ABSTRACT

Design and Demonstration of an Optical Cavity-based Biosensor using Three
Wavelengths to Improve Fabrication Tolerance

Caitlyn R. Breaux, M.S.

Mentor: Seunghyun Kim, Ph.D.

As diseases and cancers progress, the chances of survival depreciate; early
detection is vital for improving success rates. Despite dedicated research, diagnosis has
remained static—initial consultation, scanning, and then biopsies and complex
immunoassay techniques are needed to receive a diagnosis. Biosensors produce a multi-
faceted benefit. Early diagnosis reduces costs, saves time, and most importantly,
improves quality of life. It is imperative to further develop these biosensing solutions and
make diagnosis more accessible. Current diagnostic procedures require multi-million-
dollar facilities, and tests are performed by highly skilled personnel. This work is
dedicated to alleviating initial costs by designing and fabricating a low-cost optical
cavity-based biosensor for quantitative detection at the point of care, and to provide tools
to better understand bodily processes in efforts to find cures. In recent years, the optical
cavity-based biosensor discussed henceforth has demonstrated high sensitivity in
biosensing experiments, however the fabrication tolerance of the device itself drastically

hinders the success rate of measurements. Before, the resonant changes of two



wavelengths were used in conjunction with a differential detection method for
biodetection experiments. The sensitive region was limited, however, and it often
involved waiting overnight for the channel to be suitable for testing. To increase usability
and reduce the required time to prepare the cavity for biodetection, a third laser
wavelength is integrated into the optical system to expand fabrication tolerance and
reduce the channel priming time. In simulation, the third wavelength expanded the
fabrication tolerance from 30 nm to 70 nm. The addition of a third wavelength was
demonstrated to improve the success rate of measurements by 7% despite a larger
variation in cavity width and reduce the channel priming time from 0 — 23 hours to 0 — 20

minutes.
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CHAPTER ONE

Introduction

Despite dedicated efforts to finding a cure, incidence and mortality rates attributed
to cancers have grown yearly due to greater life expectancy as seen in Figure 1 [1]. In
developing countries, these rates swell to two or three times greater in developed
countries [2].Therefore, in addition to finding a cure, scholars have taken to searching for
easier ways to diagnose early. With lung cancer for example, the survivability drops from
63% to 7% as stages progress from local to distant locations from the lungs [3]. Not only
is early diagnosis imperative to survivability, but it is also economically advantageous.

Treatment has indeed become more effective and specific with advancements
such as immunotherapy and radiation. These have, however, also inflated the economic
burden of treatment on the U.S. economy as incidence has risen. The initial and final
costs of care are typically higher, as this includes complex diagnostic procedures and
terminal phase care, respectively [4]. As of 2019, health care costs made up 17.7% of the
country’s GDP, growing 4.6% from the previous year. This totaled over $11,000 per
capita. Current diagnostic standards boast high accuracy, sensitivity, and selectivity.
However, these come at the cost of time, labor, capital, and facilities that contribute to the
high economic impact. The overarching goal of biosensing is to bring diagnostics to the

patient’s side, or to remote areas with limited to no access to laboratory facilities.



Cancer deaths by type, World, 1990 to 2016

Annual cancer deaths by cancer type, measured as the total number of deaths across all age categories and both sexes. Smaller
categories of cancer types with global deaths <100,000 in 2016 have been grouped into a collective category 'Other cancers'. See
sources for list of grouped cancers.

Other cancers
Gallbladder cancer
r Larynx cancer
—— Other pharynx
| cancer
7‘» Kidney cancer
Ovarian cancer

8 million

6 million

Non-Hodgkin
lymphoma
Cervical cancer
Leukemia
Prostate cancer

*‘ Pancreatic cancer

4 million

Esophageal cancer
Breast cancer
Liver cancer

‘ Colon and rectum
cancer

2 million Stomach cancer

Tracheal,
—— bronchus, and lung
cancer

0
1990 1995 2000 2005 2010 2016

Source: IHME, Global Burden of Disease (GBD) CCBY
Note: All cancer types with less than 100,000 global deaths in 2016 into a collective category 'Other cancers'.

Figure 1: Growth of death rates attributed to all cancers from 1990 to 2016, from [1].

Biosensors

A biosensor marries biological recognition elements to physical transduction
components to detect analytes in a test medium [5]. Biosensors may be used in
environmental, industrial, and medical applications. For instance, they may be used in
water quality monitoring, allergen testing in food products, and most notably in
diagnosing diseases or monitoring bodily processes. The schematic in Figure 2 depicts an
overview of the most notable components of a biosensor. Generally, biosensors are made
up of a bioreceptor to capture analytes, and a transducer to convert reactions to electrical
signals. Other data acquisition programs and equipment may be used to further process

the signal. The goal of biosensing is to develop rapid, low-cost, sensitive, reliable



technology that serves as point-of-care technology to monitor conditions or provide

diagnoses.

Biosensor

Electrical

Analyte Bioreceptors  Transducer Signal

Figure 2: Overview of the general components of a biosensor.

Analytes, Bioreceptors and Recognition Elements
Analytes are biological molecules that are captured by recognition elements on
the biosensor. Biorecognition elements include but are not limited to enzymes, antigens
or antibodies, complementary DNA/RNA, biomaterials, polymer coatings, or otherwise
affinitive elements that bind analytes to the surface of the sensor. Sensor surfaces may be
prepared with a complementary receptor using a variety of processes. The analyte may be

physically or chemically bonded to its recognition element [6].

Transducers
Transducers convert chemical reactions at the recognition element into electrical
signals that are measurable by the rest of the system. The transduction method is the most
notable differentiation between biosensors. Transducers include but are not limited to

chemical, thermal, or optical types [5].



Electrochemical

Electrochemical sensors utilize the electrical signals resulting from ions created in
biological reactions. These are typically categorized as sensors which use enzymes as the
capture element since they are highly specific and responsive to their respective substrate.
A prominent example of these is the glucose meter. Catalyzed reactions by enzymes are
naturally more amplified than uncatalyzed, affinity-based reactions. However, there are
limited enzyme-substrate pairs of interest that are sensitive enough for detection. These
sensors may also be subcategorized by the measurement method, including current,
potential, or impedance [7]. Three electrodes are used in tandem: a working electrode in
contact with the reaction, a reference outside of the reaction, and in some cases an
auxiliary electrode to collect potential changes from the working electrode for long-term
use. Reduction-oxidation reactions cause a potential difference or current transfer
between the working and reference or auxiliary electrodes. Typically these reactions
happen multiple times over, like a domino effect, which lowers the limit of detection of

the device [7].

