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AbStg?::itéon photonic biosensors have emerged as a powerful platform for various lab-on-a-chip
applications. The technology can miniaturize assays, perform label-free detection, and is capable
of rapid multiplexing. These qualities make silicon photonic biosensors a competitive platform to
replace conventional clinical tests based on less scalable technologies. Most silicon photonic
biosensors rely on external pumps to deliver samples and reagents over the photonic sensors. To
increase the clinical viability of this technology, this project seeks to dramatically reduce the
complexity of the bio-sensing system by integrating sample processing and fluidics via a capillary
driven network. We have previously integrated paper microfluidic liquid handling with our custom
silicon photonic test bench. With the work presented in this thesis, we demonstrate the integration
of paper microfluidic networks into the Ratner lab’s OEM silicon photonic platform and we

increase the complexity of the network to incorporate whole blood plasma separation. The Ratner



lab has recently developed an ABO blood typing assay via silicon photonics. Using silicon
photonics as the platform has the potential to achieve a higher level of automation than
conventional ABO typing agglutination methods, while simultaneously reducing the assay time,
and lowering costs. We validated our paper fluidic network with a reverse ABO typing assay based
on the patient’s serology. In our system, we need to separate the whole blood sample in order to
run the sample without running the risk of stopping the flow in the network. Here we demonstrate
capillary network liquid handling and paper-based whole blood separation into our OEM silicon
photonic system (i.e. the Genalyte Maverick). This integrated plasma separation and paper fluidic
network reagent delivery make the system more suitable for point-of-care and rapid diagnostic
testing applications. We hope this work helps bring silicon photonic biosensing closer to clinical

adoption and more appropriate for clinical settings.
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Chapter 1. INTRODUCTION

1.1 MOTIVATION AND TECHNOLOGY OVERVIEW

The 21% century has brought with it more data collection and processing than we have seen in
all human history. In the context of biotechnology, we are just beginning to scratch the surface of
implementing medical and scientific truths derived from access and analysis of these data. A
striking example of the power of these tools is demonstrated by Esteva et. al. use of deep
convolutional neural networks for diagnosing two types of skin cancer with the same competency
as 21 board-certified dermatologists. However, these advanced data-enabled techniques require
robust sensing modalities that can provide accurate data for subsequent analysis and interpretation.
Many of the most common clinical panels run today require large complex clinical laboratory
instruments.? These systems provide accurate data but most of the instruments are not point-of-
care and do not provide continuous sensing or real-time analysis. Point-of-care devices and real-
time analytics can provide information faster to clinicians than their lab-based counterparts.
Continuous sensing can provide more data for analysis and provide a better representation of the
activity and concentration of the analyte. As a result, many in the field are pushing for more lab-
on-a-chip realizations to be the future of diagnostics. Two examples of the cutting-edge of this
trend are seen in both continuous glucose monitors and continuous biosensing using aptamers.® 4
The Ratner lab focuses on leveraging and improving silicon photonics, an optical chip-based
biosensing platform. The technology has emerged as a powerful platform for various lab-on-a-chip
applications; the chips can miniaturize assays, perform label free detection, and are capable of
rapid multiplexing.>”’ These qualities make silicon photonic biosensors a competitive platform to

replace conventional clinical tests based on less scalable technologies.



2

Most silicon photonic platforms use external microfluidic pumps to sequence reagents across
the chip and use a tunable laser and electric or optical readout to keep track of the signal.®° The
bulk of the cost for the system derives from the pumps, the laser, and the electric readout/detectors.
Within the field, there has been focus on developing on-chip lasers and detectors/readout for the
platform to decrease the cost and complexity.’®*2 The Ratner lab has focused on addressing the
cost of the pneumatic pumps by integrating sample processing and fluidics via paper microfluidics
into silicon photonic platforms. We have previously integrated paper microfluidic liquid handling
with our custom silicon photonic test bench.’* With the work presented in this thesis, we
demonstrate the integration of paper microfluidic networks into the Ratner lab’s OEM silicon
photonic platform (the Genalyte Maverick) and we increase the complexity of the network to
incorporate whole blood plasma separation.

The Ratner lab has focused on optimizing and implementing ABO blood typing assays into
silicon photonic biosensor platforms. Leveraging silicon photonics for ABO typing has the
potential to achieve a higher level of automation than conventional agglutination methods, while
simultaneously reducing the assay time, and lowering costs.*> 14 We validated our paper network
on our custom test bench with a reverse ABO typing assay. To run this assay, we were required to
separate the whole blood sample and run the plasma to minimize the risk of clogging flow in the
network. In this thesis, we integrate capillary network liquid handling and paper-based whole
blood separation into our OEM silicon photonic system. This integrated plasma separation and
paper fluidic network reagent delivery show a proof-of-concept illustrating that the OEM system
may be more suitable for point-of-care and rapid diagnostic testing applications. We hope this

work will bring silicon photonic biosensing closer to clinical adoption.



