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of fluorescently labeled Zika nucleic acid bead constructs. Bottom: Negative control
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detections.
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deviation of 491.
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EVs and a 40x objective couples the emission through a fluorescence filter and into an

APD.

Fig. 6.3 Mode image of the excitation light guided through the solid-core excitation
waveguide. The FWHM dimensions of the excitation mode were measured to be 3.74
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In the first lecture the students are taught the theory of LoC systems and their
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to program LoC systems. Both lectures are taught in the students’ native language. The
students are then assigned a project detecting bacteria in water samples. They then
complete the assignment, upload their code and receive feedback. The LoC system is

then run with their code and the data is produced, analyzed and returned to the students.

Xiii
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66 9 (13 o5

Commands: “c” = close, “0” = open, “w” = wait.
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in learning more about LoCs. B) Perceived applicability of LoC’s in biotechnology
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Fig. 6.12 Program evaluation and prospects of careers in bioinformatics and
computational biology. (A-O) Program evaluation showing the distribution of students’
responses. A) Evaluation of the theoretical component of the program. B) Evaluation
of the programming assignment. C) Perception of the usefulness of the programming
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Abstract

INTEGRATED OPTOFLUIDIC PDMS BIOSENSOR DEVICES

by

Tyler Sano

Recent epidemics such as Zika and SARS-CoV-2 have demonstrated the vital
need for novel sample-to-answer biosensors that enable rapid diagnoses to reduce
impacts of future disease outbreaks. Additionally, it is essential that these new
biosensors remain cost-effective and progress ultimately towards a complete point-of-
care (POC) device, enabling access to high quality diagnostic options in developing
countries where disease outbreaks are far more devastating due to lack of resources and
aid. Optofluidics provides unique advantages to address this challenge. By combining
the integration of photonic components with the ability to control nanoliter scales of
fluids, multiple functionalities that would usually require an entire laboratory can exist
in the same chip. Developing these devices establishes a pathway to point-of-care
devices that can democratize infectious disease screening. By fabricating these devices
on polydimethylsiloxane (PDMS), even more advantages can be exploited through
rapid prototyping of novel devices. Furthermore, the advancement of organ-on-chip
studies provides another avenue by which optofluidic biosensor devices can be used to
investigate secreted biomarkers and inform on organ health and development. Within
this thesis several PDMS-based optofluidic devices are presented. The first device

demonstrated an on-chip distributed feedback laser using Rhodamine 6G dissolved in

xvi



ethylene glycol that had a central lasing wavelength of 574.6 nm and a bandwidth of
1.08 nm. The threshold fluence of this laser was determined to be 52.7 pJ/cm?. A second
DFB laser using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) dissolved in dimethyl sulfoxide (DMSO) was then added to demonstrate
spatially multiplexed fluorescence sensing. This second laser had a lasing wavelength
of 656.5 nm, a FWHM of 1.73 nm, and threshold fluence of 307.6 uJ/cm?. A complete
all-in-one lab-on-chip (LOC) system is then presented integrating the Rhodamine 6G
laser with sample preparation and optical detection of Zika nucleic acids. Lastly, new
directions for optofluidic biosensors are presented including educational outreach using
remotely operated LOC devices to conduct fluorescence detection of Escherichia coli
(E. coli) as well as optical detection of single extracellular vesicles secreted from

cerebral organoids.
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Chapter 1

Introduction

With the occurrence of multiple epidemics and pandemics in recent years such
as Zika, Ebola, and SARS-CoV-2, disease and pathogen detection have become high
priorities in public health care [1]. While incredible achievements in the field of
medical diagnostics have been made to detect infections earlier and more precisely,
many of these techniques are expensive and time consuming. Frequently, these
techniques also require very large pieces of expensive lab equipment making them
inefficient in quickly providing point-of-care (POC) diagnostics as well as lacking the
ability to be utilized in more rural and developing regions. In response to this, there has
been a large effort to develop biosensors that operate on a chip scale, increasing the
accessibility of sensitive diagnostic devices that are not hampered by laboratory space,
expensive equipment, or even experienced professionals to operate them. These chip-
scale biosensors are designed to integrate essential lab functionalities into a single lab-

on-chip (LOC) device. In doing so, progress is being continually made towards the



development of an effective POC diagnostic device that can democratize the access of

quick sample-to-answer disease diagnostic solutions.

Optofluidics is a unique field of study that emerged from the combination of
microfluidics and optics [2]—-[4]. The combination of the two fields has brought forth a
wide array of approaches to tackling modern day problems, most notably in the realm
of disease detection and biosensing [5]-[7]. With the mass utilization of photo and soft
lithographic processes, fabrication of chip-scale microfluidic channels and optical
waveguides has become relatively easy. The manipulation of small volumes of fluid is
necessary for the development of a useful POC device while the integration of photonic
components on-chip enables optical detection modalities that are essential for a
complete LOC system. This dissertation will highlight chip-scale optofluidic devices
designed for integrated coherent light sources [8], [9] and the LOC biosensors resulting
from their integration with assay preparation [10]. Furthermore, this dissertation will

demonstrate the progression towards remotely operated LOC biosensors.

The recent concurrent onset of widespread influenza, respiratory syncytial virus
(RSV), and SARS-CoV-2 had a massive effect on the daily lives of people throughout
the world [11]. This coined “tridemic,” demonstrated the reality that many rapidly
evolving pathogens can exist at the same time. Additionally, several of the infections
resulting from these viruses such as Zika and Dengue or influenza and SARS-CoV-2
can result in patients exhibiting very similar symptoms. These two factors prove why
the development of diagnostic systems must focus on decreasing limits of detection

and time-to-detection while including the ability to conduct multiplexed analysis [12]—
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[14]. The ability to test a single sample for several different potential biomarkers is
essential for physicians to make informed treatment decisions and combat early-stage
infections. Additionally, development of these devices should continue to be conscious

of being economically efficient to ensure that a high level of health care is accessible.

In addition to aiding in pathogen detection, chip-scale optofluidic biosensors
can also be useful in other fields of study. Organoids are a miniaturized model of an
organ that is grown in vitro that aids in studying some of the key structural components
of the actual organ [15]. These organoids originate as stem cells and are differentiated
into a desired cell type. Organoids can provide a vast array of new insights into the
evolution of organs as well as modern day concerns such as cancer and tumor
progression and growth [16], [17]. Given that organoids are a relatively new subject of
study however, there have been relatively few studies on various markers of health that
they secrete throughout their growth. Extracellular vesicles (EVs) are membrane
enclosed particles that are secreted from cells. Microvesicles, exosomes, and apoptotic
bodies are the three subtypes of EVs that are differentiated primarily based on a number
of factors including size and content [18]-[20]. All of these subtypes of EVs serve
different functionalities, but specifically in the case of exosomes, contain biomarkers
that can potentially be used as indicators of cell health and growth [21], [22].
Optofluidics and on-chip biosensing present a precedented path to detecting these
biomarkers [23]. Furthermore, PDMS-based optofluidics presents an excellent
platform for integration of these biosensors into systems designed to grow and provide

on-demand feedback of organoid health.



This thesis first presents a novel polydimethylsiloxane (PDMS)-based
optofluidic dye laser using Rhodamine 6G dissolved in ethylene glycol in a fluidic
distributed feedback grating cavity using a corrugated sidewall architecture [8]. This
on-chip laser was demonstrated to be dynamically tunable using a pneumatic
“lightvalve” that deforms the lasing cavity and attenuates the output power.
Additionally, this DFB laser was demonstrated to be capable of exciting fluorescence
from individual fluorescent microspheres in flow that were used as a proxy for a
fluorescently tagged biomarker; an essential functionality in the development on an
optofluidic LOC biosensor. This device was then expanded to include a second DFB
laser in parallel that used 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran (DCM) dissolved in dimethyl sulfoxide (DMSO) [9]. The inclusion of a
second DFB laser enabled multiplexed fluorescence detection. An all-in-one LOC
device is then presented implementing the DFB laser in a PDMS-based device that also
contained sample preparation via pneumatically actuatable valves enabling assay
preparation on-chip [10]. Lastly, ongoing research in optical fluorescence detection of

EVs that are derived from lab-grown neuronal organoids is presented.

Throughout this dissertation, research contributions that result in a PDMS-
based optofluidic LOC system and progress towards the goal of a POC device capable
of reducing or preventing the impacts of future viral outbreaks are presented. Chapter
2 outlines essential background for the text that follows. Additionally, Section 2.2.1
describes an educational outreach project conducted remotely with university students

in Bolivia, demonstrating other applications of LOC technology such as the



democratization of high-level scientific and educational outreach. A novel optofluidic
distributed feedback dye laser is presented in Chapter 3. This architecture is expanded
to include a second laser and spatially multiplexed fluorescence sensing is
demonstrated in Chapter 4. The DFB dye laser is then combined with previous work in
developing an integrated PDMS sample preparation stage enabled by a series of
pneumatically actuated valves. This complete LOC is then demonstrated in Chapter 5
through detection of fluorescently labeled Zika nucleic acids. Chapter 6 discusses
ongoing research in using PDMS optofluidics to optically detect and analyze
extracellular vesicles that are secreted by laboratory-grown organoids. Lastly, Chapter
7 summarizes the work presented within this thesis and examines potential capabilities

and future goals for the devices demonstrated.



Chapter 2

Background

The focus of this chapter is to provide theory and context in the form of prior
work for the text that follows through discussion of previous work and motivation. This
chapter will additionally present work demonstrating the use of optofluidics and lab-
on-chip biosensing implemented in fluorescence detection of individual bacterium in a
remote project-based learning educational outreach program with university students

in Bolivia.
2.1 PDMS Optofluidics

Optofluidics is a relatively new field existing at the intersection of microfluidics
and on-chip photonics [4], [24]. Integration of the two fields enables a new generation
of devices that interface optical excitation and analysis directly with fluidic samples
[3], [25]. While microfluidics has been a well-studied field presenting avenues for
sample preparation and analysis for many years, integration of planar optical

components on the same channel revolutionized the sensing capabilities of a single



chip-scale device [3], [24]. Incorporating more complex microfluidic processing,
however, benefited from hybrid platforms combining polymer-based fluidic processing
modules with solid state photonic devices [26]. Eventually, optical waveguiding in
polymer materials such as PDMS dramatically expanded the use of polymer-based
chips from sample preparation modules to standalone optofluidic diagnostic devices
[27]. Optofluidic technologies have been implemented on solid-state platforms [28] as
well as on polymer-based materials such as polymethyl methacrylate (PMMA) [29]
and PDMS [30], or some combination of the two platforms [31]. In particular, PDMS
provides the benefits of its biocompatibility [32], optical transparency [33], mechanical
elasticity [34], and comparatively easy to fabricate [35]. Compared to the solid-state
counter parts, PDMS also has a lower refractive index. This allows for more simple,
index-guided liquid-core waveguides to be fabricated as there are more commonly used
solvents that have a refractive index higher than that of PDMS. Additionally, since
PDMS is comprised of a mixture of a base and curing agent, this ratio is variable and
can be used to fabricate devices and device layers with varying flexibility and elasticity.
More importantly, the refractive index of PDMS can be varied by changing the base-
to-curing agent ratio when mixing the PDMS, making it a prime polymer for

developing optofluidic LOC devices [27].

2.1.1 Microfluidics

Microfluidics is an expansive field that has been demonstrated to be versatile

in the manipulation and handling of small volumes of fluid using fluidic channels on



the scale of tens to hundreds of micrometers in width [36], [37]. Historically,
microfluidics was heavily used in chemical synthesis and analysis [38], [39]. Currently,
microfluidic technologies are expanding and are being used in progressing exciting
new fields of on-chip science such as biosensors and organs-on-a-chip, aiding in
fundamental studies of organ health and development. PDMS has been a well-
established material used in microfluidics research as a result of the ease of fabrication
and ability to rapidly prototype new device designs in a cost-effective way. Furthermore,
PDMS is a biocompatible material with additional benefits such as mechanical
elasticity. Advancements in increasing the resolution of 3D printing technologies has
led to even more rapid fabrications of microfluidic channels and devices [40]-[43].
Soft-lithography remains the primary method for fabricating PDMS-based optofluidic
devices and has enabled micron-scale fluidic channels to be fabricated, allowing for

sample processing at nanoliter scales.

The flow dynamics within microfluidic channels is often characterized by the

Reynold’s number:

where p is the density of the fluid, v is the mean speed, D is the diameter, and p is the
dynamic viscosity. Since most fabricated microfluidic channels are rectangular, this

expression can be expressed as:

_ 4pvA
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where A and P are the area and perimeter of the rectangular channel. As a result of
microfluidic channels have micron scale dimensions, their Reynold’s numbers are
<2000, which is the transition from laminar flow to turbulent flow. Laminar flow
implies that particles flowing in the center of the channel will have the maximum speed

and those flowing near the channel walls will have the minimum speed.

In LOC systems, microfluidics not only provides the samples to detection sites,
but more importantly aids in the mixing of sample suspended in the reagents [44].
Given that fluids often experience laminar flow in microfluidic channels, two fluids
that flow in parallel do not mix together. Therefore, more complex channels are
necessary to ensure mixing does occur in specific situations such as assay preparation.
This mixing can be done in a variety of different ways depending on device architecture
and material composition. In line with core microfluidic principles, various channel
geometries can be fabricated for mixing purposes [45]. Zigzag, corrugated serpentine
channels, and intersecting channels have all been used to conduct reagent mixing.
Additionally, biological assays have been demonstrated using droplet microfluidics
[46]-[48]. In general, mixing channels in series present a solid foundation for
combining fluidic samples but lack the ability to sequentially introduce reagents
together and the versatility for being used for different assay protocols. Because of this,
microvalve arrays are a useful tool in the development of a versatile microfluidic LOC
biosensor [34], [49]. Chapter 5 will present a LOC biosensor where fluidic mixing and
assay protocols are conducted using a programmable pneumatically actuated PDMS

valve array.