Calorimetric

Calorimetric or temperature sensors rely on temperature change due to adsorption.
A thermistor is coupled to the reaction medium to record temperature fluctuations. Each
molecular interaction produces heat, and the heat of the medium is proportionally

increased with each reaction [6].



Optical
Optical transducers convert changes in electromagnetic radiation into electrical
signals. These are comprised of a light source, the optical detection element such as a

prism, cavity, or fiber, and a detector to record intensity or spectral changes.

Enzyme linked immunosorbent assay (ELISA). ELISA is a standardized
procedure used in medical screening, such as for HIV (human immunodeficiency virus)
[8]. All ELISA types depend on passive adsorption to the well surface. ELISA well plates
are commercially available in different formats that can be used in conjunction with
fluorescent, colorimetric, or chemiluminescent detectors for a variety of tests [9]. Primary
antibodies in direct ELISA format are simply captured by the antigen on the well surface.
Indirect ELISA involves a secondary antibody conjugated with the primary antibody to
enhance sensitivity, such as an avidin-biotin complex. The secondary antibody has high
affinity for the primary one. The most sensitive, Sandwich ELISA, immobilizes the
antigen between a capture antibody and subsequent primary and secondary antibodies
with a reporter molecule to amplify the signal. The reporter molecules may be
fluorescent, radioactive, or enzymatic. Each ELISA procedure involves a series of
chemical introductions, incubation periods, and washes; once the reactions are complete
the wells are placed in detection equipment. The resulting absorbance, fluorescence, or
luminosity provides a quantitative measure of the analyte concentration present in the

sample [8, 9].



Surface Plasmon Resonance (SPR). SPR-based biosensing commonly relies on
either scanning a range of incident angles to find the change in resonant angle or
scanning a range of spectra to find the difference in the resonant wavelength. There are
several possible configurations for SPR biosensors, most notably prism (Kretschmann)
and fiber in biosensing. In the Kretschmann configuration, a glass prism is coupled to the
dielectric and metal films. A light source is aimed perpendicularly at the prism surface to
produce total internal reflection at the prism-metal interface that is then transmitted to the
detector on the other surface, as seen in Figure 3. Surface binding on the dielectric in

contact with the sample medium affects the resonant angle, [10, 11].

prism

light source detector

A
2

et / metal film
7’
’

7~ dielectric

Figure 3: Schematic of SPR based sensor setup.

Fiber-based SPR utilize multimode fibers with part of their cladding replaced with
metal, exposed to the medium. The operating principle is the same, with a detector and
light source on either end of the fiber. Total internal reflection occurs repeatedly along
the interface between the core and cladding, allowing the wave to propagate. These have
a more compact form, making them suitable for miniaturization and transmission over

longer distances than other configurations [10].



Whispering Gallery Mode (WGM). WGM biosensors utilize the acoustic
phenomenon in which electromagnetic waves travel along a curved cavity surface of
higher refractive index in a lower refractive index medium. Disturbances, such as binding
events, along the surface cause phase changes due to the local refractive index change. As
a result, constructive and destructive interference occurs in each round trip. In biosensor
applications, these radial cavities may be affixed to prisms, waveguides, or formed on the
end of tapered fibers [12, 13]. These are critically coupled via fiber or waveguide with a

tunable laser, and a detector for gathering the transmitted spectra [14].

Fabry Perot Interferometer (FPI). FPI-based biosensors are simple, easy-to-
fabricate resonant cavities that confine electromagnetic waves between two parallel
reflective surfaces. They are easily incorporated in microfluidics, allowing for a lab-on-a-
chip structure. The sample may be introduced, and interactions take place between the
mirrors. Incident light enters from the source on one side, and partially reflects and
transmits at each reflective interface, shown in Figure 4. When adsorption happens on
one of the surfaces, the local refractive index changes, resulting in a shift in the resonant
spectra [15]. The resulting transmitted intensity may be recorded by a detector on the

other side, or a spectrometer may be used to determine spectral shift.
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Figure 4: Schematic showing the path of light through two parallel mirrors.

In the cavity, light undergoes constructive and destructive interference; the
resulting resonance curve is dependent on the resonant frequency and phase shift caused
by each round trip. The frequency-dependent phase shift ¢(v) for one round trip between
the mirrors is given by

2l 2
¢(v) = 2nv—cos @ = —2nlcos O 1)
Cn A

Where | is the cavity width between mirrors, and v is the frequency [16]. The speed of
light in the medium, cy, is the ratio of the speed of light in a vacuum to the medium
refractive index, given in meters per second (m/s). Alternatively, this can be written using
the wavelength, A shown in the second half of the equation, where the refractive index is
n and @ is the angle the light propagates from with respect to normal incidence [15].
When the phase shift difference between two interacting waves is an integer multiple of
7, they destructively interfere. Constructive interference occurs when ¢ is equal to integer

multiples of 2x.



The resulting transmittance of the cavity is given by Equation (2) below:

L (-Rp?

Tzl_i_(l—R)2+4Rsin(%) @)

Which is also the ratio of transmitted intensity It over the input intensity Ii. The
reflectance of the mirrors is given by R. The resonant frequency, vm, of a cavity for a

given mode, m, is determined by the following:
_n
Vi = o7 3

The units of frequency are determined in Hertz (Hz). Equation (3) may also be written in

terms of the wavelength. The resonant wavelength, Am, in meters, is given by Equation
(4):

Am =— (4)

Over a range of wavelengths, there are multiple peaks in the transmission of an FPI
cavity, shown in Figure 5. The separation between two consecutive peaks is the free

spectral range (FSR). This is given by Equation (8) below.

c
AVpsp = Vipy1 — Vi = 2_72 (5)
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Figure 5: Transmission peaks for an FPI, from [15]. Reproduced from Open Access
Article [15] in MDPI.

Labelled versus Label-free Biosensing

Biosensors may also be categorized by labelled or label-free to obtain a readable
signal. Labelled reactions require additional steps to add a foreign molecule or tag to the
analyte, such as fluorescent dyes. Molecules are tagged with foreign bodies in the well to
create a color change proportional to the analyte concentration. Label-free sensors do not
require these processes—they are sensitive and selective enough alone to obtain reliable
data [17]. Resonator based biosensors and SPR are examples of label-free biosensors that
are sensitive enough for detection without dyes or tags. However, these can be combined

with labelling methods to further improve sensitivity.
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Metrics for Biosensors
Biosensors are generally compared based on the metrics of sensitivity, and limit
of detection. Optical resonator-based biosensors have an additional metric, the quality
factor (Q factor). The sensitivity of biosensors is a measure of the transducer response per
change in molar concentration or refractive index. The sensitivity may also be the slope
of the calibration curve, or curve fitting of the response to increased molar concentration
[18, 19]. For many biosensors including this work, the Sensitivity, S, is given by:

M

=M

(6)

Where 4/ is the change in resonant wavelength, for instance, and 4x is the change in
refractive index. The units are given in nm/RIU. The limit of detection (LOD) is the

smallest detectable concentration above inherent noise. Typically, the LOD is given by

LOD=33 X o )

Where ¢ is the standard deviation of blank measurements without analytes, divided by the
slope of the concentration curve. The constant preceding ¢ may vary between depending
on the required level of confidence given by the governing entity, but in biosensor studies
3 or 3.3 are mostly used [18, 20-22]. A constant of 3 includes the probability of false
positives on one tail of the distribution, with a statistical confidence interval of 95%. The
constant 3.3 includes both false negative and false positive regions around the normal
distribution of the sample [22].

