds to GM1 is related to the amount of GM1 in GM1/DOPC
bilayer coated on the surface of a silica microsphere resonator. Therefore, the next section
studied the effects of the density of GM1 in the bilayer on CT-GM1 binding event.

3.5.4 Relationship Between GM1 Concentration and WGM Response
Several different concentrations (5, 6, 7.6, 10, 15.24 mol%) of GM1 in GM1/DOPC bilayers
were explored to study the WGM response. All the experimental conditions were kept the same,
only the GM1 concentration was varied. The results are shown in Table 3.1.

Table 3.1 GM1 concentration effects on WGM response.
(N=3, all values are average results)

GM1 Concentration
(mol%)

Sensitivity
(pm/pM)

Saturated Concentration
(pM)

Total WGM Shift
(pm)

5

0.793 ± 0.039

50 ± 1.4

35.7 ± 2.1

6

0.802 ± 0.041

54 ± 2.1

37.5 ± 2.2

7.6

0.782 ± 0.037

59 ± 3.1

48.5 ± 1.3

10

0.593 ± 0.031

16 ± 1.2

9.6 ± 1.1

15.24

0.539 ± 0.025

10 ± 0.8

6.3 ± 0.5

For GM1 concentration in the range of 5-7.6 mol%, the microsphere resonators have similar
sensitivities due to their similar sizes. More GM1 in DOPC/GM1 bilayers can bind more CT
molecules, leading to a higher CT saturated concentration and a larger total WGM shift.
However, with continued increasing the GM1 concentration (GM 1 concentration is 10 mol%
and 15.24 mol%), lower sensitivities are observed and less CT binds to GM1 with smaller total
WGM shift. This phenomenon may be mainly caused by the GM1 clustering, which inhibits CT
binding onto the lipid bilayer. As illustrated in the previous section, CT-GM1 binding is a
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multivalent ligand-receptor interaction. For each CT molecule, its five B sites can bind to 5 GM1
molecules. In multivalent interaction ligand density has a significant effect on the binding
efficiency.18,19,20,21,22 The amount of ligands determines their distribution and the distance
between each ligand.23 At a high ligand density, the arrangement of ligands is very compact.
Therefore, it is easy for GM1 to cluster when there are many GM1 molecules in the lipid bilayer.
If the number of GM1 molecules exceed the maximum value that the lipid bilayer can support,
GM clusters. As a result, the CT binding ability is continuously weakened as the GM1
concentration increases. This process is illustrated in Fig 3.13. When the GM1 density is in a
proper range, enough distance exists between each GM1 molecule, making it easy for CT to bind
(Fig.3.13 A). However, at a high GM1 density (Fig.3.13 B), less CT molecules will bind onto
the lipid bilayer due to GM1 clustering.

A

B

Figure 3.13. (A) The concentration of GM1 is in a proper value, making it easy for CT to
bind onto the lipid bilayer. (B) CT binding is inhibited by GM1 clustering on the DOPC
bilayer.
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3.6 Conclusion and Future Directions
This chapter studied the application of silica microsphere resonators in biomolecules
detection. The Langmuir-Blodgett technique is a convenient method to transfer lipid bilayers
onto the resonator surface. The silica microspheres coated with DOPC/GM1 bilayers were
fabricated to detect the binding event of CT to GM1. This specific binding was confirmed by
tracking the WGM resonant wavelength shifts. By changing the GM1 concentration and
measuring WGM response, the maximum amount of GM1 supported by the DOPC bilayer can
be estimated. Too much GM1 in the bilayer led to GM1 clustering, which inhibited CT-GM1
interaction and weakened the binding ability. In the future, it is necessary to further study the
reasons for poor CT-GM1 binding at high GM1 concentrations. In addition, the value of the
pressure used to form lipid bilayer may also effect molecule arrangement in the bilayer.
Therefore, it is interested to study the pressure effect on the bilayer formation as well.
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