2.1.2 PDMS Automatons

An essential function of a LOC biosensor is the ability to conduct assay
preparation on-chip. As described in the previous section, mixing channels are
convenient solutions for sample preparation, but lack the ability to conduct a wide array
of complex assays requiring multiple sequential steps. Developments in lifting gate
valve arrays called “automatons,” based on the foundational work presented in [34] and
[50] demonstrating PDMS-based microvalves and pumps, significantly improved the
ability of on-chip sample preparation by allowing for active control of fluidic systems
(Figure 2.1) [26]. In this hybrid implementation, a PDMS automaton was used to
conduct the sample preparation before transferring the sample to a solid-state
optofluidic biosensing device via connective tubing. Active fluidic control was
provided through a custom control box that was used to actuate individual solenoid

valves and apply positive and negative pressure to the on-chip lifting-gate valves.

Automaton ARROW Chip

f_\\ A

|
Tubing

Automaton ARROW Chip

Pneumatic
Layer

Pneumatic Fluid Inlets

Inlets
Fluidic
Layer

# Connectors

&

Substrate Detect

Excite

Microvalve Array

Figure 2.1. Hybrid integration of automaton and optofluidic biosensor device. a)
Schematic of hybrid optofluidic device. b) A photograph of the assembled device
(white scale bar represents 1 cm).
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The automaton and optical detection integration was later advanced in [51]
where a single PDMS device contained both the automaton state as well as a solid-core
waveguide used to couple excitation light into the chip as seen in Figure 2.2.

Fluorescence emission from excited targets was coupled off chip into an avalanche

photodetector (APD).
(a) Inlet 1 € /
Optical detection Sample preparation ey 7 & '%?: ’
section section »%& 3
X

(b) (©) y -

Wv‘

" EmEEE.-.T
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| ltve Pressure H
TH. o
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[ ] 4

Figure 2.2. a) Left: Top-down camera image of the device with integrated sample
preparation and optical detection (scale bar: 1 mm). Right: Schematic of the device
where each of the 8 valves are individually actuatable to mix and push fluorescently
labeled samples to the optical detection region. b) Cross-sectional schematics of the
optical waveguides (left) and valve operation (right). ¢) Photograph of device (scale

bar: 1 mm).

The illustrated device was shown to be capable of multiplexed detection of Zika nucleic
acids and proteins using target-specific fluorophore binding on-chip. Chapter 5 will

expand on the development of this device by incorporating an on-chip optofluidic
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distributed feedback laser to provide a reconfigurable coherent excitation light while

simplifying the optical coupling required.
2.1.3 PDMS Waveguiding

Optical waveguiding is essential to the integration of photonic components on
PDMS. In the scope of on-chip optofluidics, confining and guiding light allows for the
concentration of excitation light to small detection regions in desired areas of a device.
Waveguiding in PDMS specifically is achieved through total internal reflection (TIR).
TIR waveguiding is a phenomenon that occurs when light enters a waveguide at an
angle larger than a critical angle and the refractive index of the core material is greater

than that of the surrounding cladding:

Neore > ncladding (2'1)

This condition comes about as a result of Snell’s law, which describes the relation of
the angle of refraction to the angle of incidence given the refractive indexes of two

adjacent materials.
NeoreSing, = ncladdingSinHZ (2.2)

If the condition for TIR waveguiding is met, there exists a critical angle (8.),
determined by the angle of incidence when the angle of reflection is equal to 90°,
beyond which light is reflected into the core material at an angle equal to the angle of

incidence. Using angle laws and assuming a straight waveguide, any light that meets
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this condition will continue to be confined within the waveguide such as shown in

Figure 2.3.

6, = sin™! (eledding) 2.3)

Ncore

PDMS is fabricated by mixing a base and curing agent together in an aqueous solution
before curing in an oven to create a solid material. By altering the ratio of the base to
curing agent when mixing, the refractive index of the final product can be manipulated
[27]. Using this information, we are able to fabricate solid-core waveguides where light
is confined in two dimensions. In the vertical dimension, these waveguides can be
thought of as slab waveguides. For solid-core waveguides, the core is comprised of 5:1
PDMS with refractive index 1.4170 and the cladding is composed of 10:1 PDMS with

refractive index 1.4138.

|
| ncladding
[

core

ncladding

Figure 2.3. Propagation of light through a slab waveguide.
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Slab waveguides are one of the most common and simple types of waveguides.
The structure of a symmetric slab waveguide consists of a central layer, known as a
core, with refractive index, n.,.., located between two identical layers which are called
the cladding, with refractive index, n¢gqaing (Figure 2.3). Since slab waveguides
operate using TIR, the refractive index of the core is, by definition, higher than that of
the cladding layers. For waveguiding to be achieved, a propagating wave must
constructively interfere with itself. Without constructive interference, the light will
rapidly diminish via destructively interfering with itself. An electric field propagating
in a slab waveguide can be visualized in Figure 2.3 where the phase change from the
start to end of the red optical path must be an integer multiple of 2m. This can

mathematically be expressed as:
Ap = m(2m)

where m is an integer. The phase change between the two points can be found by

geometrically adding the lengths of the two segments:
A¢p = k(2dcosf) — 2¢p = m(2m)

Where k is the wave vector of the propagating coherent light, which is related to the

2mn

wavelength of the light via k = -0 and d is the slab thickness. The 2¢ factor accounts

for the phase change resulting from the two internal reflections. From this equation, it
can be seen that only one 6 value and ¢ value can satisfy the equation for each m value.

We therefore arrive at the waveguide condition:
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2T Noored

n cosb,, — oy = mm

For a step-index waveguide of width, w, a finite number of waveguide modes can be
supported. The number of modes a waveguide is capable of supporting, M, is defined

by:

where V is the V-number, defined by:

_2m ) 1/2

w 2
= 1 (ncore_ncladding

Therefore, the number of supported waveguide modes depends on the effective
refractive index contrast between the core and cladding materials in the waveguide and
can be manipulated to the point of becoming a single mode waveguide. In Chapter 3,
we will discuss the manipulation of core refractive index via dilution of the liquid core
solvent to achieve a liquid core DFB laser such that only the fundamental mode is

supported.

2.2 Lab-on-chip Biosensing

Lab-on-chip biosensing is one field that has benefitted tremendously from the
increased implementation of optofluidics [52]. Detection of desired bioparticles has
largely been carried out in large quantities with expensive and bulky instruments in

laboratories. Furthermore, by including as many laboratory functionalities as possible
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in a single device, contamination and mishandling of samples can be reduced [53].
Microfluidics has allowed for increasingly smaller quantities to be manipulated and
processed through a variety of different methods [54], [55]. This reduced quantity of
reagents also leads to a reduction in the waste produced [56]. A primary laboratory
function that can exist in LOC systems is sample preparation. The ability to conduct
complex assays on-chip can dramatically reduce the amount of laboratory equipment
needed for disease diagnostics [31], [51]. In LOC biosensing, this ability to conduct

sample preparation is necessarily combined with on-chip detection of biomarkers.

On-chip biosensing has been demonstrated through a number of different
modalities including electrical sensors and optical sensors [57]. Utilizing chip-based
sensing schemes allows for increased sensitivities to be achieved since the detection
regions are much smaller. Electrical sensors such as solid-state nanopores have the
advantage of being able to detect label-free samples, therefore excluding fluorescence
labeling assays generally found in optical sensors [58]. The downside to this type of
sensor, however, is the inability to specifically correlate a detected signal to a specific
biomarker without prior purification steps. This can be alleviated in aptamer-based
electrical biosensors where target-specific binding between bound aptamers or
antibodies and biomarkers leads to a current signal in the device [59]-[61], but this
technique becomes harder in multiplexing schemes and does not scale well compared
to optical biosensing counterparts. Label-free, aptamer-based binding can also be used
in optical biosensors that detect the presence of biomarkers through surface plasmon

resonance (SPR), however, multiplexing capabilities are, again, more complex. Label-
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free optical sensing can also be employed in interferometric sensing where changes in
refractive index of fluidic samples are monitored [62]. Fluorescence-based optical
biosensors akin to flow cytometers, where fluorescently labeled analytes pass through
a laser excitation spot, possess greater multiplexing capability resulting from the ability
to selectively tag different biomarkers with an array of different fluorescent labels [12]
as well as the ability to reach single molecule sensitivities [5]. In fluorescence-based
optical sensors, a coherent excitation source is necessary to excite fluorescent labels.
This laser excitation can be supplied by externally coupling a laser to the chip, however
a number of on-chip lasers have been demonstrated that provide unique advantages on-

chip for biosensing applications and will be discussed in Section 3.1.

The combination of complex microfluidic structures and high throughput
biosensing paves a clear road to LOC systems [63]-[66]. Generally, the desired
components of LOC symptoms are sample introduction, mixing and reaction, and
analyte detection [67]. Various LOC devices have been demonstrated to be able to
detect a range of biomarkers using fluorescence signals activated by biomarkers
binding to aptamers [68], [69] as well as through Raman spectroscopic detection [70].
Additionally, colorimetric spectroscopy has been demonstrated in a LOC environment
[71]. Notably, fluorescence detection at single molecule sensitivities has been
demonstrated using a PDMS-based biosensor with an integrated sample preparation

stage using pneumatically actuatable valves [51].

This thesis presents two types of chip-scale optofluidic devices fabricated

entirely of PDMS in sequential development of an optofluidic LOC biosensor. Chapter
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3 will discuss the first device which demonstrates optical sensing using a novel on-chip
light source to detect fluorescent beads as a proxy for a fluorescently labeled biomarker.
This device is then expanded on in Chapter 4, which presents a second device to include
a second on-chip light source to demonstrate spatially multiplexed detection of two
different fluorescent beads. The on-chip light source is combined with a previously
demonstrated sample preparation platform to complete a PDMS-based lab-on-chip
biosensor that was used to detect fluorescently labeled Zika nucleic acids captured on

magnetic beads which is presented in Chapter 5.

2.2.1 Fluorescence Biosensing

As described above, on-chip biosensing is often achieved through means of
electrical or optical detection methods. Optical detection schemes have the benefits of
being selective and allow for expansive multiplexing techniques. A primary modality

of optical biosensing is accomplished by employing laser-induced fluorescence.
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Figure 2.4. Energy diagram of laser-induced fluorescence. Absorption of a photon
from a laser excites an electron from the ground state (So) to the excited singlet state
(S1, 3). Non-radiative decay relaxes the excited electron to the lowest vibrational
energy state, (Si, 0). A fluorescence photon is emitted as the electron relaxes to the
ground state.

Fluorescence is a phenomenon that occurs when an electron in an excited
vibrational singlet state emits a photon as it relaxes down to the ground state. In laser-
induced fluorescence specifically, a fluorescent dye molecule is selected for having a
specific energy gap between the ground and excited state that matches the energy of an
excitation laser (Figure 2.4). When an excitation photon is absorbed, an electron is

excited from the ground state (So) to a vibrational band in the excited singlet state, in
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this case (S1, 3). The excited electron quickly relaxes to the lowest vibrational state (Si,
0), typically occurring on a timescale of picoseconds. Finally, the electron returns down
to the ground state and emits a photon. Because of this relaxation, the emitted
fluorescence photon will have less energy than the absorbed photon. This decrease in
energy is known as the Stokes shift. In optical biosensing, this emitted fluorescence
photon is captured as a fluorescently labeled analyte passes through a detection region

where it intersects with laser excitation.

A massive variety of fluorescent dyes are now readily available commercially
to allow for fluorescence detection using a host of different excitation wavelengths and
a wide variety of applications. Fluorescent dyes can be functionalized to preferentially
bind to specific molecules such as nucleic acids and lipids for specific sensing
applications. In this thesis, detection of fluorescently stained polystyrene microspheres,
E. coli, and extracellular vesicles will be presented. Additionally, dye molecules can be
conjugated onto nucleic acid sequences. This thesis will also present specific
fluorescence detection of Zika nucleic acid through hybridization of functionalized

fluorescent probes onto target nucleic acid sequences.
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Chapter 3

Optofluidic Distributed Feedback

Dye Laser

The field of lab-on-chip biosensors aims to develop chip-scale devices capable
of combining all necessary laboratory functionalities that are used for detection of
desired biomarkers. A critical module of a lab-on-chip biosensor is the method of
detection. In the case of an optical biosensor, a coherent excitation light source is
preferred. In most cases, external lasers are coupled to chip-scale biosensors via an
optical fiber aligned to an on-chip waveguide. This coupling can be extremely tedious
and sensitive to the external environment. On-chip lasers offer the advantage of being
coupled directly to the detection region and therefore require no extra alignment
beyond alignment of the pump source [72], [73]. Section 3.1 will discuss various
approaches to development of on-chip optofluidic lasers. Section 3.2 will discuss the
specifics of a novel all-PDMS distributed feedback dye laser design. Section 3.3 will

present results of laser characterization as well as fluorescence detection experiments
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conducted with this device. Finally, Section 3.3.4 will describe the integration of the

DFB laser with a pneumatic “lightvalve” enabling tunability of DFB laser output power.
3.1 Optofluidic Lasers

As mentioned above, a crucial component of lab-on-chip optical biosensors is
a coherent light source. On-chip optofluidic lasers provide a host of reconfigurable
advantages in addition to their direct integration to the chip. Typically, a fluorescent
dye is dissolved into a solvent that is then flowed through an optical pump laser [72].
Since optofluidic lasers rely on a fluidic gain medium, various dyes can be used to
generate a wide range of excitation wavelengths. Additionally, by varying or
manipulating the solvent that the dye is dissolved in, the resonant wavelengths in the

cavity can be tuned.
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Figure 3.1. Previously demonstrated optofluidic dye laser geometries: a) Distributed
feedback dye grating [74], b) Fabry-Perot cavity [75], and c¢) optofluidic ring
resonator [76].