Additionally, the Q factor in optical resonators refers to the quality of the

resonance response and is given in Equation (8). The Q factor is the ratio of the resonant

11



frequency, vm, for a given mode over Av, the full width at half maximum (FWHM)

centered around that frequency.

0= ®)
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CHAPTER TWO

Optical Cavity Based Biosensor: Two-Laser System

In previous works, the sensitivity and limit of detection of a low-cost optical
cavity-based biosensor was demonstrated using two wavelengths with an FPI
configuration and differential detection method. The refractive index sensitivity was
demonstrated using a portable system that was created at little more than the cost of a
new iPhone [23]. Later, the tabletop-based system demonstrated sensitive detection for

both streptavidin and human C-reactive protein (CRP) [24].

Fabrication and Test Setup

For the tabletop optical system, all components are affixed to a stabilized optics
table, and are mounted using Thorlabs mounting posts and fixtures. Two visible range
(near-1R) laser diodes of different wavelengths were arranged perpendicularly to a 50:50
beam splitter to combine the beams. The beams also pass through a neutral density filter
before the mirror to attenuate the laser power, avoiding saturation at the camera. The
lasers are directed at the cavity in turns by a beam blocker connected to a servo that
alternates positions around the beam splitter. The unblocked beam shines through the
cavity and out toward the CMOS camera, positioned on the opposite side of the cavity

structure (Figure 6a).

13
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Figure 6: (a) Two-laser system setup, (b) microfluidic channel schematic and (c) binding
interaction overview as seen in Rho et al., 2020. Reproduced from Open Access Article
[24] in MDRPI.

The resonant cavity structure (which doubles as a microfluidic channel) was
fabricated through a series of thin film deposition processes. The partially reflective, 20
nm-thick silver mirrors were sputter-coated onto glass substrates, then covered with a
densified spin-on-glass layer of 400 nm. The channel floor was functionalized
specifically for subsequent bio-detection tests. For fluid tests, the openings for the
channel were connected to 3D-printed input and output fixtures for fluid introduction and
evacuation. The adapted optical cavity (Figure 6b) was then placed in alignment with the
lasers’ path and CMOS camera. Fluid introduction was done using a syringe pump at the

inlet, and fluid was removed using a micropump at the outlet (Figure 6c¢).
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Differential Detection Method
As demonstrated in previous papers, the differential detection method amplifies
the sensitivity of the measurements compared to either resonant response alone [24-26].
It was previously demonstrated to mitigate common noise in the resonant curves while
improving the responsivity multiple times in both the tabletop and portable systems [23,
25, 27]. Since inception, however, the differential equation evolved into the current

version, depicted in Equation (9).

11 _110 _ 12 _120

n= )

110 120

The differential value, #, is derived from the difference in intensity changes scaled by the
original respective intensity of each laser. I; and I, are the intensities after a time period,
while I;, and I, are the initial intensities for the respective wavelengths [28]. The
differential detection method is consistent between the two and three laser systems
detailed in this work. Biorecognition capability using the differential method was
previously demonstrated on an optics table using streptavidin and biotinylated BSA. As
the sensing layer thickness increased, the two laser wavelength intensities diverged; the
differential between these two opposite changing intensities was shown to provide a
higher sensitivity than either alone by a factor of ten [28].

When using the differential detection method, it is imperative that the two
transmitted intensities are changing in opposite directions, also known as the
measurement condition. The differential is negative when the two are the same sign, and
positive when they are not. 11 should be increasing in transmitted intensity while I should
be decreasing, to maximize the differential value.

15



Polymer Swelling

Not long into the process of performing the tests, it was evident that the swelling
of SU8 polymer used to form the channel walls affected the resonant response but was
unavoidable, since the moisture from fluid tests was always present. When SU8 films are
exposed to moisture, the stiffness is lower at room temperature. Polar water molecules
are attracted to the polar molecules in the epoxy [29]. As a result, the thickness of SU8
and the gap between the two SOG layers widens over time with exposure. This swelling
property was cleverly used as a priming mechanism to wait for the measurable conditions
(i.e. the crossing of two oppositely changing resonant curves) [24]. The cavity samples
were also fabricated slightly smaller than the ideal cavity width of 8 um to accommodate
that swelling, to increase the chances of reaching the point where two intensities change
in opposite directions. This accounts for some deviation in cavity width occurs from one
channel to the next; there is still an opportunity for the channel to be usable. After about
20 hours however, the SU8 saturates with water, and the channel swelling slows
drastically, limiting the swelling amount. Using measurements of the cavity width before
and after testing, the approximate swelling rate was determined to be 0.11 nm/min for the
two-laser design. The amount of swelling needed to reach the measurement conditions
ranged from 0 to 23 hours, and the maximum swelling amount derived from the 23-hour
swelling time was 96 nm. The combined average swelling rate was around 0.11 nm/min.
The measurable window is about 30 nm once it begins, or about 270 minutes (4.5 hours).
However, the swelling rate is not consistent over time. As the availability of polar groups
declines, we expect that the rate of reaction is slowed, and the cavity walls saturate with

water. This behavior is explained further in Chapter 5, Swelling to Reach Measurement

16



Conditions. The swelling effects are compensated for in the intensity measurements, and

the changes due solely to bio-interactions were extracted.

Sensitivity and Limit of Detection Experiments

To demonstrate device sensitivity, a basic streptavidin-biotin assay was used.
Streptavidin and biotin are proteins with high affinity for one another, thus they are
commonly used as test molecules in biosensing to demonstrate sensitivity in literature. In
commercial assays, such as in ELISA, streptavidin or avidin-coated wells are used to
efficiently capture biotinylated molecules whose passive adsorption is not as efficient [9].
Deionized (DI) water is introduced first into the functionalized microfluidic channel to
begin swelling. Once two laser intensities began sloping in opposite directions, the test
began. Different concentrations of streptavidin in DI water were introduced for
preliminary detection tests, and then DI water to rinse unbound molecules. Figure 7
depicts the cavity response to streptavidin, after the linear changes due to swelling were

separated from the data.