1.2 CLINICAL SIGNIFICANCE

The current clinical blood typing test is an agglutination assay that relies on human blood’s ABO
antigen system. Every blood type includes a reverse and forward type. The forward type describes
the presence of antigens on the surface of the cell (for example, A, B, AB, O) and the reverse
describes the antibodies found in the patient’s blood.™ ® In addition to agglutination there are
polymerized chain reaction methods for sequence-specific typing.l” However, most of the blood
typing for clinical labs occurs via the agglutination assay and even in more advanced microfluidic
chips the observation is still an agglutination event.!” 18 The Ratner lab for the past ~5 years has
focused on optimizing and developing silicon photonic ABO reverse and forward typing assays.
This work has resulted in the formation of start-up companies one of which is focusing on
developing a comprehensive ABO blood typing via silicon photonic platform. We assert that with
silicon photonic biosensing as the diagnostic modality for ABO typing, the assay will be more
quantitative, faster, and automated while providing higher specificity clinical information.

ABO Blood typing is performed on millions of patients a year and used in many different clinical
contexts. These include trauma emergencies, pregnancies, organ transplants, and blood
transfusions.!® 2 Mistyping either donor or recipient for a transfusion can result in an undesirable
reaction in the recipient to the donor’s blood. The mistyping could be life-threatening, cause back
pain, blood in urine and a host of other problems.*® Additionally, if the patient needs a transfusion
right away they will receive units of O-negative blood; the universal donor. Urgent transfusion
needs sometimes result in a shortage in O-negative supply. However, this shortage may be
mitigated if there were a robust quantitative rapid diagnostic system to type trauma patients on-
site. Without the shortage, blood centers would save time and resources that would otherwise be

spend in advertising for donations. In the case of a large-scale emergency, the hospital or blood
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supplier may not have enough blood for all the patients who need it. But having a point-of-care
quantitative test may not be all that is required in order to both minimize the shortage and number
of transfusion errors.

Pre and post-analytical errors account for most clinical diagnostic mistakes.?! These errors may
be due to lack of training, mislabeling, or complicated pre-processing techniques that allow for
more potential mistakes. Research suggests automated processing can further reduce errors and
the need for complex on-the-job training.?? In the context of transfusion medicine, one long-term
study suggests 29% of transfusion errors occur in the blood bank (testing error, wrong unit issued
etc.), 56% of errors occurred outside the blood bank and 15% of errors were compounded between
the blood bank and non-blood bank entities.?® ?* The chances of undergoing a fatal hemolytic
transfusion are less than 10% and the total chance of a transfusion error is even lower. But when
there is an error, this research suggests it happens across the transfusion process. These errors may
be alleviated by implementing an ABO typing platform that is more automated and can re-confirm
correct type in real time before transfusion events, acting as a failsafe to prevent transfusion errors.
One of the challenges to clinical translation of silicon photonic ABO typing is the cost and
complexity of fluidics for reagent delivery. The work presented in this thesis focuses on adapting
our OEM silicon photonic platform for paper microfluidic reagent delivery and processing via
whole blood plasma separation. With these additions, we hope to bring the technology closer to
the clinic by decreasing the cost and complexity as well as increasing the automation of the system.
We hope this work may lead to a system in which the patient’s blood could be typed by drawing
a sample; placing the sample in the paper network and reading out the type and other relevant
antibodies and antigens in minutes. This innovation would replace the agglutination assay that has

been in use for over 100 years.



Chapter 2. BACKGROUND

2.1 SILICON PHOTONICS

Silicon photonic devices generally consist of micron-sized sensors that function using near-
infrared light. These devices have been used in a variety of lab-on-chip applications and show
promise as highly multiplexed, chip-scale diagnostic sensors capable of detecting various
biological or environmental targets.>" 252 The silicon photonic chip contains silicon waveguides
through which near infrared light (NIR) enters and propagates. The high refractive index contrast
between the silicon dioxide cladding below, the silicon waveguide core, and the water/buffer
cladding above the core facilitate the confinement of near-infrared light via total internal reflection
(shown in figure 1).*33° The monochromatic light propagates through the waveguide and a portion
of light exists as an evanescent field outside of it. For biosensing applications, target analytes
perturb this exponentially decaying evanescent electric field upon binding to the waveguide’s
surface. As a result of this perturbation, the effective refractive index of the waveguide mode is
altered, causing a measurable change in light propagation.

The silicon photonic sensing we use in the Ratner lab is based on micro-ring resonators. A
general schematic of the architecture of the micro-ring resonator is shown in figure 2 ( from ref. 7)
where we can see that a laser will input the NIR sweep and the output from the chip will go to an
optical detector. The silicon photonic chip we use for this thesis on the Genalyte OEM test bench
is shown in figure 3. The millimeter-scale chip in figure 3(a) consists of groups of sensors (figure
3(b)) that can be multiplexed with various capture reagents. Individual ring resonators (figure 3(c))
are aligned next to the waveguide to allow light to couple into the ring.3* When NIR laser light is
swept through the chip this coupling on each one of these ring resonators creates a resonance