A wide variety of lasing geometries have been used to demonstrate on-chip
optofluidic lasers including Fabry-Perot cavities [75], [77], droplet arrays [78], ring

resonators [76], and distributed feedback (DFB) cavities [79]-[84] (Figure 3.1). Fabry-
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Perot cavities provide a simple lasing cavity but require a very short cavity length to
avoid high multimode lasing resulting from a small spacing between resonant
wavelengths, or free spectral range (FSR). Droplet arrays provide a unique advantage
of being able to dynamically change cavity properties by virtue of changing droplet
spacing, but in general require more complex fluidic schemes to maintain droplet
generation. Distributed feedback lasers use periodic refractive index contrast to
generate optical feedback and lasing and have been used to demonstrate low threshold,
single mode lasing in optofluidic implementations [81]. Optofluidic DFB cavities have
furthermore been demonstrated to be versatile when implemented on deformable
materials such as PDMS where the grating period can be mechanically altered to tune
the lasing wavelength of the cavity [74]. Using these geometries, fluidic lasing
emission has been demonstrated both out-of-plane as well as in-plane. For the purpose
of incorporating the optofluidic laser with on-chip components in a planar device
architecture, it is generally more useful for laser emission to be in-plane. In this thesis,
we present a novel DFB laser geometry that uses a corrugated sidewall structure to

introduce the required alternating effective refractive indexes.

3.2 Device Design

DFB lasers follow the Bragg condition required for reflections occurring in

periodic refractive index layers:
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In the Bragg condition, m is an integer number defining the Bragg order. Each
corresponding A,, specifies the resonant wavelength of the given Bragg order. The

grating period is represented by A and n, s is the effective refractive index.

~100 ns

! 7
S, 1
—

Figure 3.2. Four-level Rhodamine 6G lasing scheme.

The majority of optofluidic dye lasers cited above use Rhodamine 6G dye as
the gain medium because of its high quantum yield and compatibility with a range of
solvents [85]. Rhodamine 6G lasing is achieved, as with most dye lasers, in a four-level
lasing system (Figure 3.2). In an ideal classical four level lasing model, electrons are
excited from the ground state (So, 0) to an excited singlet state, (Si, 2). The electrons
very quickly relax to the lowest vibrational energy state of the excited singlet state (S,
0) via nonradiative decay on a picosecond timescale. This energy state is metastable
and forms the upper laser level. The excited electrons relax to the lower laser level (So,

3) and emit photons with energy, E = hv. The electrons then relax rapidly, on the order
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of picoseconds, to the ground state through nonradiative decay where they can be
excited again. The long-lived upper laser level is essential for generating population
inversion where the concentration of excited electrons is greater than that in the lower
laser level. In reality, however, there can exist intersystem crossing where excited
electrons transition to a dark triplet state, which has a detrimental effect on lasing
capabilities by parasitically trapping dye molecules. This dark triplet state effect is
minimized by using pulsed pump sources with pulse durations typically ranging in the
0.5 — 10 nanoseconds so that they are much shorter than the intersystem crossing time.
Additionally, triplet state effects can also be reduced by constantly replenishing the
available dye molecules as well as various triplet state quenchers, which is highly

necessary in the case of continuous wave (CW)-pumped dye lasers.

Rhodamine 6G has a peak emission near 580 nm with a bandwidth of roughly
50 nm. To prevent multiple lasing peaks within the emission spectrum, a DFB cavity
with an FSR greater than 50 nm is ideal. For these experiments, the DFB grating had a
period of A = 8 pm and corrugation depth of d = 2.5 pm, corresponding to a Bragg
order of m = 39. While smaller grating periods are advantageous to decrease the Bragg
order and increase the reflectivity of the grating, the grating period was limited by the
resolution of the fabrication process. A device schematic is shown in Figure 3.3. Solid-
core and liquid-core waveguiding was enabled on this device. As described in Section
2.1.3, solid-core PDMS waveguides were enabled using a 5:1 PDMS high refractive
index core, with 10:1 low refractive index cladding. Since laser emission from the DFB

laser emits in the +2Z and -Z directions, solid-core waveguides were used to guide
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emission both off chip for analysis of laser characteristics as well as to an orthogonal
intersection with a fluidic analyte channel. Liquid-core waveguiding is enabled in the
DFB grating where a solvent with a higher refractive index than the surrounding PDMS
was used to maintain TIR waveguiding. The analyte channel was used to flow

fluorescently labeled biomarkers which were excited by the DFB laser emission.

Analyte channel
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Figure 3.3. Device schematic of all-PDMS optofluidic dye laser. Bottom left image
shows the fundamental lasing mode coupled to free space using a 40x objective. The
Bottom right image is a microscope image of the DFB grating and the solid-core
waveguide used for coupling DFB laser emission.

Theoretical modeling of the device’s transmission spectrum was carried out using
Rouard’s Method, which effectively simplifies the three-dimensional optofluidic

grating into one dimension using the effective refractive index of wide and narrow
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grating corrugations [86]. The grating was then simulated as a stack of alternating
dielectric layers with a thickness of A/2 and a total of 2L /A transmission matrices.
Using this, the transmission as a function of wavelength was determined to find the

resonant wavelengths in the relevant wavelength span of 550 — 650 nm (Figure 3.4).
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Figure 3.4. Simulated transmission spectrum for a device with A = 8 ym and
corrugation depth of d = 2.5 um within a wavelength span of 550 — 650 nm.

27



3.2.1 Fabrication

Waveguide Layer Pneumatic Control Layer

Silanized SU-8 Masters

SU-8 2005 | SU-8 2025

Spin 5:1 PDMS 5000 rpm, 15 min.,
Cure at 60 C for 120 min.

Pour 10:1 PDMS
Cure at 60 C for 120 min.
Spin 10:1 PDMS 1000 rpm, 5 min.,
Cure at 60 C for 120 min.

—n B

Peel control layer
Treat with O, plasma, align, and bond
Bake at 60 C for 120 min.

Peel waveguide layer, punch fluidic and pneumatic ports

Treat with O, plasma and bond to 10:1 PDMS capping layer
with negative pressure applied to pneumatic ports

Figure 3.5. PDMS fabrication procedure.

In this chapter, we present two variations of an optofluidic DFB laser. The first

design serves as the baseline device with a DFB laser integrated with an analyte channel.

The second device incorporates a pneumatic “lightvalve” which uses pneumatic

actuation to physically deform the lasing cavity and enable the ability to attenuate the
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lasing power emitted from the DFB laser into the analyte channel. The incorporation
of the light valve requires an additional step in the fabrication process to enable a

multilayer device structure.

Soft lithographic fabrication of these PDMS devices first required standard
photolithography procedures to create an SU-8 template. Two silicon wafers were first
cleaned and dried in a 60 °C oven overnight to ensure a dry, contaminant-free surface.
The silicon wafer is first oxygen treated in a reactive ion etching (RIE) system for 15
minutes. Directly following the oxygen treatment, either SU-8 2005 (waveguide layer)
or SU-8 2025 (pneumatic layer) negative photoresist (Microchem) was poured onto the
wafer before loading the wafer into a spincoater. The SU-8 spin and baking procedures
are outlined in Appendix A. After the SU-8 was spun on and underwent a pre-exposure
bake, the coated wafer is spun at 700 rpm while a syringe was used to apply acetone
and conduct edge bead removal to alleviate any thicker SU-8 resulting from the
spincoat. The wafer is then loaded into a mask aligner for UV exposure through a
chrome mask to cure desired SU-8 features. For the waveguide SU-8 2005 layer, a total
UV dosage of 69.8 mJ/cm? was applied. The exposure time was adjustable to maintain
a constant dose with variable UV lamp powers. For the pneumatic layer, the total UV
dosage was raised to 146.3 mJ/cm? The exposed wafers then underwent a post-
exposure bake protocol outline before being developed using SU-8 developer. The final

SU-8 master product was checked for faults before hard baking.

Following the production of the SU-8 template, standard soft lithography

processes outlined in [35] are used to fabricate each PDMS device. Recall from Section
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2.1.3 that varying base-to-curing agent ratios are used for fabricating PDMS
waveguides. For a waveguide features, 12 g of 5:1 PDMS (Sylgard 184) was mixed
together. For the pneumatic wafer, 55 g of 10:1 PDMS was mixed. Another 55 g of 10:1
PDMS was mixed for the blank capping layer to seal the fluidic channels. To ensure air
bubbles in the PDMS are removed, the PDMS was placed in a desiccator for 2 hours.
During this time, the silicon masters were silanized in a second desiccator to aid in a
smooth separation of PDMS and silicon wafer. After degassing, the 5:1 PDMS was
poured on the silicon master and the wafer was spun at 5000 rpm for 15 minutes. The
PDMS is then cured in a 60 °C oven for 2 hours. For devices without a pneumatic layer,
a PDMS-coated wafer was loaded into a circular acrylic mold and 10:1 PDMS was
poured directly on top. This provides structural integrity to the device while also
providing a low index cladding for the optical waveguides and a thicker layer to
integrate fluidic reservoirs. Concurrently, the blank capping layer was also poured over
a blank silicon wafer in another circular acrylic mold. After another 2-hour curing
period, the waveguide layer is pealed from the silicon wafer and taped to maintain a
clean surface. The locations of the fluidic reservoirs were then marked and punched
using a 1 mm biopsy punch. Finally, the capping layer was peeled, and the tape was
removed from the surface of the waveguide layer. The two surfaces were oxygen
plasma treated in the RIE system for 30 seconds before being bonded and cured in the

oven overnight.

For devices containing pneumatic “lightvalve” switches, a thin 10:1 PDMS

layer was spun onto the waveguide layer following the curing of the 5:1 PDMS. In
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parallel, 10:1 PDMS was poured onto the pneumatic silicon wafer which was loaded
into a circular acrylic mold. After pouring, another acrylic slab with polygons cut out
was slowly pressed on top. This provided a layer to anchor the pneumatic portion of
the PDMS for the alignment procedure to follow. After curing, the pneumatic wafer
was separated from the PDMS and loaded into a mask aligner (OAI Instruments) above
the coated waveguide layer. After oxygen plasma treating the two layers, the mask
aligner was used to position the pneumatic features above their designated locations on
the waveguide layer. The layers were then brought into contact and cured before

bonding with the capping layer as described above.

3.2.2 Experimental Setup
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Figure 3.6. Experimental setup for DFB dye lasing. A pulsed 532 nm pump laser is
focused through a cylindrical lens and aligned to the DFB grating via bottom-up
excitation using a 45° mirror. A high-speed camera is aligned above the chip to aid in
aligning the pump laser and as well as collecting fluorescence signals when aligned

31



above the excitation region in the analyte channel. An optical fiber or objective is
aligned to the solid-core waveguide enabling for power and spectral analysis of the
DFB emission.

A schematic of the experimental setup is illustrated in Figure 3.6. The pump
laser used to excite the gain channel is a 1-4 kHz, 532 nm laser with a 0.5 ns pulse
width (TEEM photonics, STG-03E-140). The gaussian beam of the pump laser was
passed through a cylindrical lens to elongate and focus the beam along the gain channel.
This was done to demonstrate the lowest lasing threshold and optimal lasing
characteristics, but with a high-power pulsed pump source, beam shaping may not be
necessary. Coupling of a single mode fiber to an on-chip waveguide has a tolerance of
< | um whereas the alignment of the pump beam exhibits a 10x improvement with a
tolerance of ~10 um. As mentioned above, with a higher power pump source, the beam
focusing could be further relaxed and the alignment tolerance could be as high as ~100
pum. A 45° mirror was used to direct the pump beam up through the bottom side of the
chip and to the DFB grating. A camera (Andor Zyla, Oxford Technologies) was aligned
above the chip to aid in alignment of the pump laser as well as collect fluorescence
signals from the analyte channel. An optical fiber was also coupled to the solid core
waveguide on-chip to allow for spectral and power output analysis. Vacuum was
applied to the device via 1 mm metal tubing inserted into the outlets of the DFB grating
channel and the analyte channel. This was essential for pulling biomarkers through the
analyte channel as well as constantly resupplying the liquid-core DFB grating with
fresh gain media to avoid photobleaching the Rhodamine 6G. Photobleaching is a

phenomenon by which a dye molecule no longer emits fluorescence photons as a result
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of chemical damage induced by pump photons. Therefore, by constantly resupplying

the gain media, loss of output power as a result of photobleaching was avoided [87].

3.3 Results
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Figure 3.7. Characterization of Rhodamine 6G DFB laser. a) Normalized average
output power as a function of average pump power shows are clear change in slope
above threshold (inset). b) A broadband Rhodamine 6G amplified spontaneous
emission (blue; average pump power: 70 uW) is shown when the DFB laser is
pumped below threshold while strong spectral narrowing is seen when pumped above
threshold (orange; average pump power: 1.3 mW) with a peak lasing wavelength of
574.6 nm and FWHM of 1.08 nm.

The optofluidic DFB dye laser used a gain medium of 5 mM Rhodamine 6G
dissolved in a 15% DI water — 85% ethylene glycol solution. The results of the power
series are shown in Figure 3.7a. Two linear regimes were observed, which is one
indication of lasing behavior. The point at which the slope changes represented the
lasing threshold whereby population inversion, the state in which there are number of
electrons in the excited state is greater than those in the ground state, was achieved. A

linear fit was applied to both and the intersection of the two was taken to be the
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threshold value. Using this method, the threshold pump power was determined to be

87.9 uW. Typically, threshold pump fluence is used to compare dye laser performance

50 um) (4.25 mm

(Equation 3.2), which is calculated using the beam area (A = & ( . . )) and

repetition rate of the laser (1 kHz):

_ Energy _ Ptnreshold 3.2)
Area AxRepRate .

This corresponds to a threshold pump fluence of 52.7 plJ/cm?. Another
characteristic of lasing behavior is spectral narrowing of the DFB laser when pumped
above threshold (Figure 3.7b). As illustrated by the blue spectrum, the Rhodamine 6G
amplified spontaneous emission (ASE) was observed when the DFB laser was pumped
with a power below the threshold value. When the pump laser was increased above the
DFB laser threshold, the DFB laser exhibited a central lasing peak at 574.6 nm with a
1.08 nm full width at half maximum (FWHM) narrowed spectrum. The corresponding
output mode of the DFB laser was imaged using a 40x objective coupled to the chip
facet (Figure 3.8). By integrating the intensity horizontally and vertically, the FWHM

dimensions of the excitation mode was determined to be 4.1 pm x 7.1 um.
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Figure 3.8. Camera image of the laser mode coupled into free space using a
40x objective aligned to the solid-core waveguide at the chip facet. The intensity was
integrated horizontally and vertically to generate the horizontal and vertical mode
profiles. The FWHM mode dimensions were calculated to be 4.1 pm x 7.1 pm.