17
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Figure 7: Compensated differential responses to various concentrations of streptavidin.
Reproduced from Open Access Article [24] in MDPI.

CRP is an inflammatory biomarker whose concentration in blood spikes in
response to severe infections, heart disease and autoimmune disorders [30, 31].
Biotinylated CRP antibody was introduced to streptavidin-prepared channels. For CRP
detection, a slightly different sequence was performed. Once measurement conditions
were met, streptavidin was first immobilized on the biotinylated channel floor, incubated,
and then DI water was used to rinse away unbound streptavidin. Then biotin-conjugated
CRP antibody was injected and incubated, then subsequently rinsed, which serves as the
receptor molecule for CRP. This conjugate antibody is captured by streptavidin from the
preceding step due to the high affinity of streptavidin and biotin. CRP- spiked tris-HCI
buffer was introduced and allowed to incubate. The channel was then rinsed with DI

water as in preceding steps. Logarithmic concentration curves were developed for both.
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The two-laser optical cavity biosensor resulted in limits of detection (LOD) of 71.3
ng/mL (1.35 nM) for streptavidin and 43.3 ng/mL (56.4 nM) for CRP which is well

below what is considered healthy by clinical standards [24, 31].

Room for Improvement using a Third Laser Wavelength
One drawback of the two-laser system is that the swelling (priming) period could

take up to 23 hours. The data in
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Table 1 was gathered using our research group’s internal database, where the
swelling and test times were recorded in addition to processed test data used in the paper.
Out of 16 tests attempted, pre-test swelling time to reach ideal conditions could vary
between 0 to 23 hours, with an average of 7.71 hours. The detection test time counts the
time from when streptavidin is first introduced to when the DI water rinse leaves the
channel, and a second rinse is introduced. The average detection test was around 34
minutes. In addition, the success rate was limited by the scope of possible resonant
activity during that swelling period. In these samples, if the channel swelling did not
reach a measurable condition over 24 hours, it was considered unusable. The measurable
condition considered throughout these works is where two wavelengths exhibit
oppositely changing intensities. The success rate (in percent) is the number of channels
usable for detection tests out of the total number of channels fabricated during the time of
working on the previously mentioned publication from 2020. The success rate of

achieving the measurable conditions in these samples was 81%, or 13 of 16 samples.
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Table 1: Metrics from the most recent two-laser system detection tests.

Parameter Average + one standard deviation
Priming Time (hours) 7.71+6.92
Detection Test (minutes) 34.62 £5.32

The aim of adding a third wavelength to this design is to expand the fabrication
tolerance to increase the success rate of cavity samples. Doing so widens the time and
cavity size window usable for biodetection. The additional wavelength reduced the cavity
swelling time in turn as well, and all tests were completed in under an hour. In the
following chapters, the effects of adding a third wavelength on fabrication tolerance and

success rate is demonstrated.

21



CHAPTER THREE

Three Laser Optical Cavity-based Biosensor

In recent tests using the two-laser optical cavity-based biosensor, the need for
additional fabrication tolerance is evident, to reduce test time, materials used, and
increase the success rate of samples. It is imperative that in these stages of development
that fabrication is made easier and more successful to conserve time and resources long-
term. While the sensitivity was clearly demonstrated, the fabrication tolerance is narrow,
hence the need for long swelling tests to achieve measurement conditions. In addition,
one of the tenets of Point-of-care (POC) biosensors is to be rapid. Overcoming the need
for swelling time fulfills that tenet, while the low-cost and sensitive qualities have been
demonstrated before. The search for the third wavelength began with the two-wavelength
cavity design.

The following simulations were performed using an optical device simulation
software (FIMMWAVE/FIMPROP). First an exploratory simulation was performed with
a fixed cavity size with refractive index 1.3 to 1.4 to determine which wavelength to add
to the current two laser design, whose simulation is shown in Figure 8. The wavelengths
considered were in the visible, near-IR range to maintain low device cost. The upper
refractive index limit of 1.4 covers the range of refractive indices possible due to the
formation of thin layers of proteins, cells, and other biological analytes, such as a
streptavidin-biotin complex, seen in literature [32, 33]. Much of the cavity width would

be filled with buffer solution (RI 1.333), so the expected range is centered around 1.33.
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The parameters set for the three-laser design were transferred from the basis of
the two-laser design. The silver thickness was 20 nm, the glass substrate thickness was
500 nm, the cavity width was set to 8 um, and the SOG layer was set to 400 nm. Any two
wavelengths’ efficiencies should change in opposite directions for the differential
detection to work. This is referred to as the measurement condition. The design showing
a set of peaks with measurement conditions beginning at 1.33 was determined, since that
is the refractive index of the DI water, the first fluid introduced to the cavity during tests.
The range up to 1.4 encompasses the refractive index of our stock solution of streptavidin

in DI water (1 mg/mL, or 18.2 uM), which is 1.335.
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Figure 8: The resonant response of the two-laser system for a cavity width of 8 microns,
with the first peak of 830 nm decreasing while the 904 nm increases starting at 1.33 RIU.

A third laser wavelength of 808 nm (blue) was chosen since its resonant curve
overlapped with the 904 nm (gold) laser with similar spacing to the 830 nm (green) and

904 nm pair, as shown in Figure 9. In addition, this wavelength was chosen over the
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possible 780 nm or lower wavelength lasers. Losses and round trip phase shift inherent to
resonators like these are dependent on frequency [16], along with the transmittance.
Therefore, to produce a cavity design that transmits the greatest efficiency for all three, it
is more practical to use similar frequencies. As seen in Figure 9, at the refractive index of
DI water (1.33) the 830 and 904 resonant peaks overlap. As the refractive index increases
during adsorption, the 830 nm efficiency decreases while the 904 nm efficiency
increases. The additional wavelength, after 904 nm provides more ample opportunity for

the cavity to be used if the fabricated device is slightly larger than the ideal design.
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Figure 9: Addition of a third wavelength, 808 nm, to the two wavelengths in the previous
design.

The efficiency for the select group of lasers was simulated in response to
refractive index changes and repeated them for varying cavity widths from 7.95 to 8.15
microns. Using these simulations, the ideal cavity width was determined based on if the

linear responses were present in the refractive index range of fluid used for the test
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(1.3329 — 1.3345). For the target cavity width, either of the two crossing ranges should be
present or could be reached with the inherent swelling of the SU8 cavity. The swelling
rate drops exponentially after some time, so it is imperative the cavity is smaller or at a
measurable condition. The ideal cavity width was kept at 8 microns, since the first

wavelength peak, 830 nm, appears at 1.33 RIU.