condition within the ring. This condition generates an evanescent field outside of the ring (figure
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3(d)); this field does not propagate as an electromagnetic wave and its energy is confined to the
vicinity of the source (i.e. the micro-ring resonator). This evanescent field is sensitive to changes
bulk index of refraction around the sensor and changes in refractive index on the sensor’s surface.
Therefore, if the media that is traveling over the sensor changes or mass is bound to the sensor, the
index of refraction will change which will cause the wavelength at which light is resonating in the
ring to change. We see a representation of a micro-ring resonator used for biosensing in figure 4.
In figure 4(a) the ring is functionalized with a capture agent and when a sample is introduced the
target analyte binds to the ring generating a change in the effective refractive index near the
sensor’s surface. This change in mass, seen as a change in refractive index shifts the resonance
wavelength of the ring (figure 4(b)). Resonance is seen as a lower transmission spectrum value
displayed by the photodetector as illustrated by the local minimum peaks in figure 4(b). This index
of refraction change translates into a change in resonance wavelength of light in the ring resonator
and this change in resonance wavelength is what we detect and plot in a sensogram in figure 4(c).
In figure 4 the analyte is binding to the sensor and a new bulk media is introduced over the ring.
This causes a resonance shift and after the bulk washes away we see a residual shift indicating we
had specific binding (figure 4(c)). Generally, when performing an assay with silicon photonic
devices the desired analyte is captured by functionalizing the sensors with various capture agents.
After the chip is functionalized, a baseline resonance wavelength is established/zeroed with a
running buffer. Then a sample is run over the sensors/chip for capture/detection. After this sample
is washed away, we look to observe a specific residual binding or high shift with the sensors that
we functionalized with our capture antigen and no specific response from the sensors

functionalized with a negative control.
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2.2 CAPILLARY ACTION

This project focuses on integrating capillary action through porous membranes into silicon
photonic biosensing. Capillary action allows movement of fluid through a porous membrane (often
called “paper”) without using external mechanical force such as a pneumatic pump system. The
gaps in the porous network allow for surface tension to drive the fluid between the gaps. The ability
of the network to continue absorbing fluid is the pressure that drives flow. This is realized by non-
fluid-saturated paper or ‘dry’ paper facilitates a pressure gradient that drives flow.3234 Each of the
pores uses capillary action to move the fluid along in a process called wicking. A simplified version
of this transport is can be modeled by Darcy’s Law shown below in Eqn. 2.1 where Q is the
volumetric flow rate, « is the permeability of the paper, w is the width of the membrane, h is the
height, p is the dynamic viscosity, and AP is the pressure drop occurring over the length of
membrane L.% The pressure drop is caused by capillary action and membrane saturation. The
volumetric flow rate in paper devices can be controlled by simply varying the fluid path length, L,
or the width w.3> 3% However in our case we create a pseudo-2d network in which the fluid front
over the chip is a smaller width than the nitrocellulose wicking pad. This means we can tune the
flow rate of the system by varying the width of the nitrocellulose membrane. Additionally, when
the nitrocellulose width increases, the area overlap between the nitrocellulose and the absorbent

pad will increase which according to Darcy’s law, will increase the flow rate.
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2.3 LATERAL FLOW ASSAYS

In this thesis, we are using components that are used in lateral flow assays which traditionally
have an immunochromatographic readout and do not integrate with a quantitative chip-based
sensor. A common example of a lateral flow test is a human pregnancy test however today they
can detect infectious disease, drugs, glucose levels and a host of other biometrics.®’-*° Most lateral
flow immunoassays are modeled after existing formats and use various immune-chromo-graphic
chemistries for ease of determining test outcome. The assays tend to follow a consistent format in
which the assay begins with a sample pad where the sample is placed followed by a nitrocellulose
channel with functionalized test lines within the paper and then the nitrocellulose is attached to an
absorbent pad (seen in figure 5).* We are not using these paper fluidic components in traditional
ways as we are using them to deliver reagents and samples to a sensor as opposed to integrating
the sensing modality within the nitrocellulose membrane. There are a few examples of paper
fluidic networks integrated with non-traditional sensing modalities as opposed to
immunochromatographic. These include the Triage cardiac panel chip; a fluorescence
immunoassay that incorporates plasma separation, an electrochemiluminescence ppad based
point-of-care assays, and lateral flow assays integrated with electrode readout (e.g. glucose test
strips).*2** We could not identify a literature example of integration of porous membrane reagent
delivery with a silicon photonic chip besides dissertations published by the Ratner lab. The paper
fluidic configuration presented in this thesis has the same general structure as a lateral flow test in
terms of where the porous membrane components (e.g. a source membrane, a wicking membrane,
and an absorbent pad) are placed. However, a silicon photonic chip is in place of the control and

test line as the mediator for the bioassay.
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Figure 5: Schematic of traditional lateral flow assay

2.4 PAPER PLASMA SEPARATION

Paper plasma separation membranes leverage both pore size and chemical pre-treatment to
separate whole blood from the plasma for serologic assays. The bound glass fiber separators hold
the larger sized particles while letting through the plasma.*® Some separation membranes are pre-
treated with either agglutinating agents, reagents to minimize non-specific binding or both. In the
commercial realm of plasma separation membranes, there are lateral, vertical and ‘hybrid’
separators. The lateral separators only work when you allow the blood to wick laterally through
the membrane. The vertical separators only operate properly when the whole blood is placed on
top of the membrane and separates via gravity, hydrostatic pressure, and capillary action. There
are some membranes that claim to be both lateral and vertical plasma separators, but in practice,
those are not always reliable and most of the time are not used as the primary separation membrane.
Whole blood paper-based plasma separation has been used in various proof-of-concept assays and
is currently used in the previously mentioned Triage cardiac panel device.*® Researchers have
demonstrated the power of various separation membranes to linearly separation whole blood.*8
GE blood separation membranes have been used in the wax dipping method (UPADs) for various
paper-based lateral flow assays.*" 4" %8 One of these studies was able to achieve separation of
plasma from a single drop of blood within 2 minutes without dilution. While these systems

demonstrate efficient plasma separation and point-of-care assays, they do not provide a model for
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how to configure the plasma separation membranes within our system. However, they did provide
evidence that vertical separation may provide the most flexibility in terms of network design for

our paper network silicon photonic integration.