3.3.1 Gain Optimization

Optimization of the Rhodamine 6G gain medium occurred through analysis of
output power at 1.3 mW average pump power and lasing threshold while varying gain
medium parameters. The first tested parameter was concentration of Rhodamine 6G.
In general, an increase in dye molecule concentration leads to an increase in output
power and decrease in threshold power. As seen in Figure 3.9a, as Rhodamine 6G dye

concentration was increased, there was a decrease in the threshold power required for
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lasing and an increase in the maximum output power at a pump power of 1.3 mW.
When the concentration was increased to 10 mM Rhodamine 6G, however, the
threshold continues to decrease, but there was an observed drop in the average output
power due to the quantum yield of Rhodamine 6G suffering from aggregation of dye

molecules [88].
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Figure 3.9. Optimization of gain medium. a) Threshold and output power at 1.3 mW
pump as a function of Rhodamine 6G concentration. b) Threshold and output power
at 1.3 mW pump as a function of percentage of DI water dilution of the ethylene
glycol solvent.

The second optimization of the gain medium of the DFB laser was achieved
through varying the refractive index of the gain medium. Recall from Section 2.1.3,
since the number of propagating modes in the waveguide is scales with the refractive
index contrast between the core and cladding materials, dilution of the liquid-core gain
medium can be used to achieve a single propagating waveguide mode. If the refractive
index of the core medium is reduced to a point below the refractive index of the

cladding material, the TIR waveguiding is lost.
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Figure 3.10. Effective refractive interest contrast as a function of dilution of the
ethylene glycol solvent with DI water.
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By using the Sellmeier equations (Equation 3.3) for water and ethylene glycol,
the refractive index of the core can be predicted as a function of wavelength. The index
of refraction of the core at a specific wavelength is taken to be the weighted average of
the refractive index ethylene glycol and water, respectively, where the weights are
defined by the percentage of water used. Using this method, the core refractive index
was calculated to match that of the 10:1 PDMS cladding at a dilution of 15.44% DI
water (Figure 3.10). To test this, the Rhodamine 6G was dissolved in an ethylene glycol
and deionized (DI) water solution with 0%-20% of DI water. This corresponds to a

dilution dependent refractive index of the core medium ranging from 1.4321 at 0% to
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1.4174 at 15%. As expected, a peak in output power is observed at a dilution of 15%
DI water, with a sharp decrease when the dilution was increased to 20% DI water due
to the loss of TIR guiding (Figure 3.9b). Of note, as the percentage of DI water was
increased, a marginal increase in the threshold was observed. This resulted from the
decrease in reflectivity of the Bragg grating that comes with a lower contrast of
refractive indexes. The Bragg grating resonance was maintained within the peak of the
fluorescence spectrum due to the blue shift of the Rhodamine 6G fluorescence as a
result of dilution [89]. Since the objective is to maximize laser power in the analyte
channel for fluorescence detection, the tradeoff of higher lasing power for a higher

threshold is still advantageous.

3.3.2 Threshold Analysis

To expand on this study, we compared the observed experimental threshold
values with modeled threshold values. The dependence of the threshold on Rhodamine
6G concentration and refractive index of the core material can be theoretically modeled
using the rate equations. In this study, the theoretical modelling follows the analytic

method described in [90]. The laser cavity flux, d®/dt, is defined using rate equations:

ad

% € [nzaem(AL) —No0ap(A,) —nror(4,) — H o (3.4)

where c is the speed of light, y is the single-pass loss, L is the length of the liquid core
cavity, ng, n,, and ny are the concentrations of dye molecules in the ground state,

excited singlet state, and triplet states, 0,,,(4,) is the emission cross section at the laser
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wavelength, o,(4;) is the absorption cross section at the laser, and o7(4,) is the
stimulated transition cross section at the laser wavelength. Typical values for each
constant for Rhodamine 6G, assuming a pump wavelength of 532 nm and lasing
wavelength of ~580 nm, can be found in Appendix B [91]. The rate of population

change of excited molecules in the excited first singlet state is given by:

d

where Rp is the lasing pump rate per volume, kg is the intersystem crossing rate, and

Tgp 18 the spontaneous emission lifetime. The pump rate is defined as:

Rp = no%a(Ap)lp (3.6)

hvp

where o, (Ap) is the absorption cross section at the pump laser wavelength, Ip is the
pump intensity, h is Planck’s constant, and v, is the pump laser frequency. When a
pulsed pump source is used, the pump pulse is shorter than 1/ksr. As a result, triplet
state effects can be neglected [92]. Furthermore, if we assume that absorption of dye
laser photons by dye molecules is low, the threshold population inversion is reduced to

a function of the loss in the cavity:

_ Y
Math = o001 3.7)

The threshold pump intensity is therefore expressed as:

Iy = YRve (3.8)

Oem O\L)Tsano 0a(4p)
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where d is penetration depth of pump laser light into the gain cavity. Given that d =
1/nyo,(Ap) = 8.7 um for a 5 mM Rhodamine 6G solution and that the pump light is
not focused entirely into the grating, not all pump light is absorbed since the channel
height is ~7 um. The single-pass loss in a DFB laser is dependent on the reflectivity of
the Bragg grating, radiation loss due to the high Bragg order, scattering loss from
interface roughness, and reabsorption of DFB laser emission by Rhodamine 6G
molecules. The threshold pump power is inversely proportional to the Rhodamine 6G
concentration and proportional to the single-pass loss which is dependent on the

refractive index of the liquid core gain medium.
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Figure 3.11. Comparison of theoretical and experimental lasing thresholds as a
function of a) Rhodamine 6G concentration and b) percentage of water dilution of the
solvent.

From Figure 3.11, the normalized experimental and theoretical threshold
behaviors show very good qualitative agreement. The true experimental threshold
pump powers are an order of magnitude higher than the theoretically predicted
threshold pump powers. This discrepancy can be attributed to waveguide loss, out-of-

plane scattering, and mode overlap loss in the liquid-core waveguide.
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3.3.3 Fluorescent Bead Detection

Detection of fluorescent beads was used as a method of determining proof of
concept. While this device was capable of being used with the aforementioned APD
detection schematic, a more simplistic camera collection of the fluorescence signals
was used. This alleviates the tedious APD alignment in addition to the removal of the
fiber alignment of an external laser source. After aligning the pump beam to the DFB
channel, the grating was filled with SmM Rhodamine 6G dissolved in 15% DI water —
85% ethylene glycol. The camera was then aligned above the intersection of the DFB
emission and the analyte channel. The analytes of this experiment were 1 um red
fluorescent microspheres (FluoSphere, Invitrogen) that had an absorption maximum of
580 nm and an emission maximum of 605 nm. A 3 uL droplet of the 4 x 107 beads/mL
suspended in DI water was placed over the inlet of the analyte channel and vacuum
applied at the outlet was used to pull the analyte solution through the channel. A 594
nm long pass fluorescence filter was placed in the path of the camera to block scatter
from the DFB laser emission and from the 532 nm pump laser. When the collection
region of the camera is reduced to a 40 x 40-pixel window, the frame rate can be
increased to 2000 frames per second. This is essential to achieving a time resolution
capable of capturing a single fluorescent bead per frame. A total time trace of 3 minutes
was collected. In post processing, the intensity in the region of interest was integrated
for each frame. Plotting this results in the time domain fluorescence trace shown in

Figure 3.12.
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Figure 3.12. Fluorescence time domain trace resulting from camera collection of
fluorescence detection of 1 um red fluorescent microspheres. The zoomed image
demonstrates individual peaks, representing detections of single microspheres.

Analysis of the fluorescence time domain trace was carried out using a parallel

cluster wavelet analysis (PCWA) algorithm [93]. A Ricker wavelet, defined as the

normalized second derivative of a Gaussian function, was used in a continuous wavelet

transform (CWT) as it matches the time domain signal expected from single mode

excitation. The CWT was calculated according to Equation 3.9 where the fluorescence

time domain trace, f(t), is convolved with the Ricker wavelet, Y (t), across a At range.

The PCWA efficiently identifies fluorescence events amidst noise while extracting

information about each event’s time domain FWHM and peak height for signal analysis.

42



Ct,A0) = (fpeac) = [ f () = (55 ar (3.9)

The concentration of the fluorescence beads was deduced using Equation 3.10 where
N is the number of detected events, V,, is the excitation volume, T is the total length
of the time trace and Aty is the average FWHM of detected events. In the 120 second
trace, 3036 events were detected, yielding a detection rate of 25.3 events/second. The
excitation volume was found to be 4.3665 x 107 mL (mode width x mode height x
channel width: 4.1 um x 7.1 pm x 15 um). The average FWHM of detected events was

0.567 ms.

c = NVEJCC
TAtapg

(3.10)

The concentration of red fluorescent microspheres was thus determined to be
3.29 x 107 beads/mL, or 54.62 fM. The calculated concentration of fluorescent
microspheres shows good agreement with the expected concentration based on the

provided documentation and calculated dilutions.
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Figure 3.13. Intensity histogram of detected fluorescence events (top). The average
intensity of detected events is 1222 with a standard deviation of 894. The velocity
histogram (bottom) illustrates an average velocity of 0.74 cm/s with a standard
deviation of 0.01 cm/s.

The intensity and velocity histograms of detected fluorescence events can be
seen in Figure 3.13. The intensity histogram illustrates a tailed distribution, indicating
that there are likely lower intensity signals that are missed. This could result from beads
that flow through the excitation region very quickly and thus emit fluorescence for a
much shorter period. Despite this, the agreement in concentrations indicates the effect

of this is likely small. The velocity of each detected event was calculated by dividing
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the excitation mode width by each event’s At value. Since the maximum frame rate is
2000 frames per second, the time resolution is limited to 0.5 ms. The corresponding
maximum detectable velocity was thus 0.82 cm/s corresponding to a bead that is in the
excitation region for a single frame. As seen in Figure 3.12, a large portion of the
detected events are at the maximum detectable velocity. Thus, it is likely that the true
average velocity was higher. This was rectified in later experiments by reducing the
vacuum applied at the outlet of the analyte channel via a regulator installed in the
vacuum line. Another solution to this issue would be to use a camera with a higher

frame rate capability to enable a higher time resolution.

3.3.4 Integration with Light Valve

Integration of pneumatic “lightvalves” has previously been demonstrated to
deform PDMS and alter the optical guiding properties of liquid-core waveguides [35].
Here, we demonstrate the implementation of the “lightvalve” principle by integrating
a 200 pm x 300 um pneumatic switch segment above the DFB grating cavity (Figure
3.14a). When the pneumatic switch was actuated, positive pressure physically
deformed the DFB grating and disturbed the optical feedback in the channel. This
reversible actuation effectively placed the DFB laser in an “off” state. To quantify the
effect of the pneumatic switch on output power, the analyte channel was filled with
quantum dots suspended in water. The fluorescence emission from the quantum dots is
easily imaged via camera (Figure 3.14b). The intensity of the fluorescence emission in

a small region-of-interest was integrated and measured as a function of positive
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pressure (Figure 3.14c). The output power from the DFB laser experienced a maximum

attenuation of -8.84 dB at a threshold actuation pressure of 50 psi.
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Figure 3.14. a) Camera image of pneumatic “lightvalve” switch located above the
DFB grating. b) Top-down camera image of quantum-dot fluorescence emission with
pneumatic switch applied (60 psi). Red box indicates the region-of-interest (ROI). c)

Integrated intensity in the ROI as a function of positive pressure applied to the
pneumatic “lightvalve.”

A more direct measurement of the output laser power was also taken. Figure
3.15 demonstrates the power output of the solid-core waveguide coupled off-chip to an
optical power meter. The red lines indicate when a pressure of 60 psi was applied to the
pneumatic switch. The green lines show when the positive pressure was turned off,
demonstrating 5 continuous “on”/“off” cycles with the DFB power returning to the
same nominal output power. For each pneumatic cycle, the power reached an average
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output of 6 pW in the “on” state and an average power of 1.3 uW in the “off” state
(Figure 3.15). Thus, the reversible and repeatable attenuation when 60 psi was applied
was -6.6 dB. The discrepancy in the attenuation of the output power collected from the
solid-core waveguide versus the attenuation seen in the analyte channel is due to the
location of the “lightvalve” switch. Since the switch was much closer to the analyte

channel, a larger effect of the deformation was seen in the power output.
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Figure 3.15. Output power from the Rhodamine 6G pump laser with 3 mW average
pump power as a function of cycling the pneumatic “lightvalve” with 60 psi of
pressure.
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To demonstrate the ability to switch the DFB laser between “on” and “off”
states, fluorescence detection was conducted while periodically actuating the
pneumatic “lightvalve.” Figure 3.16 illustrates the fluorescence trace resulting from
pneumatically actuating the DFB laser while flowing 4x107 beads/mL red fluorescent
microspheres in the analyte channel. As demonstrated by the lack of detected events in
the two 20 second periods where the DFB laser was pneumatically switched off, the
pneumatic switch is effective at attenuating the DFB laser emission. By averaging the
events seen detected in the “on” sections, the experimental concentration was
determined to be 2.85x107 beads/mL. Additionally, during the second “on” cycle, the
pneumatic switch was briefly turned on at a reduced positive pressure of 30 psi. During
this period, we can see that the overall background decreased, but events were still
detected. This demonstrates the dynamic tunability of the light valve. The dynamic
tunability of output power has potential applications in increasing dynamic

concentration detection ranges in multiplexed biosensing such as presented in [94].
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Figure 3.16. Demonstration of pneumatic switching during fluorescence detection of
1 um red fluorescent microspheres. Top right trace is a zoomed portion of the trace
where the pneumatic switch was turned “on” at 30 psi.