Fabrication Tolerance

To determine the fabrication tolerance, a separate simulation of the efficiency
response to sensing layer growth was conducted. The efficiencies of all three
wavelengths were found in response to sensing layer growth, while the cavity width was
fixed. The efficiencies for 0-20 nm uniformly thick sensing layers were found using a
refractive index of 1.45 for the sensing layer. This thickness was assumed to include
variation in streptavidin molecule sizes for biodetection tests, which can occur upon
adsorption [34]. The differential value is demonstrably more sensitive than either
efficiency response alone. For the ideal cavity width of 8 um, the 830 nm wavelength
efficiency is expected to decrease from 0.180 to 0.137, and the 904 nm efficiency
increases from 0.063 to 0.077 (Figure 10). In this cavity size, the 808 nm efficiency does
not significantly change, but does increase from 0.02007 to 0.02162. Relying on the
change of either efficiency at a single wavelength is not as responsive as the differential
method, which linearly increases from 0 to 0.544. For any given cavity width, the
differential retains its sensitivity even when the efficiencies are low, as shown in

Table 2.
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Figure 10: The efficiencies for 808 nm (blue), 830 nm (green), and 904 nm (gold)
wavelengths. The differential response for the 830 nm and 904 nm pair is shown also, as
a dashed red line.

Table 2: Efficiency changes for each wavelength alone, versus differential change over 0-
20 nm sensing layer growth.

830 nm
-0.043

904 nm
+0.014

808 nm
+ 0.0016

Differential
+ 0.544

To determine the fabrication tolerance, the differential calculation above was
performed for increments of 10 nm for a range of cavity widths from 7.95-8.15 pm.
Figure 11 shows the differential values for this range. At each cavity width, the
differential calculation was performed if there were two oppositely changing efficiency
curves. There were no oppositely changing efficiency curves (measurable conditions) for
ranges 7.95 to 7.98 um and 8.07 to 8.15 um; thus these ranges are not shown. The data
points in red are the range of cavity widths measurable by the two-laser system, with only

830 and 904 nm wavelengths. The data point in blue is the result of using the 830 and
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808 nm wavelengths at 8.03 um, where the 904 nm wavelength reaches a peak with 0
slope. The ranges 8.03-8.06 utilize the 904 and 808 nm wavelength combination, shown
in green. Overall, the fabrication tolerance estimated from Figure 11 for the two-
wavelength design is 30 nm, or from 7.99 to 8.02 um. The approximate fabrication
tolerance for the three-wavelength design is 70 nm — more than double that of the two-
wavelength design — 7.99 to 8.06 um. Therefore, to greatly improve the device success

rate by increasing the fabrication tolerance, a third wavelength at 808 nm is incorporated.
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Figure 11: The differential values at 20 nm thick sensing layers for cavity widths of 7.95-
8.10 pm.
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CHAPTER FOUR

Experimental demonstration of Three Laser Optical Cavity-based Biosensor

To prove the three-laser design will improve the fabrication tolerance and reduce
overall test time, swelling tests and streptavidin detection tests were conducted. The
fabrication process largely remained the same as for the two-laser design. The differential
response of the three-laser system was compared to that of the two-laser system for

streptavidin detection.

Fabrication

First, two glass substrates are cleaned. On one, four 1-mm holes are drilled to
create inlet and outlet openings for two separate channels. Then silver is sputtered for 15
seconds using a Torr DC sputterer at 100 W. AZ is spin-coated onto it at 2000 RPM, then
exposed to UV under a photomask for 95 seconds. The mask (Figure 12) is patterned to
leave silver in areas where the channel would be and leave plain glass around it. The
mask design contains two channels about 50 mm long, including their 2-mm wide inlet
and outlet areas. The inlet and outlet areas are the circular sections on the left and right-
most ends which are used to align the drilled holes with the channel. They are slightly
larger than the 1mm drilled holes to account for variations in position from manually
drilling into the glass. In the center, the channel tapers outward from 0.5 mm wide to 1
mm wide, to create the sensing area. The sensing area is about 3 mm long and 1 mm wide

between the tapered ends.
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Figure 12: Mask Design used to create channel structure.

Then silver is etched from the white areas in Figure 12, and spin-on-glass (SOG)
IS spun onto it at 1200 RPM. The solvent from the spin on glass liquid is then evaporated
by baking it on a hot plate at 130°C for four minutes, and cooling slightly at 100°C for
four minutes to prevent cracking from drastic temperature changes. Then it is densified
by RF-sputter coating silicon dioxide (SiO2) for 10 minutes at 100 W, using the
procedure outlined in [35]. After the SOG is densified, the drilled substrate (top section
of Figure 13) is then treated with oxygen plasma to form hydroxyl groups on its surface
needed for silanization using (3-Aminopropyl)triethoxysilane (APTES, Sigma Aldrich);
the process is based on the procedure in Zhu, et al. [36]. The substrate is placed in a
desiccator with vaporized 0.5 mL 99% APTES on a 90°C hot plate. After incubating in
vaporized APTES for 24 hours, the substrate is then rinsed in an ultrasonic DI water bath
for 7 minutes to remove unbound or excess APTES molecules. A monolayer of APTES is

ideal for silanization, to generate a uniform layer of amine groups for the next step. After
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drying with nitrogen, the layer is annealed on a hot plate at 110°C and then allowed to
cool for 1 minute. N-Hydroxysulfosuccinimidobiotin (Sulfo-NHS biotin, 5 mg/mL in DI
water) is dropped in the sensing area, to create a biotinylated surface. Bovine serum
albumin (BSA, 1% in DI water) is used to passivate the rest of the channel pattern. The
substrate is then incubated in a humid, closed container for 1 hour and subsequently,

rinsed with DI water and dried with nitrogen.

L Lo ]— 0.5 mm glass substrate

, , }— 20 nm Silver
B L }— 400 nm SOG

I pum UV Glue

}— 8 um SU-8
}— 400 nm SOG
20 nm Silver

]\ 0.5 mm glass substrate

Figure 13: Schematic of the device fabrication process. Two drilled holes (as opposed to
the actual 4) are shown for simplification in the top substrate, which provide access for
fluids to be introduced or removed. The subsequent layers formed on each glass substrate
are shown. After stamping UV glue, the two parts are glued together to enclose the
channel.