2.5 BLOOD TYPING

The blood typing assay that is used clinically is an agglutination assay that relies on human
blood’s ABO antigen system shown in figure 6. ABO typing is characterized by individuals with
type A blood having anti-B antibodies and A antigens; individuals with type B blood having anti-
A antibodies and B antigens; individuals with type O (universal donor) having both anti-A
antibodies and anti-B antibodies and neither A or B antigens and finally type AB individuals
(universal acceptor) not have antibodies for A or B but having both A and B surface antigens. The
blood group antigens can be simplified as carbohydrates and specifically trisaccharides. Both the
A and B antigens share a common two sugar groups that makeup what is called an H antigen. A
third sugar on this H antigen differentiates A and B. The H antigen is present on O type blood
cells. Antibodies against the opposite blood group antigen are present in each of the plasma of
each type of blood. 1> 1® Every blood type includes a forward and reverse type. The forward type
describes the presence of antigens on the surface of the cell, for example, A, B, AB, O, and the
reverse describes the antibodies found in the patient’s blood anti-A, anti-B. For a forward typing
test, a patient’s sample is mixed with antibodies against type A and type B to observe or not
observe an agglutination event (A blood will agglutinate with antibodies against type A etc.). A
reverse typing test is when a patient’s serum is mixed with type A and type B to once again observe
an agglutination event (type A patient serum will agglutinate with type B blood etc.). In the context
of silicon photonic biosensing blood typing is performed by functionalizing micro-ring resonators

with either blood group antigens or blood group antibodies. A sensor functionalized with blood
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group antigen is performing a forward typing test and a sensor functionalized with blood group
antibody is performing a reverse typing test. Forward typing with silicon photonics seeks to
specifically bind the cells to the surface of the chip and reverse typing with silicon photonics seeks
to capture the ABO antibodies present within the sample. This concept is illustrated in figure 7.
The project presented in this thesis seeks to detect the antibodies within the plasma and therefore

perform reverse blood typing.

Blood Type RBC antigens Plasma antibodies
Anti-B

A .T.t.I.L
Anti-A

5 “

AP m
Anti-B Anti-A
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Antigen-B Antigen-A ' A-antigen I H-antigen
antibody antibody ' B-antigen

Figure 6: ABO blood typing chart
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Figure 7: Hllustration of blood typing with silicon photonics

2.6 PREVIOUS WORK

Silicon photonic biosensing is leveraged by the Ratner lab and research groups for various diagnostic
applications. The platform can be multiplexed and perform semi-automated label-free detection
making it a viable competitor in clinical and research diagnostics.?® % Silicon photonic devices have
been applied to detect relevant proteins, nucleic acids, viruses, and bacteria.” 2" 1% The Ratner lab, to
the best of our knowledge, is the only lab that is employing silicon photonics for the purposes of blood
typing. The patent in reference *° was granted in 2017 and has not yet been licensed out to other
research groups. Therefore, previous work with blood typing on silicon photonics is strictly confined
to the dissertations, publications and manuscripts of the Ratner lab group. As stated in previous sections
the Ratner lab has integrated paper fluidic liquid handling into our custom silicon photonic platform.
The custom silicon photonic test bench is shown in figure 8. In figure 8(a) we see the optical setup
mount and well plates used to sequence reagents across sensors using a four-port (two inlets two
outlets) PDMS flow cell. In figure 8(b) we have a rear view of the flow cell and in figure 8(c) we have
the laser cut silicone gasket that defines the fluid channels that run over the sensors. As with the pump-
based delivery, we used silicon gaskets to the establish fluidic channels in which the paper fluidic
components were confined. The paper network mounted on the custom test bench is shown in figure

9. Figure 9(a) shows a schematic representation of the porous membrane network. This configuration
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created a channel on top of the chip in which fluid could flow via capillary action from the source well
over the sensors on the silicon photonic chip to the absorbent pad. The nitrocellulose (NC) strip
regulated flow rate, and cellulose absorbent pad to maintained flow. An image of this design is shown
in figure 9(b); We see that a test tube is the source well and a delivery window in the silicone gasket
in which samples and extra buffer could be placed onto the glass fiber. This window was the region
where the sample and reagents were placed when performing the reverse blood typing assay. Note that
with this configuration, and with silicon photonics biosensing in general, fluid is always flowing over
the chip when an assay is running: A baseline resonance wavelength must be established to see a shift
and so phosphate buffered saline (PBS), or DI water first flows over the chip to achieve this baseline
in most assays. This buffer maintains a consistent bulk refractive index, delivers reagents to the sensors
on the chip, and washes non-specifically bound analytes. If this buffer is disturbed with an air bubble
the bulk refractive index will drastically change and the signal will have irrevocable noise and spike
beyond a reasonable resonance shift (>10k pm).