In conclusion, this chapter has presented a pneumatically tunable on-chip
optofluidic Rhodamine 6G laser using a DFB cavity in an all-PDMS platform with a
central lasing wavelength of 574.6 nm and a threshold pump fluence of 52.7 uJ/cm?.
For comparable Rhodamine 6G dye lasers reported in literature, pump thresholds have
been reported in the tens [74] to thousands [82] of pJ/cm?. Therefore, the threshold of
the presented DFB laser is within a reasonable threshold fluence when compared with

previous findings. This laser has been used to demonstrate optical detection of
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fluorescent microspheres as a proxy for biomarker detection. Pneumatic switching of
the DFB laser was also presented as a method of physically tuning output laser power
on-chip with an attenuation of -8.84 dB. The fluidic nature of this laser allows for the
gain medium to be swapped for different dye molecules or even have multiple dyes
combined for multiple wavelength lasing. The next chapter will outline the addition of
another DFB grating to increase the number of fluorescently labeled analytes that can
be detected simultaneously. The fabrication of this DFB laser can be easily integrated
into other PDMS-based devices. An example of this integration will be presented in
Chapter 5 which will ultimately show the integration of the on-chip DFB laser into a
LOC platform where the laser was integrated as a coherent light source with sample

preparation and detection modules in a single PDMS device.
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Chapter 4

Dual Distributed Feedback Dye

Laser

As motivated in the introduction of this thesis, the simultaneous presence of
multiple pathogens whose infections have similar symptoms has illustrated the need
for highly sensitive biosensors that have multiplexing capabilities. This can largely
reduce the time it takes for diagnoses as well as minimize misdiagnoses. Various
methods have been explored to achieve this including velocity multiplexing [95]
wavelength-dependent multimode interference waveguides (MMIs) which has been
demonstrated to achieve 7x multiplexed biosensing [12]. Here, we present the addition
of another DFB laser using a different gain medium to enable 2x spatially multiplexed
detection of fluorescent microspheres as a proxy for detection of two separately labeled
fluorescent biomarkers. In Section 4.1, the second laser using 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran is described and characterized with

simultaneous operation alongside the previously presented Rhodamine 6G laser.
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Section 4.2 will discuss the results from experiments demonstrating multiplexed

detection of fluorescent microspheres.

4.1 DCM Laser

a) Analyte channel

Dye Inlet Dye Outlet Analyte Inlet

- Anél-yte Oulet

y M 5:1 PDMS
g 10:1 PDMS
R6G + EG

M DCM + DMSO

Figure 4.1. Device design. a) Chip design with two parallel DFB gratings of A =
8 um. One grating is used as a Rhodamine 6G laser and the other is used as a DCM
laser. (Gratings are enlarged to enhance visibility). b) Top-down camera image shows
the intersection of the two DFB lasers with an orthogonal analyte channel with
zoomed images depicting examples of fluorescent detection from a 1 um red
fluorescent microsphere (top) and a 2 um flash red fluorescent microsphere (bottom).

The majority of optofluidic dye laser have used Rhodamine 6G because of its

high quantum yield and high solvent compatibility. Detecting multiple biomarkers
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within a single analyte channel, however, necessitates a second excitation wavelength
to excite another fluorophore. As described above, this can be achieved using
Rhodamine 6G with a DFB laser using another DFB with a different grating period,
but multiplexed fluorescence sensing benefits from a larger separation of excitation
wavelengths.  4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) is another laser dye that has a high quantum yield, specifically when dissolved
in dimethyl sulfoxide (DMSO) compared to other solvents [96]. Additionally, the
fluorescence emission of DCM has large Stokes shift. This is beneficial in spectral
multiplexing as this provides a larger separation between the absorption spectra of the

two selected fluorescence markers.

Figure 4.1 illustrates a schematic of the dual DFB laser device, where another
DFB grating was added in parallel to the existing grating. The high Bragg order of the
A = 8 um gratings allow for it to be used interchangeably with other fluorescent dyes
such as DCM with fluorescence aligning with the m = 34 Bragg order. A table of other
dyes that have been used in dye lasers can be found in Appendix C. since other resonant
wavelengths are still within the visible spectrum. Adding a second DFB laser with a
different gain medium required the addition of a second pump laser to the setup as well.
Since DCM was the desired gain dye, a 1-5 kHz, 473 nm pulsed pump laser with a 5
ns pulse width (RPMC Lasers, SB1 473-3-5) was added to the setup (Figure 4.2). A 45°
knife edge prism was used to employ a symmetric bottom-up pumping scheme where

the pump lasers are aligned together in millimeter proximities. For the 473 nm pulsed
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diode laser, the beam shape was already elliptical, so a spherical lens was used to focus

the beam rather than the cylindrical lens used in the case of a Gaussian beam.

Camera

Multibandpass filter
594 long pass filter

Mirror

Mirror Detection path §

= DFB Device

— Cylindrical lens '

Lens - 4
Knife-edge prism

§ Mirror
Mirror
Figure 4.2. Dual DFB laser experimental setup. A symmetric scheme is used to
simultaneously focus the 473 nm and 532 nm pump lasers below their respective laser
channels using a 45° knife edge prism. Fluorescence events are captured using a
camera aligned above the analyte channel with a 594 nm and a penta-bandpass filter

in the camera path to remove any stray scatter from the pump and DFB lasers.
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Figure 4.3. Laser characterization. a) A broadband ASE spectrum (green) is
demonstrated when pumped below threshold while the narrowed lasing spectrum

(orange) is observed when the Rhodamine 6G laser is illustrated when pumped above
threshold. b) Similarly, a broadband DCM ASE spectrum (blue) is observed when
pumped below threshold while the narrowed lasing spectrum (red) is overlayed when

the DFB is pumped above threshold. c¢), d) Normalized average output power as a

function of input pump power for the Rhodamine 6G and DCM lasers, respectively.
The orange and red lines are linear fits conducted on the data points above threshold.

The power series for the Rhodamine 6G and DCM lasers are shown in figures
4.3c and 4.3d, respectively. As shown in Chapter 3, the threshold pump power is taken
to be the intersection of the two apparent linear regimes in the power series. Using this
method, the threshold input power for the Rhodamine 6G laser was measured to be
87.9 uW, corresponding to a threshold fluence of 52.78 uJ/cm?. For the DCM laser, the
threshold pump power was measured to be 0.77 mW, corresponding to a fluence of

307.6 pJ/cm?. The higher threshold pump power of the DCM DFB laser can be
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attributed to primarily to the fact that DCM as a laser dye has a lower quantum yield

than Rhodamine 6G, meaning that it will be a less efficient lasing dye.

The lasing spectra from the dual DFB chip operating with both the Rhodamine
6G and DCM lasers simultaneously is shown in Figure 4.3a and Figure 4.3b. The
Rhodamine 6G lasing spectrum is shown in orange with the ASE shown in green. The
Rhodamine 6G laser demonstrates a central lasing peak of 574.6 nm with a FWHM of
1.24 nm. The DCM lasing spectrum is shown in red with the ASE shown in blue. The
central lasing peak of the DCM laser occurred at 656.5 nm with a FWHM of 1.73 nm.
The laser modes were imaged simultaneously using a 10x objective, shown in Figure
4.4. The modes were then imaged individually using a 40x objective to achieve better
resolution. The Rhodamine 6G laser mode had a FWHM profile of 2.4 pm x 4.5 pm

and the DCM laser mode was measured to be 2 ym x 5.2 um.
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Figure 4.4. Mode images of the Rhodamine 6G and DCM lasers imaged using a 10x
objective (top). The mode images were then imaged individually using a 40x
objective (bottom) and integrated horizontally and vertically to extract X and Y mode
profiles.

4.2 Spatially Multiplexed Detection of Fluorescence Beads

As described in Section 2.2, there are numerous ways of achieving multiplexed
sensing. Since both excitation wavelengths are provided via a single mode excitation
waveguide into the same analyte channel, multiplexing can be achieved via splitting
the fluorescence wavelengths using a dichroic mirror or by spatially multiplexed

detection. Keeping in line with the original camera detection scheme of the device
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presented above, spatial multiplexing enabled by high frame rate capturing of both

regions of interest was used.

After carefully aligning both pump beams below their respective DFB grating
cavities, the DFB gratings were then filled with the gain media mentioned above. The
solution used to fill the analyte channel was comprised of 2 x 10° beads/mL 2 um flash
red microspheres (Bang Laboratories) and 4 x 107 beads/mL 1 pm red microspheres
(FluoSphere, Invitrogen). The 2 um flash red beads were used as the specific biomarker
proxy for the DCM laser with an absorption maximum of 660 nm and a peak emission
at 690 nm. As demonstrated previously, the 1 um red fluorescent microspheres were
used as the specific analyte for the Rhodamine 6G laser with an excitation peak of 580
nm and an emission maximum of 605 nm. A 3 pL droplet of the sample solution was
placed at the inlet of the analyte channel and pulled through using a vacuum pressure
of -50 kPa. The camera was then aligned over the analyte channel and the acquisition
frame was reduced to only collect the region including the two excitation regions. This
smaller collection window enabled a 200 frames per second framerate acquisition
corresponding to a time resolution of 5 ms. A 5-minute camera recording was then
taken to capture fluorescence events. In post-processing of the video, two small
regions-of-interest were defined around the excitation regions of each DFB laser
(Figure 4.1b). In each of these ROIs, the intensity of each frame was integrated and

plotted as a function of time.
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Figure 4.5. Simultaneous detection of two types of fluorescent microspheres. a)
Fluorescence time domain trace from the Rhodamine 6G laser ROI illustrated peaks
from detection of 1 um red fluorescence beads. The zoomed image illustrates an
individual event. b) Fluorescence time domain trace from the DCM laser excitation
ROI illustrating peaks from detection of 2 um flash red beads. c), d) Intensity
histograms from the detected red and flash red fluorescent beads, respectively.

The resulting fluorescence time domain trace is shown in Figure 4.5. Following
the same concentration calculations outlined in Section 3.3, the concentration of red
beads was determined to be 3.97 x 107 beads/mL and the concentration of flash red
beads was 1.47 x 10° beads/mL. The intensity histogram for the red fluorescent beads
resembles a Gaussian distribution without the lower tail. Since lower intensity signals

result from faster flowing particles that spend less time in the excitation region, these
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are likely the missed events. The agreement between detected and expected
concentrations suggests that the effects of this are small. The DCM intensity
distribution roughly resembles a skewed Gaussian distribution, but the lack of events

prevents the distribution from being well defined.
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Figure 4.6. Negative controls. a) Fluorescence time domain trace from the
Rhodamine 6G laser excitation ROI when only flash red beads were flown. b)
Fluorescence time domain trace from the DCM laser excitation ROI when only red
fluorescent beads were flown.

Negative controls were run and the resulting fluorescent time domain traces are
displayed in Figure 4.6. To test for false positive detections, two negative control
experiments were run. In the first, the analyte channel was filled only with 2 um flash
red fluorescent microspheres and only the Rhodamine 6G DFB laser was turned on.
The resulting fluorescence time domain trace illustrates no false positive signals. The
second negative control experiment consisted of flowing only 1 pm red fluorescent
beads and operating only the DCM laser. Similarly, the resulting trace indicates no false

positive detections. From the absence of false positive detections in these experiments,
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we concluded that the 2x multiplexed detection of fluorescent microspheres was

specific.

Thus, 2x spatially multiplexed fluorescence detection was demonstrated using
an optofluidic device containing two simultaneously operating DFB lasers using
Rhodamine 6G and DCM as gain media, respectively. This device design is scalable
through the addition of more DFB gratings in parallel. These gratings can use the same
dye as the gain media but vary in grating period to shift the DFB’s resonant wavelength
and emit different wavelengths. Additionally, different dyes can be used to employ
vastly different excitation wavelengths. The high Bragg order allows for the cavities to
be used in a multipurposed capacity with various dyes being used at nearby resonant
wavelengths. This multiplexing method can also be combined with other demonstrated
approaches such as velocity multiplexing where a second analyte channel is added, and
analytes are pulled through at a different velocity. Using this method, each DFB laser
gains the ability to measure two different analytes, adding a two-fold effect on the

multiplexing capability of the entire device.
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Chapter 5

All-in-One Optofluidic Lab-on-

Chip Biosensor

As described in Section 2.2, lab-on-chip biosensors are of high interest due to
their ability to conduct sample preparation and biosensing while minimizing required
laboratory equipment necessary, with vast applications in pathogen detection [51], food
contamination screening [97], and single cell analysis [98]. These two primary
functionalities have been carried out in hybrid systems combining PDMS-based
pneumatic valve structures for sample preparation and solid-state electrical or optical
detection devices [31], but the integration of two separate devices is often cumbersome
and increases the amount of sample volume required. Therefore, development of a LOC
contained in a single platform maintains the reduction of risk of contamination and
laboratory equipment while simplifying fabrication and ease of device handling. The
previous two chapters described a PDMS-based optofluidic DFB laser demonstrated to

be applicable as an excitation source in biosensing applications. This on-chip light
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source aids in simplifying the alignment required to supply excitation light in a
confined volume to an analyte channel for fluorescence biosensing. This chapter
presents the integration of the DFB laser with a PDMS-based sample preparation
device to develop an all-in-one LOC optofluidic biosensor. This device was used to
conduct generic fluorescence detection of stained double stranded DNA as well as
specific detection of Zika nucleic acids, thus progressing towards a portable point-of-

care device to aid in rapid disease diagnoses.

5.1 Chip Architecture
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Figure 5.1. Top: Device schematic of all-in-one PDMS optofluidic LOC consisting of
three distinct regions: sample preparation (red), on-chip DFB laser (purple), and
optical detection region (green). Bottom: Cross-sectional diagrams of pneumatic

lifting-gate valve structures with positive pressure used to close valves (i) and

negative pressure used to lift valves and allow fluid flow between adjacent valves (ii).