The other, undrilled substrate is also sputtered with silver, but not etched. The
SOG is spun on and densified after as well. To form the channel walls, an SU8 pattern is
spin-coated at 1100 RPM, baked on a 95°C hot plate for 3 minutes, and exposed under a
mask in UV for 130 seconds. The SU8 then undergoes a post exposure bake at 95°C for 3
minutes, followed by developing in SU8 developer for 1 minute and dying with nitrogen.
The channels formed are then passivated with BSA using the same procedure as that of
the drilled substrate. Once both are prepared individually, they are bonded together using
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UV glue. The UV Glue is spin coated at 12,000 RPM onto a transfer wafer. The wafer is
lightly cured under UV for 400 seconds to thicken the glue to prevent it from bleeding
into the channel when transferred. The SU8 surface of the plain substrate is stamped with
UV glue, and then quickly bonded with the drilled substrate, in the orientation shown in
Figure 13. They are cured together for 3 hours in a UV box. The SU8 channel walls on
the undrilled side are then enclosed by the flat SOG surface of the drilled substrate. 3D-
printed inlet and outlet ports are affixed to the drilled holes. Fluids may then be
introduced to or evacuated from the microfluidic structure at the drilled holes, such as in
the excerpt below from Figure 6¢. As in the two-laser system setup, the inlet port is open,
filled with consecutive liquids from the syringe pump. The outlet is enclosed by tubing

connected to a vacuum pump to remove fluids from the channel.

Inlet » -ﬁ C. —» QOutlet
Input port —» <— Output port
LS <+ Glass
Silver _

> SOG
<+ Glass

Microfluidic channel

Figure 14: Excerpt from Figure 6, a cross sectional view of the channel, inlet and outlet
port setup.
Optical System Setup and Tests Performed
Fluids are introduced to functionalized channels which are composed of two
mirrors. This allows partial transmission and reflection of light from specific wavelengths

of inexpensive laser diodes. As the refractive index changes, the transmission from the
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cavity for each laser changes. A CMOS camera collects images of the channel which are
processed further using a computer. The three beams are combined using beam splitters
and their intensities are attenuated using a neutral density filter to avoid saturation in the
images collected. A mirror then directs the alternating beams upward to the cavity, to the
CMOS camera. There is a rotating blocker connected to a servo that is positioned above
the 830 nm and 808 nm beam splitter to alternate which is allowed through. The same
goes for the other servo blocker dedicated to the 904 nm. The 830 nm laser was placed on
the 30% ratio side of the 70:30 beam splitter to compensate it having double the power
output of the other two. This way, the intensities are more balanced. Fluids are dropped in
the input port in the same fashion as the two-laser system: a syringe tip connected to a
syringe pump via tubing is positioned just a few millimeters above the port opening.
Fluids are introduced consecutively, before the port empties, to avoid air gaps between
fluids. A micropump pulls fluid through the channel through the tubing connected to the

3D-printed output port on the sample.
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Figure 15: Three-laser system used for testing the optical cavities.

Swelling to Reach Measurement Conditions

Using a third laser wavelength was expected to increase these chances of
approaching a measurement condition within 20 hours, since the fabrication tolerance
was doubled. After 20 hours, the intensity changes appear to slow, indicating the cavity
possibly becomes saturated around that time. An example of this is shown in Figure 16.
DI water was introduced and the vacuum was left on for a period of 20 hours with no
intervention otherwise. If the swelling rate were constant, the other side of the 808 nm
peak would have been observed. Since it was not, it can be assumed that the peak
intensity was sustained due to there no longer being a swelling cavity. In this respect, the
three-laser system performed better than expected by reaching measurable conditions

within 20 minutes for 7 of 8 samples.
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Figure 16: Swelling test of over 20 hours, showing the intensity leveling off at 14000 for
808 nm, and the other two remaining in the valley for most of the test.

There are some points in tests when the timing of the servos is not synchronized
with the camera recording images. At those points the camera recording must be reset
and started when the lasers are not being blocked. These points are indicated in the
following by “RS”, the abbreviation for “resynchronized”. In Figure 16, the camera had
to be resynchronized multiple times over the period of 20 hours. When left unsupervised,
the timing cyclically returns to recording the wavelengths switching on time, and then
again devolves to recording the transition between two wavelengths every 100 minutes.

The data in Table 3 below are the swelling times, and their approximate cavity
widths (CW) using a third wavelength. The swelling time is the time it takes to have two
intensities changing in opposite directions after the first introduction of DI water in the
cavity. In one test, the swelling test was terminated after two hours. An air bubble grew

in the sensing area, making the intensities change erratically, so it could not be
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determined whether that sample would reach the measurement condition. It is important
that the channel remains filled with fluid throughout tests to prevent inconsistent swelling

and interruptions in the sensing area such as this.

Table 3: Swelling times and cavity sizes for 8 cavities.

Cavity Sample (N) Swelling Time (minutes) Post Test CW (um)
1 5 8.47
2 Indeterminate 8.44
3 20 8.99
4 0 8.18
5 0 8.18
6 0 8.00
7 0 8.36
8 10 8.30

The post-test cavity widths were measured using a contact profilometer (Alpha-
Step D-500, KLA Instruments). The fabrication error was 990 um. The large variation
may be attributed to a combination of fabrication errors such as irregularities UV glue
height, or to the variation in swelling and test times. The swelling measurements also
depend on the amount of time the sample was empty before measurement, allowing it to
dehydrate and shrink. Therefore, the exact CW at the time measurable conditions are met
cannot be determined.

The success rate was increased from 81% to 88% using a third laser wavelength,
and the priming (swelling) time average was reduced from 7.71 hours to just 4.29
minutes. The swelling time ranged from 0 to 20 minutes instead of 0 to 23 hours. below
is a tabulated comparison of these parameters for the two- and three-laser wavelength
designs. Despite a larger fabrication error, the success rate using a third wavelength was

higher.
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Table 4: Swelling time and success rate comparison of the two systems.