We validated the capillary network with a reverse ABO typing serologic assay. The chip was
functionalized with streptavidin and biotinylated synthetic blood group antigens to capture the blood
group antigen antibodies in the plasma flowed over the network. An example of a reverse typing assay
is shown in figure 10. The assay runs as follows: after the zeroed baseline of PBS buffer flows for the
first 7 minutes; 20 pL of plasma was placed into the sample window onto the glass fiber and allowed
to wick to the chip then; after the bulk plasma washes from the chip 20 pL of an amplification goat
anti-human IgG was placed in the sample window. The secondary amplification antibody amplified
the signal on the sensors that had specifically bound A or B IgM human antibodies and did not amplify
the sensors with no specifically bound antibodies. This is seen in the contrast between the control and
the target curves at the end of the assay. The control and target did not return to a zeroed resonance
shift and due to protein fouling on surfaces and it is the inherent reason that the secondary amplification

step is required. However, with a more sensitive sensor, this label would not be necessary. These results
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mimicked those obtained with traditional flow cell/fluidic pump delivery systems. The plasma run
through the system was obtained by centrifuging whole blood. Plasma was used not only because we
were performing a reverse serologic assay but because the preliminary work showed that whole blood
runs the risk of clogging the nitrocellulose membrane and completely stopping flow in the assay. This
type of risk cannot be tolerated in a clinical setting and so it was deemed necessary that we use plasma
in the system. My project seeks to use whole blood and perform this blood separation in the paper
fluidic setup eliminating the need for centrifuging. The work described in this section was imperative
to the development of my final design process and innovations.

The preliminary work was done all on the custom photonic setup in the Ratner lab rather than the
OEM system called the Genalyte. Each system uses different lasers and silicon chips as well as flow
cell pumps. The custom setup is more open but harder to work with and the Genalyte is more of a
closed system and much easier to work with. My subsequent capstone project focused on determining
whether paper microfluidics could be integrated into the Genalyte OEM silicon photonic platform.
During this time, | tried to implement paper fluidic reagent delivery into the system in unconventional
ways to determine whether we needed to recreate the solution we arrived at for the custom test bench.
After trial and error, | determined that the best configuration was the one we had already implemented
on the custom test bench. This rudimentary design is shown in figure 11. In figure 11(a) we have the
Genalyte silicon photonic system, in the lower half of the image we see the pump systems and in figure
11(b) we have the mount that is adapted for paper fluidic delivery. The goal of this thesis was to take
the work done in my capstone and fabricate reusable and seamless gaskets to run reproducible assays

with paper fluidic liquid handling on the Genalyte and integrate plasma separation.
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Figure 8: Custom silicon photonic test bench
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Figure 9: Paper fluidic network mounted on test bench
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Figure 11: Genalyte system with paper fluidic liquid handling
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Chapter 3. MATERIALS AND METHODS

3.1 PAPER NETWORK MATERIALS

The paper fluidic network in our designs comprised of a glass fiber membrane, a nitrocellulose
membrane, and an absorbent pad. We fabricated/cut all paper network materials with a VVLS4.60
Universal Laser Systems (Scottsdale, AZ) laser cutter. The materials are listed below in table 1
and include the relevant specifications for the purposes of this project. Note that nitrocellulose
membranes do not list a water absorption, but we can assume it is relatively high as both the HF240
and HF135 functioned within our designed and were able to handle the amount of fluid running

through the system.

Table 1: Paper network materials
Product Function Capillary Thickness (mm) Water

rate (s/4cm) absorption

GE standard 17 Glass
fiber/sample
pad

Ahlstrom 8964 Glass 20 0.43 79
fiber/sample
pad

GE CF5 Absorbent 63.3 0.954 99.2
pad (cotton)

Millipore Hi-flow Polyester 135 0.150 N/A
plus 135 Backed

Nitrocellulose

wicking pad
Millipore Hi-flow Polyester 240 0.150 N/A
plus 240 Backed

Nitrocellulose
wicking pad
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3.2 PAPER NETWORK PERFORMANCE

In order to test both the gaskets and paper fluidic network, we employed both offline and online
tests. The offline tests were recorded in MP4 videos using a Samsung Galaxy s7 phone camera
mounted on a round bottom flask ring and pointed down towards the paper fluidic adapted mount.
The online tests were performed using the Genalyte. In any silicon photonic biosensing assay,
buffer is always flowing through the system. Hence, after configuring the gaskets and paper fluidic
components in their desired location, we established flow in the system with either DI water or
PBS buffer and this flow continued for the entire validation or assay. Initial source buffer volumes
(DI water or PBS) ranged from 500-2000 pL depending on the design configuration. For a large
portion of the design process we used offline tests to verify the flow profile of the network and

following establishing a final gasket design we shifted to online validation.

3.2.1 Flow rate

We tested the flow rate online by adding 10-25 pL of 500mM-2M NaCl solution to the
delivery inlet windows/wells and estimated the flow rate by dividing the volume by the residence
time over the sensors. This is the same method used to validate the flow rate in the custom silicon

photonic test bench.*®

3.2.2  Salt steps

To observe the uniformity of the flow profile, we employed salt saline steps to ensure that
the profile is not bifurcated and hitting all the sensors uniformly. These experiments were
performed online and consisted of running 20 pL of 125 mM, 250 mM, 500 mM, and finally 1 M
NaCl saline solutions through the network. We observed the step changes in the bulk refractive

index and were able to determine the uniformity of the flow profile.
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3.2.3  Simulated assays
In order to make sure that the system would perform properly during the reverse typing
assay that included whole blood plasma separation, we simulated the assay with NaCl solutions
online and dye solutions offline. For the online validation, we placed 25 puL of 250mM-2M NaCl
in first port that contained the plasma separation membrane and where, in the reverse typing ABO,
assay whole blood is placed. Following this 25 pL flowing over the chip, we placed 20 pL of 250
mM-2M NaCl saline solution in the second inlet port closest to the chip. This application mimics
the volume and placement of the secondary amplification antibody that will be run over the sensors
following exposure to a sample. For our initial conception of the ABO reverse typing we wanted
to separate 25 pL of blood and so all the simulated assays are run with this volume. The 20 pL of
secondary remained constant through all the real and simulated assays. When running the offline
tests, we performed the same procedure listed in this subsection except instead of 1-2 M NaCl
solutions we used visual dye solutions (McCormick Assorted Food Color, Hunt Valley, MD) to

observe temporal clearance through the system visually.