The all-in-one biosensor presented in this thesis is comprised of three main
modular components: sample preparation, light source, and optical detection. The
sample preparation stage was an automaton comprised of a series of fifteen
pneumatically actuatable PDMS valves. Pneumatic ports allow external negative and
positive pressure to interface with a membrane on-chip that lifts and compresses to
open and close the valve. A schematic of a PDMS valve is illustrated in Figure 5.1 and
shows how negative and positive applied pressure is used to move fluid between valves
and throughout the device. This sample preparation stage was developed based on the
work presented in [34] and the device integration with optical detection was based on
the work presented in [51]. The fifteen pneumatic lifting-gate valves were controlled
using a custom-made control box that implemented LabView code to use a digital
input/output board (National Instruments) to individually operate fifteen solenoid
valves. The solenoid valves were connected to pneumatic lines that connected to their
respective on-chip valves via 1 mm metal tubing that connected to the on-chip
pneumatic inlets. Fabrication of the LOC device followed the same protocol as
described in Section 3.2.1. The camera image depicted in Figure 5.2 is taken through a
532 nm long pass filter and shows an example of the LOC device with the DFB laser
in operation. The scatter spot imaged within the white box illustrates the scatter of the

DFB laser emission intersecting in the analyte channel.
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Figure 5.2. Top-down camera image of the all-in-one LOC indicating each of the on-
chip modules: sample preparation (red), DFB laser (purple), and optical detection
(white).

5.2 Nonspecific dsDNA Detection

Two types of nucleic acid detection were conducted during this study. The first
was detection of 1 kbp double stranded DNA (dsDNA). In this experiment, 1kbp
biotinylated dsDNA was captured onto 1 um streptavidin coated magnetic beads (New
England Biolabs) and stained with SYTO 64 intercalating dye (Figure 5.3a). 2 uL of
1x108 beads/mL magnetic beads were placed above inlet 3, 50 pM SYTO 64 was
placed above inlet 5, and 0.1 pM of biotinylated 1 kbp dsDNA was placed above inlet

6. 1xPBS was loaded into inlets 2 and 4 for wash and rinsing steps. The 1kbp dsDNA
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and the SYTO 64 dye were pushed into the central four mixing valves (13, 10, 7, 2)
and incubated together for 10 minutes. Following the staining of the dsDNA, the
magnetic beads were added to the central mixing valves and incubated for a further 45
minutes. After the incubation period, the resulting bead construct contained stained
dsDNA bound to the magnetic beads. A magnet was used to pull down the magnetic
beads while 1xPBS from inlets 2 and 4 were used to wash unbound reagents to inlet 1,
which was used as a waste inlet. At this stage, the pump laser was aligned to the DFB
grating filled with 5mM Rhodamine 6G dissolved in the diluted ethylene glycol
solution presented in Chapter 3. The camera was then aligned to the optical detection
region of the chip to collect fluorescent signals and a 3-minute recording was taken at
0.5 ms exposure time. Finally, the sample was pushed through to the detection region

through sequential actuation of valves 13-10-9-8.
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Figure 5.3. Non-specific biomarker detection. a) dsDNA assay outline. 1 um
streptavidin-coated magnetic beads were loaded into inlet 3 while SYTO 64 and
biotinylated 1 kbp dsDNA were loaded into inlets 5 and 6. Inlets 1, 2, and 4 were

loaded with 1xPBS buffer to aid in flushing the chip. Samples were combined in the
central mixing valves (13, 2, 7, 10) where they were mixed and incubated for the

proper construct to be formed. After the fluorescently stained targets were captured
onto the beads, a magnet was used to pull the beads down and 1xPBS was washed

through the valves to remove any unbound targets. The magnet was then removed and

the sample solution was then pushed on to optical detection. b) Fluorescence time

domain trace illustrating peaks observed from fluorescently labeled bead constructs.

c¢) Fluorescence time domain trace resulting from negative control experiment
conducted without dsDNA targets illustrating no false positive detections.

The resulting fluorescence time domain trace from integrating the intensity in
the region-of-interest frame-by-frame is shown in Figure 5.3b. We observed an initial
pulse of detections of the fluorescently stain dsSDNA constructs, followed by no events
detected for the rest of the trace. This was an expected observation as only one flush
cycle was conducted. Due to the low number of detections, we noted that for future
studies involving target-specific sensing that additional flush cycles should be used to
resuspend more beads and maximize the detected events. As PDMS is a porous material,
it is likely that magnetic beads became stuck in the valves as a result of the compression.
A negative control was run in the absence of the 1 kbp dsDNA and resulted in no false

positive events as seen in Figure 5.3c.

5.3 Target-specific Detection of Zika ssDNA

Zika nucleic acids were used as the biomarker for the target-specific study.
Detection of the nucleic acids structurally used a magnetic bead-based sandwich assay

to enable target-specific fluorescence detection (Figure 5.4). The base of the assay was
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a 1 um magnetic bead that was coated with streptavidin. A biotinylated 50-base pair
long ssDNA oligomer (KU321639.1, nt. 130-179) served as the capture probe. The
magnetic bead-to-capture probe construct was the only portion of the assay that was
hybridized off chip. The target of the assay was a 100-base pair long ssDNA oligomer
(KU321639.1, nt. 121-220) corresponding to the capsid region of the Zika genome.
Lastly, a 25-base pair long oligonucleotide (KU321539.1, nt. 187-211) that had an
AlexaFluor 594 fluorophore attached provided a target-specific reporter probe. The
capture probe was designed as the complementary sequence to the 50 base pairs
towards the bottom end of the target sequence while the fluorescent reporter was

complementary to the 25 base pairs on the other end of the target.
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Figure 5.4. Specific Zika assay detection. 1 pm streptavidin-coated magnetic beads
with biotinylated capture probes, AlexaFluor 594 fluorescent probes, and Zika ssDNA
targets were loaded into inlets 3, 5, and 6, respectively. Assay reagents were brought
into the central mixing valves (13, 2, 7, 10), mixed together, and heated to encourage
hybridization. The completed magnetic bead constructs were pulled down using a
magnet and 1xTE buffer was used to wash any unconjugated reagents away. After
rinsing, the magnet was removed and the sample solution was pushed to the optical
detection region.

The Zika nucleic acid assay is illustrated in Figure 5.4 and followed a similar
protocol to that described in [51]. In preparation for the experiment, streptavidin-coated
magnetic spheres were functionalized with the biotinylated capture oligomer. This was
the only assay step that was completed off chip. At the start of the experiment 2 pL. 1 x
10° beads/mL of 1 um magnetic beads were placed over inlet 3, while 2 uL of 5 pM
AlexaFluor 594 fluorescent probe was placed over inlet 5, and 2 pL of 5 pM Zika
nucleic acid targets were placed over inlet 6. A molar excess of targets and fluorescent
probes was used to increase binding probabilities and saturation of targets onto the
magnetic beads. Two of the remaining three inlets (2 and 4) were loaded with 1xTE
buffer to be used for cycling sample through and washing steps. Inlet 1 was used as a
waste reservoir. The three assay constituents were pushed into the central mixing valves
and cycled to mix the sample together. The entire device was then placed onto a
thermoelectric heater that heated the chip to 40 °C for 5 minutes. This step encouraged
hybridization of ssDNA targets to pull downs and fluorescent probes. The chip was
then left to incubate for a further 25 minutes before being returned to its original mount
where the 532 nm pump laser was aligned to the on-chip DFB as described in Section

3.2.2. A magnet was then placed underneath the chip to pull down the completed
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magnetic beads and 1XTE buffer was used to wash excess targets and fluorescent

probes using actuation of valves 12-13-10-11 and 1-2-7-10-11. After properly rinsed,

the magnet was removed, and the buffer solution was cycled through to resuspend the

magnetic beads. Lastly, the completed assay was pushed sequentially through to the

optical detection region over the course of five cycles using 1xTE buffer. The resulting

fluorescence time domain trace is illustrated in Figure 5.5.
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Top: Fluorescence time domain trace resulting from target-
specific detection of fluorescently labeled Zika nucleic acid bead constructs. Bottom:
Negative control trace conducted without Zika nucleic acid targets illustrating no

false positive detections.

The average velocity of the detected particles was 0.34 cm/s, which is notably

lower than that of constant flow experiments demonstrated in Chapter 3 (Figure 5.6).

This can be explained by the fact that the velocity of the beads is dependent upon the

flow of fluid generated from the compression of pneumatic valves rather than the
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vacuum pressure applied in the constant flow experiments. The intensity histogram of
the events resembles the upper tail of a Gaussian distribution, indicating that there may
be lower intensity events that were missed. This can result from very fast analytes that
do not emit enough fluorescence to be detectable. A negative control was run where the
assay was run identically, but in the absence of target Zika ssDNA. The resulting

fluorescence time domain trace shown in Figure 5.5 illustrates no false positive events.
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Figure 5.6. a) Velocity histogram from the detected events demonstrating an average
speed of 0.34 cm/s and standard deviation of 0.07 cm/s. b) Intensity histogram from
the detected Zika-bead constructs with a calculated average intensity of 2055 and
standard deviation of 491.

Thus, we have demonstrated specific fluorescence detection of Zika nucleic
acids through the integration of an on-chip distributed feedback laser with both optical
detection and sample preparation functionalities on a PDMS lab-on-chip biosensor.
This work presents continued significant progress towards a highly sensitive point-of-
care LOC that can provide unique advantages in reducing the impact of future disease
outbreaks. The use of LOC devices has been shown to reduce necessary sample
volumes while implementing necessary sample handling on-chip, thus reducing risks

of contamination and sample mishandling. Furthermore, by seamlessly integrating an
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on-chip DFB laser, we avoid inconsistent and tedious optical alignment of external light
sources. While the camera sensor further reduces necessarily meticulous optical
alignment of single photon detections, additional steps in using APDs can be used to
further increase the sensitivity of the device [51]. Long-lasting surface modification
can also potentially aid in the efficiency of the sample preparation stage by reducing
the number of beads becoming stuck within the porous PDMS [99]. Lastly, the PCWA
algorithm for detection could be implemented in real-time to provide live results, thus

further decreasing the sample-to-answer time [93].
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Chapter 6

New Avenues for Optofluidic

Biosensors

6.1 Optical Detection of Organoid-Derived Extracellular

Vesicles
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Figure 6.1. Schematic of an extracellular vesicle composed of a lipid bilayer with
various surface proteins and cargo including nucleic acids, proteins, and metabolites
[100].

Extracellular vesicles (EVs) are lipid-enclosed vesicles containing a wide array
of cargo that are excreted into extracellular space [20], [100] (Figure 6.1). There are
three subcategories of EVs that have been classified by size and biogenesis pathway:
microvesicles, exosomes, and apoptotic bodies [18]. Microvesicles are 100 nm to 1 um
EVs that are typically formed via direct outward budding of the plasma membrane and
contain mainly proteins embedded in the plasma membrane. Apoptotic bodies range
from 50 nm to 5 um in diameter, but the size distribution is typically on the larger end
of the size range [101]. These vesicles generally contain intact organelles and proteins
generally associated with cell lysate. Lastly, exosomes are EVs with diameters ranging
from 30 nm to 150 nm formed by inward budding of endosomes originating from the
cell plasma membrane. Exosomes and microvesicles have been demonstrated to be
vital in cell-cell signaling between both local and distant cells [102]-[105]. One
particular application of monitoring EV concentration and content is the role that EVs
can play in cancer metastasis with cancer cells transporting their cargo to otherwise

healthy cells [22], [106]-[108].

The increase of studies focusing on EVs within genomic science has combined
with the advancement of laboratory-grown organoids and organ-on-chip technologies
[109]-[111]. Organoids are three dimensional models of organs that are grown in vitro
and have been used in recent years to study evolution and development of organs and

diseases such as cancer progression. Here, we present proof-of-concept optical
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detection of EVs derived from cerebral organoids grown by the UCSC Braingeneers
within the established NIH Center for Excellence in Genomic Science (CEGS) using
fluorescence staining using both a lipid-based stain and an intercalating nucleic acid
stain. The future goal of this project is to integrate highly specific optical detection of
EVs at a single EV sensitivity in a complete environment combined with modular

automated cell cultures employing multiplexed organ-on-a-chip microfluidics [112].

6.1.1 Device Design and Setup

The goal of these studies is to optically detect EVs given their importance in
cell signaling and health. Future studies will focus on detecting specific biomarkers
within EVs. Since exosomes have been shown to be important in cell communication,
they are of higher interest. As a result, any cell media received was filtered using a 200
nm filter. Given the small size of the targets, APD collection of fluorescent emission
from stained EVs was used, in contrast to the camera collection presented in previous

chapters.
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Figure 6.2. Left: Photograph of PDMS-based optofluidic chip and setup for optical
detection of extracellular vesicles. Right: Schematic of optofluidic chip. External light
was coupled to the chip via a solid-core waveguide that intersects with an orthogonal

analyte channel. A second solid-core waveguide carries fluorescence emission from

EVs and a 40x objective couples the emission through a fluorescence filter and into

an APD.

The optofluidic PDMS device used in these experiments followed a simple
single mode excitation scheme (Figure 6.2). A solid-core waveguide composed of 5:1
PDMS was used to couple external 488 nm laser light to an orthogonal liquid-core
analyte channel. The mode image of the light coupled through this waveguide is
displayed in Figure 6.3 with the intensity profiles in the horizontal and vertical
dimensions. Sample fluid was pulled through the analyte channel using a regulator-
controlled vacuum line inserted into the outlet, shown as the metal inlet in Figure XX.
A wide solid-core waveguide collected fluorescence emission from detected EVs and
a 40x objective was used to couple light to free space through a fluorescence filter. The
fluorescence emission was finally coupled back into a multimode fiber where it was

guided into an APD.
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Figure 6.3. Mode image of the excitation light guided through the solid-core
excitation waveguide. The FWHM dimensions of the excitation mode were measured
to be 3.74 um x 5.08 pm.