Parameter Two-Laser System Three-Laser System
Priming Time 7.71 hours 4 minutes
Fabrication Error 107 nm 990 pum
Success Rate 81% 88%

Streptavidin Detection Tests

Next, the differential response to a streptavidin concentration of 10 pg/mL was
determined to compare it with the two-laser system. This test was to ensure that the larger
fabrication tolerance was also just as efficient for molecular detection, not just speeding
up the test time. A simple biotin-streptavidin complex test was conducted using two
samples (6 and 7 from Table 3 above). Each point is the average pixel intensity of a 150
pm x 150 pum area (0.0225 mm?). Cavity expansion affects the average pixel intensity, as
does the adsorption of streptavidin (STV) to the biotin-coated surface of the channel. In
Figure 17 depicts a test conducted for one of the cavities, 8 um wide after the test. The
measurable conditions were seen immediately. The 808 nm (blue) intensity is reduced
from 41,783 to 23,111 over the 30-minute window shown. The 830 nm (green) intensity
increased from 8,256 to 11,537. The 904 nm intensity (gold) is flat, indicating it is in the
valley between two peaks. The 808 nm and 830 nm intensities were used in the
differential calculation, shown in red. The differential minus the swelling response,
otherwise known as the compensated differential value, is shown in light blue. When
streptavidin is introduced at 14 minutes, the compensated differential value increases
from 0.55 to 0.75, indicative of the combined bulk and local refractive index changes.
After 10 minutes, DI water is introduced to rinse unbound streptavidin and only local

refractive index changes due to the sensing layer remain. After at least 25 minutes of
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incubation the differential change was determined. The 0.228 differential increase from
0.557 to 0.785 was due strictly to streptavidin adsorption. After DI water is introduced at
26 minutes, the compensated differential still shows some latent increases, possibly due

to rinsed streptavidin molecules re-attaching in other areas.
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Figure 17: Demonstration of streptavidin adsorption in the first sample. 15 pL of
streptavidin (STV) was introduced at 14 minutes. Resynchronization (RS) was done at 21
minutes, since multiple intensities were being recorded on one image from 17-21
minutes. 15 pL of DI water was introduced to rinse at 26.5 minutes, and another RS was
performed at 36 minutes.

The same test was performed for another sample with a slightly larger cavity
width of 8.36 um, sample 7. The measurement condition was observed within five
minutes of swelling for this sample. After five minutes, 830 nm and 904 nm intensities

were used; the 904 nm intensity increased slightly from 5,476 to 5,503 but is still in a
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valley region, while the 830 nm intensity rapidly dropped from 28,251 to 9,465 over 50
minutes. The differential increased from 0.677 to 0.867 for a total change of 0.191 over
26 minutes, as shown in Figure 18. There is oscillation from the 830 nm intensity, which
may be attributed to fluctuations in current supplied to the laser, or insufficient warm up
time before the test. The differential response is more than three times greater in
magnitude than the oscillation before streptavidin is introduced. As the differential value
increased, the noise increased while streptavidin was incubated. After the DI water rinse,
however, the intensity returns to normal. The differential averages were extracted from
before and after streptavidin introduction, so the oscillation seen in the incubation period
did not affect the differential value change. Again, in this experiment, some residual

binding activity is seen after the DI water rinse at 42 minutes.
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Figure 18: Cavity response for the second streptavidin Test
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The differential change of each cavity may also be compared to the simulated
differential change for streptavidin bonding. The size of streptavidin is around 4.2 nm x
4.2 nm x 5.6 nm [37], while biotin’s size is negligible in comparison. Ideally the silane
monolayer of APTES formed on the surface is expected to be about 0.6 nm for vapor
phase deposition [36]. Therefore, the total expected thickness of the sensing layer formed
on the surface is between 0 to 6.2 nm, for a differential change of 0 to 0.151. It is
important to note that streptavidin may not uniformly or completely coat the biotinylated
channel; poor passivation or low biotin coverage on the channel can also contribute to a
lower average thickness. In addition, a monolayer is not guaranteed. For the differential
values in both experiments, 0.228 and 0.191, the estimated sensing layer thicknesses
would be 9 nm and 8 nm, respectively, for an 8 um cavity. These are both at or above the
expected change due to streptavidin binding. There were no changes to the
functionalization process used from the two-laser system, so the response similar to the
two laser tests is expected. Table 5 shows the differential changes and expected layer
thicknesses based on the differential change for an 8 um cavity width for the two samples
in this work. Data for the two-laser system using the same concentration is also included

for comparison.

Table 5: Differential changes for STV tests.

Sample Differential Change Approximate Sensing
Layer (nm)
2-A 0.122 5.0
2-B 0.094 3.9
3-A 0.228 9.0
3-B 0.191 7.7
Simulation 0.151 6.2

39



The differential change appears more sensitive in the most recent two experiments
with three wavelengths, 3-A and 3-B. Over the time of exposure to DI water, it is
possible that the passivation and biotinylation quality suffers. For shorter swelling and
test time, passivation and biotinylation are fresh, allowing streptavidin to bind more
efficiently. In addition, it is possible that a monolayer did not form and extraneous
APTES or STV molecules were bound to each other. Some variations in molecule size
for streptavidin may also be attributed to conformational changes that happen during

adsorption [34].

Analysis of SU8 Swelling to Determine Experimental Cavity Width
The aforementioned swelling rate and amount could be determined using the test data and
approximate efficiency change per nm change in the cavity. It was evident that each laser
shifted by a fixed RIU/nm in simulation; and using this rate the swelling amount and
original cavity width could be determined for each fluid test. In addition, the amount of
swelling that occurred during these two tests was calculated. The estimated swelling
amounts are tabulated below. The post-test cavity width was measured using a
profilometer after swelling tests. The swelling amount was estimated using previous
optical cavity simulations, by matching the efficiency change in the experiment to the

efficiency changes in simulation. From this, the pre-test cavity width may be estimated.

Table 6: Swelling amounts and cavity widths estimated based on intensity responses.

Sample Total Swelling (nm) Post-test CW Pre-Test CW
(pm) (pm)
A 18 8.00 7.82
B 24 8.36 8.12
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CHAPTER FIVE

Conclusions and Future Work

The benefits of adding a third laser wavelength to the current two-laser optical
cavity biosensor were simulated and demonstrated in this thesis. The fabrication tolerance
was demonstrably increased by 40 nm in simulations, from 30 nm to 70 nm. It was
anticipated that this would widen the window for measurable conditions thus reducing the
possible swelling time, and increase the success rate of optical cavity samples. However,
despite a much larger fabrication error of 990 nm, measurement conditions were still met
in less time than with the two-laser approach. Most samples reached the conditions for a
success rate of 88%. Multiple pairs of wavelengths’ intensity changes were usable over
this variation as well, whereas that much variation in the two-laser system was not usable.
For a fabrication error of only 107 nm in the two-laser system samples, only 13 of 16
reached measurement conditions for a success rate of 81%. The fabrication error is
considered rather than the fabrication tolerance; due to the inconsistent nature of
swelling, the exact cavity widths before testing could not be extracted, only estimated.