3.3 PLASMA SEPARATORS

3.3.1  Separation materials

We obtained samples of plasma separators from GE-Whatman and used two of the
separation membranes sent. The VF2 is a vertical separation membrane and the MFL1 is considered
a ‘hybrid’ which in practice we found that it can somewhat separate vertically and laterally. Our
primary membrane was the VF2. All the separation membranes were cut using a VLS4.60

Universal Laser Systems (Scottsdale, AZ) laser cutter. Table 2 lists the two separation membranes
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and their physical specifications. Note that with other plasma separation membranes, an average
blood volume separated per area of membrane specification is given but in the case of the two

membranes we used in this project there was no such specification given by the

manufacturer.

Table 2: Plasma separation membranes

Product Function Capillary Thickness | Water
rate (s/4cm) (mm) absorption
mg/cm?
Vertical plasma separator 86.2

GE MF1 Hybrid lateral and vertical 29.7 0.367 39.4
plasma separator

3.3.2  Validation of separation

As stated above, plasma separation membranes separate whole blood proportional to the
area of membrane (e.g. area of membrane per pL of blood). Normally these membranes are dry
before separating blood. We tried to do this with our system, but this method was somewhat
unreliable. For some assays, a robust fluidic connection between the plasma and the glass fiber
was not achieved because of an air bubble blocking flow or an air bubble was pushed through to
the glass fiber. Therefore, we chose to pre-wet our membranes with buffer and establish a fluidic
connection between the separation membranes and the glass fiber. There needs to be enough
hydrostatic pressure to push the plasma through the membrane to the glass fiber.

This means we can either:

1) Add enough blood to push plasma all the way through the membrane

2) Add buffer on top of the membrane to push out the plasma to the glass fiber
We chose the latter to minimize the possibility of RBCs clogging the membrane, fouling the chip
and this also ensures more robust separation. With unfunctionalized chips we validated separation

membranes (both placement and area of separation membrane) by running the chip on the
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Genalyte, adding a select amount of blood to the top of the membrane, allowing the blood to settle
into the membrane and finally pushing the plasma through by adding PBS buffer to the top of the

membrane.

3.4 GASKET FABRICATION

The gaskets used to support the paper fluidic network were fabricated using the VLS4.60
Universal Laser Systems (Scottsdale, AZ) laser cutter. The gaskets were cut from 250-um thick,
translucent silicone sheets (part#: 664475 Grace Biolabs; Bend, OR). In some of the gaskets, two
of the same layers are reversibly bonded with heat (on a hot plate at 60 °C) in order to obtain a
suitable thickness for the application so that the porous membranes were not crushed. The rigid
acrylic mount/wings in which the gaskets rested on were fabricated from 4.75 mm thick acrylic
sheet (McMaster-Carr part#: 8560K211; Santa Fe Springs, CA). To bond these acrylic components
to the black mount we used electrical tape on both the top and the bottom of the black mount and
the acrylic component. After much trial and error, this was the most robust solution to keep the

acrylic components stable.

3.5 CHIP FUNCTIONALIZATION

3.5.1  Stripping the new chips

Each of the new chips were prepared and stripped of their photoresist with the following
sequence in 5 different beakers: Beaker 1) Add chips and acetone and place on shaker (ensure
speed is high enough to swirl fluid) Beaker 2) transfer chips to another beaker add acetone and
place on shaker Beaker 3) transfer chips to another beaker with isopropyl alcohol and place on
shaker Beaker 4) transfer chips to another beaker with isopropyl alcohol and place on shaker

Beaker 5) transfer chips to another beaker with DI water and place on shaker. Finally wash with
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DI water and dry with stream of air. To maximize stripping of photoresist cladding we let the chips

incubate in PBS overnight in the 4 °C fridge.

3.5.2  Reagents for reverse ABO typing assay

Bovine serum albumin (BSA) and streptavidin were from Sigma Aldrich (St. Louis, MO,
USA). Murine monoclonal anti-A and anti-B IgM antibodies were from Immucor (Norcross, GA,
USA). Biotinylated multivalent polyacrylamides containing blood group A and B antigen
trisaccharides (PAA-A and PAA-B) were from GlycoTech (Gaithersburg, MD, USA). Goat anti-

human IgG/A/M antibodies were from Thermo Fisher Scientific (Rockford, IL, USA).