6.1.2 Results

The EV sample tested in these experiments was conditioned media from 56-
day-old cerebral organoids. Prior to staining, all conditioned media was filtered using
a 200 nm sterilized filter (MilliporeSigma). The first fluorescence stain used was vFRed,
a proprietary lipophilic stain (Cellarcus Biosciences). vFRed has an absorption
maximum at 465 nm and a large Stokes shift with an emission maximum at 590 nm.
For the vFRed stained EVs, a 532 nm long pass filter was used to block out any light
from the 488 nm excitation laser. As per the assay protocol, 5 uL of 10x diluted vFRed
was combined with 5 pLL of 200 nm filtered conditioned media and 40 pL of staining

buffer provided by Cellarcus Biosciences. The combined solution was incubated on a
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rotary mixer for 1 hour before being pulled through the analyte channel. The second
stain used was SYBR Gold (Invitrogen), an intercalating nucleic acid stain. SYBR Gold
has an absorption maximum at 495 nm and an emission maximum at 539 nm. Since
the 532 nm long pass filter would block out some of the fluorescence emission, a 440-
521-607-694-809 multi bandpass filter was used as the fluorescence filter in the APD
collection path. In experiments using SYBR Gold, 2 pL of 1x SYBR Gold was used to
stain 2 pL of 200 nm filtered cell media in 16 pL of 1xPBS buffer. The solution was
left to incubate for 20 minutes on a rotary mixer before being pulled through the analyte

channel as per the SYBR Gold staining protocol.
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Figure 6.4. Fluorescence time domain traces from EVs stained with a) vFRed and b)
SYBR Gold.

The results of fluorescence detection experiments using vFRed and SYBR Gold
independently are shown in Figure 6.4a and 6.4b, respectively. Similar to the previously
presented studies, event detections were identified using a PCWA algorithm using a
Ricker wavelet. Experimental concentrations were calculated using the same equation

as described in Section 3.3.3, but the excitation volume used was calibrated for this
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device (V,y = 3.74 ym x 5.08 um x 15 um = 2.8x1071° mL). The concentration of
the vFRed stained EVs was thus calculated to be 2.6 x 10° EVs/mL while the
concentration of SYBR Gold stained EVs was determined to be 9.33 x 10" EVs/mL.
The intensity histogram of the detected events from each experiment overlapped are
displayed in Figure 6.5. From the concentration measurements, it is evident that there
are significantly more events detected in the SYBR Gold stained EV experiment.
Additionally, the average event intensity of the detected SYBR Gold EVs was
calculated to be 76.2 counts/0.1ms compared to 26.4 counts/0.1ms for the vFRed
stained EVs. Thus, SYBR Gold granted an ~3x improvement on event intensity with

~36x more detected EVs.
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Figure 6.5. Overlayed intensity histogram from detected events from the SYBR Gold

and vFRed staining of EVs. The SYBR Gold distribution had a mean intensity of 76.2
counts/0.1 ms compared to the 26.4 counts/0.1ms average observed from the vFRed
staining.
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Thus, we have demonstrated detection of single EVs at femtomolar
concentrations. This work provides a proof-of-concept foundation for continued optical
analysis of single EVs. Additionally, it is possible to continue to probe the cargo and
surface biomarkers of EVs by using target-specific fluorescent probes to gain further
insight into the various cell signaling markers that are being excreted by these cortical
organoids. Lastly, the implementation of this detection on a PDMS platform presents
ample opportunity for continued device integration with the existing organoid culturing

platform to progress towards an on-demand diagnostic measurement of organoid health.

6.2 Educational Qutreach Using Remotely Controlled LOC

Platform
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Figure 6.6. Integration of internet-of-things with programmable LOC allows for
remote control of valve actuation on-chip through internet connectivity.

Modern STEM fields greatly benefit from a diverse workforce with diverse
teams demonstrating increased impact of publications and complementary skills [113],
[114]. Despite this, high level scientific training often misses the mark in including
minority groups such as women and Latinx students. Increasing efforts are being made
to explore ways in which modern tools such as the internet-of-things (IoT) can be used
to expand educational outreach opportunities [115]. Lab-on-chip technology enables a
vast array of benefits that expands beyond pathogen detection. By combining LOC
technology with the internet-of-things (IoT), high level biomarker detection can be
brought to vast distances and enable higher level of scientific accessibility and
educational outreach (Figure 6.6). Here, we present an integration of LOC technology

and project-based learning (PBL) implemented using IoT in order to conduct an
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educational outreach project conducted with first to fourth year university students at
the Universidad Catodlica Boliviana San Pablo in Bolivia. The motivation of this study
was to provide context-aware PBL using LOC technology to students in Bolivia to
demonstrate the ability to democratize science and bring exposure and access to
underrepresented communities. This collaborative work with Mohammed Julker
Neyen Sampad, Dr. Mohammed A. Mostajo-Radji, Dr. Sofie Salama, and Dr. David
Haussler was conducted as a facet of the NIH CEGS Center and was reviewed and
approved by the UCSC Institutional Review Board (HS-FY2023-42) and the Ethics

Committee at the Universidad Catdlica Boliviana San Pablo (Protocol Approval 034).
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Figure 6.7. Context-aware remote PBL-training using LoC systems. A) Training
workflow. In the first lecture the students are taught the theory of LoC systems and
their applications to pathogen detection. In the second lecture, the students are taught
how to program LoC systems. Both lectures are taught in the students’ native
language. The students are then assigned a project detecting bacteria in water
samples. They then complete the assignment, upload their code and receive feedback.
The LoC system is then run with their code and the data is produced, analyzed and
returned to the students.
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Water contamination was used as the framework for this study since Bolivia has
a complicated history with regards to water quality and accessibility. Significant
contamination of Escherichia coli (E. coli) in drinking water was reported in 2010 of
up to 64% of tested water samples [116]. Given this history, fluorescence detection of
E. coli was determined to be a fitting project for implementing remote PBL and
exposing students to a high-level biosensing experiment. The training module was split
into a lecture portion and an experimental session (Figure 6.7). Two lectures of one
hour length each were given outside of official class times. The first lecture laid the
foundation for LOC technology and its applications. Students were introduced to the
specific chip that they would be using to test for E. coli as well as how the chip was
fabricated. During the second lecture, students were shown how to use various coding
elements to program sequential valve operation with examples of how certain
sequences would move fluid throughout the device. The module culminated in a one-
on-one session where students were able to remotely initiate the code they completed
to operate an LOC located in Santa Cruz, California and stain and optically detect

fluorescently labeled E. coli.
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Figure 6.8. Lab-on-chip device integrating sample preparation with optical
detection.

The LOC chip that was used in this study was a PDMS-based device that
integrates sample preparation and optical detection stages (Figure 6.8) [S1]. This device
has been used to demonstrate fluorescence labeling and detection of Zika nucleic acids
and proteins. Nanoliter scales of sample volume and assay reagents were controlled
using a series of fifteen pneumatic valves. The valve structures measured 500 pm in
diameter with a channel height being approximately 5-7 um throughout the device. The
air gap used to lift the valve was roughly 25 pum tall. Valve actuation was carried out
using a custom-made control box connected to a vacuum source as well as compressed
air. The control box used a National Instruments digital I/O board to control fifteen
solenoid valves, one for each PDMS valve as presented in Chapter 5. Negative pressure
was used to lift the PDMS valve which allowed fluid to move between adjacent valves.
When positive pressure was applied, the valves would close, and fluid would be pushed

in the direction of open adjacent valves.
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In this implementation, remote control of the automaton was required for
students in Bolivia to operate the LOC. As a result, the LabView control software was
replaced by a Raspberry Pi controlling the I/O board and solenoid valves which acted
as the local IoT device. The Raspberry Pi was connected and controlled by a web-based
graphical user interface (GUI) via Message Queueing Telemetry Transport (MQTT)
protocol. The GUI was hosted in Jupyter Notebook through wetAl, which is an online
platform established by the UCSC Genomics Institute that enables remote access. A
straightforward programming language implementing the same commands (e.g. “o” for
open, “c” for close) as used in previous LOC experiments was integrated via a Python
interpreter to code sequential valve operation. Using this platform, a remote user can
log in to wetAl and execute their own script which transfers via MQTT to the local IoT
device where the Python interpreter decodes the information and operates the solenoid

valves.
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Figure 6.9. Example of redacted skeleton code given to students as homework.

[Pk

Commands: “c” = close, “0” = open, “w” = wait.

During the second lecture, a live demonstration of mixing red and blue food
dye together was used as a proxy for mixing assay reagents to illustrate how fluids were
mixed. At the conclusion of the second lecture, students received a skeleton code of a

program designed to stain E. coli with SYBR Gold. The students’ homework was to
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complete the redacted portions of the code that would be run in a one-on-one session
where the students would be able to run their code remotely and conduct a successful
staining and detection of E. coli (Figure 6.9). Accuracy in completing the skeleton code
that was given as homework was evaluated in determining the success rate of groups.
Based on this metric, 10 out of the 11 (90.9%) participating groups successfully
completed the redacted code. The sole error was a minor fault that was rectified during

the one-on-one session so that the group would still be able to run their experiment.
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Figure 6.10. Example fluorescence time domain trace resulting from optical
detection of fluorescently stained E. coli. Each peak indicates a detected bacterium.

In preparation for the one-on-one sessions, 24 LOC devices were fabricated,
following the procedure outlined in Section 3.2.1, to account for one chip per group
and extras in the case of any errors. Prior to each of the 12 one-on-one session, 2 uL. of
E. coli bacteria diluted in 1xPBS buffer, 2 uL of 1xSYBR gold, and 5 puL of 1xPBS

were loaded on top of their respective inlets and preloaded into the first valve.
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Additionally, the fiber coupling of the 488 nm laser into the solid-core excitation
waveguide was optimized before each experiment. While monitored over a Zoom call,
each group of students then remotely executed their code, and the SYBR gold
intercalating dye and E. coli were pushed into the central four mixing valves and rotated
to ensure complete mixing of the two fluids. The solution was then incubated for 20
minutes as per the SYBR gold staining procedure. The stained bacteria were then
sequentially pushed through to the optical detection region where a 488 nm excitation
laser was coupled into the chip via a solid core waveguide. Fluorescence emissions
from excited bacteria were detected by a camera aligned above the detection region
over a 5-minute period. The resulting video recording was analyzed frame-by-frame,
where pixel intensities in the region of interest were integrated and plotted in the time
domain. An example of one group’s fluorescence time domain trace is shown in Figure
6.10. Each group received the results of their fluorescence detection experiment in the

days following the one-on-one sessions.
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Figure 6.11. Context-aware PBL led to a higher interest in LoCs. A) Self-
reported interest in learning more about LoCs. B) Perceived applicability of LoC’s in
biotechnology before and after the program. C) Perceived difficulty of using LoCs
before and after the program. D) Perceived performance of LoCs as compared to
traditional laboratories. E) Perceived ease to learn to use of LoCs as compared to
traditional laboratories. F) Perceived main advantage of LoCs in biotechnology. G)
Students’ interest in having a LoC-specific course in their degrees. H) Self-reported
interest to enroll in LoC-specific courses. Pre-course n = 42. Post-course n = 28.

In addition to measuring the success of the groups of students in completing the
assigned homework, a voluntary survey was given to the students before and after the
PBL experience. These surveys were generally assessed the participants’ feelings
towards relevant topics such as programming and LOC systems and were a
combination of Likert scale, where participants selected their level of agreement with

a prompt, as well as multiple choice questions. The number of pre-course surveys
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received was 42, while the number of surveys received after the course was 28. Due to
local regulations prohibiting the collection of identifying information, surveys were not
mandatory. This also prevented matching the 28 collected post-course survey responses
to the responses from the 28 participants in the pre-course survey. Because of this, we
refrain from making direct statistical significance conclusions between the pre- and

pOSt-COLlI'SG Survey responses.

In the pre-course surveys, we found that a majority (66.7%) of students felt that
Latinx scientists are underrepresented in bioengineering. Notably, 45.2% of
participants believed lack of exposure to relevant subjects and classes is the main
obstacle. This PBL is a direct attempt at providing a solution where students can be
directly exposed to and involved in high level scientific experiments. Overall, the
responses of the students indicated positive engagement. From Figure 6.11, the 2-week
experience led to an increased interest in LOC technologies as well as their overall
difficulty of control and operation. As seen in Figure 6.12, students felt that both the
theoretical and experimental portions of the PBL module were well executed, with
100% of respondents valuing the 1-on-1 session. The responses also indicate that the
context and subject matter of the module was well aligned with their current degree,
and that the introductory programming was useful and advanced their interest in
continuing to learn how programming can benefit their current skill set. Moreover,
students said that they would highly recommend peers to take this module if offered

again.
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Figure 6.12. Program evaluation and prospects of careers in bioinformatics
and computational biology. (A-O) Program evaluation showing the distribution of
students’ responses. A) Evaluation of the theoretical component of the program. B)
Evaluation of the programming assignment. C) Perception of the usefulness of the

programming assignment to solidify concepts. D) Perception of the usefulness of the
call with investigators to receive feedback on programming assignments. E)
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Perception of value of the program for academic goals. F) Perception of value of the
program for professional goals. G-O) Program evaluation showing increased interest
in programming and bioinformatics. G) Comfort in completing programming
assignment. H) Perceived relevant of assignment to students’ degrees. I) Importance
of using context-aware projects in teaching. J) Perceived applicability of LoCs in
teaching programming. K) Students’ recommendations to their peers. L) Self-reported
effects on motivation to learn to program. M) Self-reported effects on feelings toward
programming. N) Student’s perceptions on whether their degree should have a
programming course. O) Comparison of intent to enroll in a programming course
before and after this program. Pre-course n = 42. Post-course n = 28.

Students were eventually asked about additional comments regarding feedback
about the experience or any comments to the team that they would like to give. Students
demonstrated their excitement around the subject matter as well as their desire to learn
more about LOCs and programming, some even showing interest in involvement in
planning and executing future outreach opportunities. Some of the received quotes

include:

o “The classes were very interesting. I had never heard of this technology. After
learning a little bit (about this technology), I want to study more programming.
[ feel (that learning programming) is something that I feel would simplify many

procedures.” - Translated from Respondent 1.

e “I wish you could share this project with many other young people who are
interested in science. It is really impressive work.” - Translated from

Respondent 2.
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e “Here in Latin America, and especially in Bolivia, this type of technology does
not exist, so I am very grateful for this experience.” - Translated from

Respondent 3.

o “Itis a beautiful project. (I wish you) great success in improving your work and
I hope that in the future courses you can accept volunteers from different
countries to develop pilot programs or experiments.” - Translated from

Respondent 4.

o “Thank you very much for giving us this opportunity and (I) wish you success
in your present and future projects. Also, how can we get involved in more

activities like these?” - Translated from Respondent 5.