The priming time needed for biodetection tests was shortened and made more
consistent. Before, the swelling could take 7.71 hours on average, ranging from 0 to 23
hours. With the expansion of the usable range using a third wavelength, 7 of 8 samples
were ready to use within 20 minutes, for an average of 4.29 minutes. This drastically
reduces the time and materials needed to perform testing, in keeping with the needs for
rapid and real time biosensing in medicine. The usability of the device as a biosensor was

also demonstrated to have a superior differential response in streptavidin biodetection
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tests, despite a wider fabrication error. The differential changes reported in the three-laser
system streptavidin detection tests were 0.228 and 0.191, while those reported for the

three-laser system were 0.122 and 0.094.

Future Work

More optimization is planned for the three-laser optical cavity-based biosensor,
taking further steps toward becoming a point-of-care diagnostic device. Future
experiments where the cavity width is measured before testing is crucial to determine the
exact fabrication tolerance, rather than the variation. The experimental fabrication
tolerance may in fact be much wider for either system, considering there are multiple sets
of peaks that may appear over a range of cavity widths. In the previous experiments, the
fabrication error being wider than the expected tolerance is indicative of there being more
than one cavity width solution to this design. However, fluid flow rate was not a
controllable parameter in the above experiments due to the variation in the vacuum pump
and the cavity width. The fluid flow rate, which is reduced when the cavity width is
decreased, directly increases the incubation time allowed in the sensing area. Fluctuations
in the flow rate also occur in the same experiment, attributed to the vacuum pump. In
future experiments controlling flow rate may be implemented to better control the
incubation time allowed in biodetection experiments, which in turn will improve future
sensitivity and limit of detection (LOD) values.

The three-laser system will also be evaluated further under sensitivity and LOD
experiments. The success rate and reduced test times will greatly improve the ease of use

in further research with minimizing the biosensor to a portable system, and eventual
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commercialization. The author was also involved in the development of a portable
version of the optical cavity-based biosensor. This system was fabricated from off-the-
shelf optical and electrical components mounted in 3D-printed housing, for less than
$1,300, a fraction of the cost of facilities and tests from current practice. The two-laser
portable system has been successful in refractive index measurements [23]; the next
phase would be incorporating the third wavelength for that system as well. In the scope of
commercialization, the priming sequence may be completed before the cavity reaches the
user, while manufacturing. This phase taking no more than 20 minutes rather than
overnight would expedite manufacturing and limit material costs associated with the
procedure. The portable system cost less than $1,300 and adding a third wavelength
would limit the cost of materials and labor associated with making the optical cavity

sample used within it.

Author’s Contributions to this project

Since becoming a part of Bio & Micro Devices Lab team at the Baylor Research and
Innovation Collaborative (BRIC), the author has contributed:

e As an undergraduate research assistant (URA), fabrication of a portable optical
cavity-based biosensor (OCB) of the two-laser system, using commercially
available optics and electronics housed in a 3D printed structure. This was used to
demonstrate the OCB’s capabilities in refractive index sensitivity, as compared to
similar tests on the tabletop system. The housing was designed specifically to
each component used in SolidWorks, and plastic enclosure was built by hand. The

overall dimensions of the portable system were 6.5 in x 8.5 in x 11 in.
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As a URA, co-authored a journal article of the experiments using the portable
OCB mentioned above, in 2019.

Co-authored a review paper, “Label-Free Optical Resonator-Based Biosensors”
published in MDPI Sensors in 2020.

Simulated the performance of the three-laser optical cavity-based biosensor
system in terms of fabrication tolerance and expected transmission over cavity
widths ranging 7.95-9.20 um, which are used in this thesis and may also be used
in future modifications to the device.

Fabrication of optical cavity samples (OCSs) and demonstration of the three-laser
system to have a higher success rate, larger fabrication error allowance, and
superior differential response than with the two-laser approach through
preliminary biodetection tests using streptavidin-biotin affinity.

Trained incoming undergraduate and graduate students who joined the project
either as summer interns, senior design teams, or as graduate research assistants
on the project since 2018 on a wide variety of topics: 3D printing design,

microfabrication and other related functions of developing the optical system.
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APPENDIX A — Two and Three Laser test records and metrics

Test date | Channel | Swelling time - mins | Swelling Time - Hours | Test time - mins | Test Time - Hours | Success count Notes
5/7/2020 A 100 1.67 188 3.13 N/A exclude, not same test procedure
B Not recorded (NR) NR 107 1.78 N/A exclude, not same test procedure
5/10/2020 A 110 1.83 145 2.42 N/A exclude, not same test procedure
B NR NR 115 1.92 N/A exclude, not same test procedure
5/14/2020 A 550 9.17 94 1.57 N/A exclude, not same test procedure
B 500 8.33 NR NR N/A exclude, not same test procedure
5/17/2020 A 306 5.10 89 1.48 N/A exclude, not same test procedure
B 294 4.90 90 1.50 N/A exclude, not same test procedure
5/21/2020 A 430 7.17 4.4 0.73 1
B 255 4.25 33 0.55 1
A 640 10.67 33 0.55 1 8.217
5/25/2020 B NA NA NA Didn't reach condition
A 0 0.00 43 0.72 1
5/27/2020|
127/ B NA NA NA Didn't reach condition
5/29/2020 A 660 11.00 4.1 0.68 1 8.189
B 470 7.83 32 0.53 1
A 985 16.42 36 0.60 1 8.11
5/31/2020|
131/ B NA NA NA Didn't reach condition
6/6/2020 A 1380 23.00 3; 0.58 1 8.13
B 20 0.33 33 0.55 1
A 640 10.67 35 0.58 1
6/8/2020
B 500 8.33 27 0.45 1
A 1
6/10/2020 0 0 30 0.50
B 35 0.58 28 0.47 1
Metrics
Avg. Priming time 7.71\hrs
St. Dev. 6.92|hrs
Avg. Test time 34.62|min
St. Dev. 5.32|{min
Succes Count 13|of 16
Success Rate 81%
Test date | Channel Swemng time - min Swemng time - hours | Test Time - min| Cavity Width | Success Count Notes
2/1/2021 A 0 0.00 25 9.17 1 Exclude, not same fabrication
2/9/2021 A 0 0.00 9.06 1 Exclude, not same fabrication
2/21/2021 A NA N/A N/A 8.47 air introduced, not able to swell
B 10 0.17 N/A 8.44 1
3/1/2021 B 20 0.33 N/A 8.99 1
3f/a/2021 A 0 0.00 N/A 8.18 1 air introduced after swelling
B 0 0.00 30 8.18 1
3/11/2021 B 0 0.00 26 3.00 1
3/17/2021 A 0 0.00 28 8.36 1
B 0 0.00 NA 8.30 1 air introduced after swelling

Metrics
Avg. Priming time 4.29|min
5t. Dev. 7.87|min
Avg. Test time 27.00|min
5t. Dewv. 2.00|min
Succes Count 7|of 8
Success Rate 88%
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