3.5.3  Functionalization for reverse ABO typing assay technique

To functionalize our chips, we first wash two stripped chips with PBS and dry them with
air. We then incubate the chips with 0.1 mg/mL streptavidin in a 1.5 mL Eppendorf tube for 4
hours at room temperature or overnight in the 4 °C fridge. Following this we wash the chips with
PBS and dry with stream of air. We then put each chip in an individual Petri dish and under a
stereo microscope, we add 1 pL of 2 mg/mL of PAA-A on the left side of the chip and 1 pL of 2
mg/mL PAA-B on the right side of the chip. During this process it is important to make sure that
the spots do not touch and cover the intended sensors. When hand-spotting | tended to shift both
spots to the right as I am right handed and so it is more likely that the spots for PAA-A cover more
sensors than PAA-B. An annotated image of the chip is shown in figure 12 and a functionalization
map is shown in figure 12(b). After hand-spotting these chips, they are placed in a humidity
chamber (a pipette case with a water bath in the bottom) and wrapped with parafilm around the lid
and allowed to incubate for 1 hour. After incubation, the chips were washed with PBS and dried

with a stream of air. The chips are then blocked with 1 mL of 2 mg/mL BSA solution in PBS for
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30 minutes. After the blocking step, the chips are washed with PBS and stored dry in a petri dish

wrapped in parafilm in the 4 °C fridge. An overview of this functionalization process is shown in
figure 13. In 13(a) we see the adsorption of streptavidin, in figure 13(b) we have the binding of the

biotinylated reagents and in figure 13(c) we have the BSA blocking step.

Top channel or channel 1

Bottom channel or channel 2

Figure 12: Annotated image of chip and functionalization map
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(a) (b)
® e <3 {%‘

(a) Streptavidin adsorbed to sensors. (b) Binding of biotinylated polyacrylamide,
A and B antigens.

Human A/B-
C -
(c) %_ antibody (from 98 Streptavidin
O sample IgM)
Goatanti-human il BSA (Bovine
'i% Y 15 oM. iga Serum albumin)
(196) 4+~ Biotin conjugate
j{ PAA-A/B
(polyacrylamide) f. Plasma proteins

(c) Blocking any remaining
sites with BSA

Figure 13: Overview of the functionalization process

3.6 REVERSE TYPING ASSAY

The reverse ABO serologic assay was run with both whole blood (via plasma separation) and
with plasma. While the procedure to run the assay for plasma versus whole blood is different the
chemistry of the assay remains the same and is illustrated in figure 14. In figure 14(a) the sample
is introduced to the chip and in figure 14(b) the secondary amplification antibody binds to the
specifically bound human anti B or A antibodies. For all ABO serologic assays, we blocked the

glass fiber membrane with 1 mg/mL BSA, then DryCoat Assay Stabilizer (Virusys Corporation;
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Taneytown, MD) and we dried it under ambient conditions. We validated the functionalization by
flowing over Murine monoclonal anti-A when running the assay with type B blood, and murine
monoclonal anti-B when running the assay with type A blood. We only ran one of the validation
reagents because if we ran both the murine validation antibody would agglutinate the respective
blood type (anti-A antibodies would agglutinate A blood etc.). We also used these validation
reagents to ensure the chips were properly functionalized with PAA-A and PAA-B. Note that in
our validation the PAA-B did not respond as strongly as PAA-A and we have had trouble in past
work obtaining reliable positive results with PAA-B®* Therefore, for the typing assays run in this

thesis we only used B type blood.

3.6.1  Assay with plasma

For the assay ran with plasma we allowed baseline PBS to flow in the system and then after
1 minute of buffer flow we placed 20 uL of plasma from a centrifuged whole blood sample in the
second inlet port. After the plasma equilibrates over the chip and the new baseline is achieved, we
added 20 pL of 1 mg/mL secondary Goat IgG/A/M antibody into the second inlet and observe the
specific response just as illustrated in figure 10. However, in our case after the addition of the
secondary we added 20 pL of murine validation reagent to the second port and to determine the

functional activity of the chip.

3.6.2  Assay with whole blood

For the assay with whole blood we would allow PBS to equilibrate and then from minutes
5 to 12 of the assay we would add blood in volumetric increments until we added the desired total
volume. We would allow each of these additions to sink into the membrane but not break the

surface tension and flow over the membranes instead of through them. Finally, we add PBS to the
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top of the separation membrane in the same volumetric increments that we added the blood in
order to push the plasma out of the membrane and to the surface of the chip. Following this plasma
push we added 20 pL of 1 mg/mL of Goat anti human IgG/A/M secondary antibody to the second
inlet. After the secondary response equilibrated, we added 20 pL of validation reagent to the

second inlet in order to validate the surface functionalization.

(a) Undiluted human plasma over (b) Signal amplification using anti-
the sensor human antibody
Human A/B- L
%_ antibody (from ' Streptavidin
sample IgM)
Goatanti-human gy BSA (Bovine
Y 1gG, IgM, IgA Serum albumin)
19G . .
(196) 4+~ Biotin conjugate

ﬁ{ PAA-A/B
(polyacrylamide) “E". Plasma proteins

Figure 14: Reverse ABO serologic assay
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Chapter 4. DESIGN