In conclusion, we developed a context-aware PBL module designed for Latinx
life science students in Bolivia that focused on water quality testing. This PBL
outreach module demonstrates a glimpse of the possibilities of expanding high level
scientific research to underserved communities via [oT integration and remote
capabilities. By increasing exposure of students to introductory programming and
bioinformatics studies, internet-enabled PBL can be a powerful tool in expanding

the representation of underserved communities in STEM fields.
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Chapter 7

Summary and Future Work

In conclusion, this thesis has presented several optofluidic devices with

contributions in the fields of integrated optofluidics and biophotonics.

Firstly, the integration of an on-chip optofluidic distributed feedback laser
directly with an analyte channel for biosensing on an all-PDMS platform dramatically
simplifies the alignment necessary to provide excitation light in fluorescence
biosensing, providing a minimum of a 10x improvement in the tolerance of optical
alignment. In this application, 5SmM Rhodamine 6G was dissolved in a solution of 85%
ethylene glycol — 15% DI water and used to fill a distributed feedback grating dye laser
with a Bragg spacing of A = 8 um and corrugation depth of d = 2.5 um. This
optofluidic dye laser was used to demonstrate low threshold lasing (52.7 uJ/cm?) with
a central lasing wavelength of 574.6 nm and a FWHM of 1.08 nm. Fluorescence
detection of fluorescent microspheres was demonstrated using this DFB when
integrated with a fluidic analyte source. Dynamic tunability of the output power was

also shown using a pneumatic “lightvalve” switch integrated in the all-PDMS device
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demonstrating attenuation of the output power by up to -8.84 dB. This fluidic light
source is widely reconfigurable with the ability to use various gain media for an array
of fluorescent labels. Quantum dots could also be used by colloidally suspending them
in PDMS to generate a solid-core DFB grating or in solution which could enable
multiple lasing wavelengths using a single pump laser. Lasing characteristics of this
DFB laser could be improved in the future by using tools such as electron beam
lithography (EBL) to fabricate a stamping tool where the grating period could further
be reduced. This would move the resonant wavelength to a lower Bragg order, therefore
increasing the reflectivity of the cavity and thus, the output power of the DFB laser

[117].

Furthermore, this DFB lasing scheme was demonstrated to be scalable and
applicable in multiplexed biosensing schemes through the addition of a second,
identical DFB grating using 5 mM DCM dissolved in DMSO as the gain medium
instead. This DFB laser demonstrated a lasing wavelength of 656.5 nm and a FWHM
of 1.73 nm with a reasonable threshold fluence of 307.6 pJ/cm?. The two lasers were
operated simultaneously and used to conduct multiplexed detection of two types of
fluorescent microspheres which served as proxy analytes for analogously stained
fluorescent biomarkers. Further studies into the use of other fluorescent dyes in
additional or the same channels could continue to scale the multiplexing capabilities of
this platform and could reasonably achieve 5-10x multiplexing. This spatial
multiplexing scheme could also be advanced with integration with other multiplexing

methods such as velocity multiplexing whereby an additional analyte channel is placed
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in parallel, and biomarkers are flowed at a different speed to produce a distinguishable

At value in the fluorescence time domain trace [95].

Integration of this light source into an all-in-one optofluidic lab-on-chip system
combining sample preparation with a coherent light source and optical detection was
then presented. Sample preparation was conducted in a network of fifteen
pneumatically operated valves controlling the flow of assay reagents throughout the
device, enabling sequential and complex assays to be conducted. The Rhodamine 6G
DFB laser was integrated as the coherent light source and a tapered solid-core
waveguide carried the laser emission to the orthogonal analyte channel to provide
optical excitation. This all-in-one PDMS-based LOC was then used to conduct
nonspecific detection of dsSDNA as well as specific detection of Zika nucleic acids using
magnetic bead-based assays. This work presents further progress towards a highly
sensitive and selective point-of-care biosensor that can aid in curbing the impact of

future disease outbreaks.

Lastly, optical detection of fluorescently stained extracellular vesicles that were
derived from neuronal organoids was presented. Fluorescence detection of extracellular
vesicles was conducted using both a lipophilic stain as well as an intercalating nucleic
acid stain. This provides foundational proof-of-concept for further work in detecting
specific biomarkers contained on or within extracellular vesicles or subgroups of
extracellular vesicles. More specific fluorescence detection could include fluorescence
labeling of surface proteins such as CD63, CD81, or CD9 that are essential in

biosynthesis of EVs. Additionally, the devices presented in this work have
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demonstrated the ability to progress the level of integration of optofluidic devices into

existing microfluidic environments used to culture and grow organoids [98].
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Appendix A: SU-8 and PDMS
Fabrication Protocols

SU-8 Master Fabrication

- Spray blank silicon wafers with isopropyl alcohol (IPA)
- Blow dry with nitrogen

- Dryin 60 °C oven overnight

Next day

RIE at 80% power for 10 minutes
o (recipe: 80p_ 10min)
- Cover spin coater with aluminum foil

- Load wafer onto spin coater

Waveguide Layer:

- Carefully pour SU-8 2005 onto wafer until about 2/3 of the wafer is covered.
- Use the following spin procedure programmed into spin coater

- While wafer is spinning, program hotplates to 65°C and 95°C

SU-8 2005 Spin Protocol

Step Speed (RPM) Time (sec) Ramp (RPM/s)
1 500 10 100
2 3500 60 300

98



- Follow pre-exposure bake protocol outlined below:

SU-8 2005 Pre-exposure Bake

Step Temperature (°C) Time (min)
1 65 1
2 95 6
3 65 1
4 25 3

- Conduct edge bead removal using acetone loaded into a syringe with a small
gauge needle (30 gauge):
o While wafer is spinning at 700 RPM, remove ~2-3 mm of SU-8 from

the outside edge of the wafer

Step Speed (RPM) Time (sec) Ramp (RPM/s)
1 700 30 100
2 1500 5 500
3 2500 10 1000
4 0 0 500
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- Follow SOP for Karl Suss mask aligner to turn on and then load the
waveguide layer chrome mask

- Measure output flux from UV lamp using power meter

- Load and align SU-8 coated wafer and bring wafer into contact with mask

- Ensure “Hard Contact” is enabled and then expose wafer with total dosage of
69.8 mJ/cm?

- Follow post-exposure bake protocol outlined below:

Step Temperature (°C) Time (min)
1 65 6
2 95 6
3 65 7
4 25 10

- Develop wafer using SU-8 developer
o Alternate between approximately 8 seconds of developer and wash
with [PA to prevent washing away any features
o Check features under microscope to ensure fully developed
- Hard bake @ 200°C for 5 minutes to reflow SU-8
o Ramp wafer to 65°C first for 5 minutes

o This can help with cracked features

Pneumatic Layer

100



- Carefully pour SU-8 2025 onto wafer until about 2/3 of wafer is covered

- Use following spin procedure programmed into spin coater

SU-8 2025 Spin Protocol

Speed (RPM) Time (sec) Ramp (RPM/s)
1 500 10 100
2 3000 120 300
3 0 0 500
- Follow pre-exposure bake procedure outlined below:
SU-8 2025 Pre-exposure Bake
Step Temperature (°C) Time (min)
1 65 5
2 95 30
3 65 5
4 25 5

- Conduct edge bead removal using same protocol as described in the

“Waveguide Layer” section

- Load pneumatic layer chrome mask into Karl Suss mask aligner

- Load and align SU-8 2025 coated wafer and bring into contact with mask
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- Ensure “Hard Contact” mode is enabled and exposure wafer with total dosage
of 146.3 mJ/cm?.

- Follow post-exposure bake protocol outlined below:

Step Temperature (°C) Time (min)
1 65 5
2 95 15
3 65 10
4 25 10

- Develop wafer using SU-8 developer
o Alternate between approximately 30 seconds of developer and wash
with IPA to prevent washing away any features
o Check features under microscope to ensure fully developed
- Hard bake @ 200°C for 5 minutes to reflow SU-8
o Ramp wafer to 65°C first for 5 minutes

- This can help with cracked features

PDMS Fabrication

- Mix 12 grams of 5:1 PDMS and two cups of 55 grams of 10:1 PDMS
o For devices with a pneumatic waver, mix an additional cup of 11

grams of 10:1 PDMS
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- Degass PDMS for 2 hours in the PDMS desiccator
o This can be accelerated by toggling the vacuum of the desiccator
- Ensure waveguide, pneumatic, and blank wafers are clean
o Wash with IPA and blow dry if necessary
- Silanize wafers for 40 minutes in silane desiccator using 3-4 drops of silane
o Keep wafers as far away from silane source as possible to keep wafers
clean
o Blow dry wafers after silane treatment to remove any particles on
surface

- Use the following spin procedure for spinning 5:1 PDMS:

Step Speed (RPM) Time (sec) Ramp (RPM/s)
1 500 10 100
2 5000 900 600
3 0 0 500

- Cure 5:1 PDMS-coated wafer in oven for 2 hours

If not using a pneumatic layer:

- Load 5:1 PDMS-coated wafer into thin, circular acrylic mold
- Pour 10:1 PDMS close to surface to prevent air bubbles
- Load blank silicon wafer into circular acrylic mold and pour 10:1 PDMS

- Cure both wafers in oven for 2 hours (overnight if possible)
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- Carefully separate waveguide layer from master and tape the exposed PDMS

- Mark location of fluidic inlets using a sharpie and punch inlets using a I mm
biopsy punch

- Separate blank layer from silicon wafer carefully using IPA and load into the
RIE

- Remove tape from the waveguide layer and load into RIE alongside blank

- Treat with Oz plasma for 30 seconds

o Recipe: PDMS bonding
- Carefully remove both layers and bond from one side to the other to prevent

trapping air bubbles

If using pneumatic layer:

- Load 5:1 PDMS-coated wafer back into spin coater and spin the 11 g of 10:1

PDMS using the following program:

Step Speed (RPM) Time (sec) Ramp (RPM/s)
1 500 10 100
2 1000 300 500
3 0 0 500

- While wafer is spinning, load pneumatic silicon master and blank silicon
wafer into thin, circular acrylic molds

- Pour 10:1 PDMS for both wafers close to surface to prevent bubbles
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Carefully place acrylic plate with polygons over the top of pneumatic layer
without creating bubbles and then secure with screws
Cure both the waveguide wafer, pneumatic wafer, and blank layer in oven for

2 hours (overnight if possible)

Next day:

Remove acrylic backing, silicon pneumatic master, and circular mold
carefully using IPA
o PDMS pneumatic layer should remain in contact with acrylic plate
with polygons
Load pneumatic layer and waveguide layer into OAI mask aligner
o Use substrate vacuum to keep waveguide wafer in place
o Roughly align and mark placement of wafer and mask
Load both layers into RIE and plasma treat for 30 seconds
o Recipe: PDMS bonding
Place pneumatic layer and waveguide wafer back into OAI mask aligner
o Realign and then carefully bring the waveguide wafer into contact with
pneumatic layer
Turn off substrate vacuum and remove bonded layers from mask aligner and
cure in oven for 2 hours (overnight if possible)
Separate acrylic polygon plate and silicon waveguide master and tape exposed

waveguide surface
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- Mark fluidic and pneumatic inlets/outlets using a sharpie and punch using a 1
mm biopsy punch

- Separate blank layer from silicon wafer

For chips only requiring positive pressure actuation:

- Remove tape and treat waveguide layer and blank layer with O> plasma in
RIE for 30 seconds

- Carefully remove layers and bond together

For automatons or devices needing negative pressure actuation, cut chips

individually and cut identical shapes out of blank layer.

- Remove tape and treat each chip and corresponding blank with Oz plasma in
RIE for 30 seconds
o Recipe: PDMS bonding
- Place top half of chip on vacuum line such that vacuum is only applied to
pneumatic inlets

- Carefully overlay blank on exposed surface and bond chip together
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Appendix B: Rhodamine 6G
Photophysical Constants

The following table is a list of typical photophysical parameters for

Rhodamine 6G assuming a pump wavelength of 532 nm and a lasing wavelength of

~580 nm [91].
0,(Ap) (cm?) 3.8x10716
0,(A;) (cm?) 1x10~1°
Oe (A1) (cm?) 1.2x10-16
or(;) (cm?) 1x10~17

Tsp (NS) 5
1/kgt (ns) 100
T (ns) 100
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Appendix C: Laser Dyes

The following table is a list of dye families that have been demonstrated in
dye laser applications along with the range of lasing wavelengths achieved. Use of
different dyes including combinations of dyes could enable greater multiplexing

capabilities of on-chip dye lasers.

Laser Dye Family Emission Range (nm)
Coumarins 435-555
Xanthenes (Rhodamines) 560-800
Oxazine dyes 650-750
Pyrromethenes 525-575
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Appendix D: Dual DFB Optical
Setup

The following is a photograph of the dual DFB laser optical setup used to
demonstrate two optofluidic DFB dye lasers operated simultaneously for multiplexed

fluorescence sensing:

Cylindrical lens
(beam length
control)

Spherical > B
focusing lens ¢

DFB chip

Cylindrical
focusing lens

Cylindrical lens
(beam length
control)

The camera used for alignment and collection was removed for the picture as it blocks

visibility of other optics.
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Appendix E: Fluorescence Stains
and Fluorescent Beads

Below is a table listing the fluorescent markers used in this thesis along with

their respective excitation and emission maxima.

Fluorescent Marker Excitation Max (nm) Emission Max (nm) \
Red Fluorescent Beads 580 605
Flash Red Fluorescent 660 690
Beads
vFRed 465 490
SYBR Gold 495 539
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