4.1 OVERVIEW OF DESIGN: PROCESS AND CONSIDERATIONS

Our gasket design and acrylic components were adapted for the Genalyte mount seen in figure
15. The silicon chip sits in the cavity within the mount (shown in figure 16(a)). When using
microfluidic pumps, the blue gasket is placed over the chip to establish the two lateral channels as
shown in figure 16(b) and 16(c). The white flow cell is screwed onto the mount and the inlet and
outlet channels are on either side of the flow cell (shown in figure 17). In order to adapt the mount
for the gaskets we added acrylic ‘wings’ on the mount on either side (shown in figure 18). To
attach these wings, we tried various methods including tape and polyurethane adhesives (clear
Gorilla glue and Gorilla clear grip, Sharonville, OH). We found the most efficient solution was to
use electric tape on the top and bottom sides of the touching edges of the acrylic and the mount to
keep them together and from bending with weight. We based our gasket designs on previous work
shown in figure 9 (b) on the custom test bench. Generally, gaskets were designed to level the chip
with the mount, establish the channel for the paper fluidic components, and create a place for the
separation membranes. In our system the most important design attentions for the mount and
gaskets were:

1) The gaskets and needed to minimize leaking around the chip and reversibly bond well
together
2) Maintain a uniform flow profile
3) The mount needed to fit efficiently inside the Genalyte
When fabricating and designing these gaskets we needed to measure the dimensions of the mount
by hand. We took the measurements with calipers multiple times with different individuals in order

to obtain the best estimate. As shown in figure 12 (a) the top and bottom channels on the chip
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contain all the sensors. When using the microfluidic pumps, the two channels are facilitated by the
blue gasket and can have two different reagents, samples or buffers running over each respective
channel. But when using paper fluidic reagent delivery there is only one channel that encompasses
all sensors. The minimum width of this single channel needed to be narrow enough to not disturb
the optical inputs and outputs at the top of the chip but wide enough to run over all the sensors.
We used a stereomicroscope and calipers to determine the minimum width of this channel. The
gaskets needed to be fabricated multiple times as some of the measurements were inaccurate. The
overall design of the system had largely two variations; they will both be discussed in the next

section as well as further nuances of the system.

Figure 15: Genalyte mount
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Figure 16: Mount for Genalyte and microfluidic pump gasket
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Figure 18: Mount adapted with acrylic for paper fluidic delivery

4.2 DESIGNS

4.2.1  Positive pressure

Our first design focused on a system with a source of buffer that provided hydrostatic
pressure to the glass fiber via gravity. We identified this system with the name ‘positive pressure’
because the source well was on top of the glass fiber rather than the glass fiber wicking the buffer
from a well. As shown in figure 9 the gap over the chip does not contain porous membrane and
therefore there will be little capillary pressure wicking the buffer from the glass fiber across the
chip to the nitrocellulose. In our previous system, we needed to prime the channel to get buffer to
flow over the chip. Therefore, we began our design with this concept to try to create high enough

hydrostatic pressure to run buffer across the chip without priming. A schematic of this design is



34

shown in figure 19. We see from left to right the source well adds the buffer to the top of the glass
fiber, and the fiber through capillary action and hydrostatic pressure pushes the buffer over the
chip to the nitrocellulose and eventually to the absorbent pad. An image of this system is shown
in figure 20. The source well is a 1.5 mL cut Eppendorf tube with 10.43 mm diameter and 16.5
mm height. Inlet well #1 and #2 are 0.5 mL cut Eppendorf tubes with 7.62 mm diameter and 10.5
mm height. In figure 20 the wells adhere to the top gasket with clear Gorilla glue (we found this
solution to be best for bonding the wells to the top gasket). Also, note that on the right side of the
mount there is an acrylic piece that is screwed into the acrylic wing to maintain pressure on top of
the absorbent pad (shown in figure 21). The gasket layers are shown in figure 22; gasket #1 levels
the chip with the base, gasket layer #2 defines the channel over the chip, gasket layer #3 defines
the space for the plasma separation membrane and layer #4 had the wells adhered on top and
defines a small space for the reagents to flow through. Gaskets 2-4 all have the large openings
above the chip to allow the chip to optically register with the Genalyte and begin sensing. In gasket
layer #3 notice we have two square spaces for plasma separation membrane. During testing, we
only used one of these, but we wanted the flexibility to have both depending on the assay we were
running.

To test this design, we ran simulated assays offline and recorded videos. As introduced at
the beginning of this section we chose to start with the positive pressure design because we did not
want to have to prime the system. While we did not have to fully prime the system by adding extra
buffer at the beginning of an assay, we did still have to physically cajole the fluid front over the
chip. We did this with tweezers and two frames of a video of this process are shown in figure 23.
While we recognize this system is not fully automated; we argue that we could have increased the

source well volume to increase the likelihood of the system priming itself. We did not pursue this
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route of design because it would have required gaskets that are irreversibly bonded as the
hydrostatic pressure in the channel would be increased and we wanted to validate the design before
we optimized it. We invested much time into developing this system but found that it produced
inconsistent fluidics and was not practical to fit into the Genalyte. An example of one such
inconsistency is shown in figure 24. As stated in section 3.2.3 to validate our designs we ran offline
simulated assays in which we would run buffer through the system and add 25 pL of dye to inlet
well 1 and then 20 pL of dye to inlet #2. In order to simulate the fluidics of an assay, we placed a
5 mm by 5mm MF1 separations membrane in gasket #3 just under gasket #4 with the wells on top.
In the first frame figure 24(a) (time: 2:15 min) we see there is PBS running buffer in the source
well and buffer is flowing across the chip. Following this, we add 25 pL of blue dye to inlet well
1 shown in figure 24(b) (time: 4:07 min). After ~5 minutes we see in figure 24(c) (time: 9:45 min)
that the dye begins to flow but note that the source well has almost fully drained and there is no
longer an excess of running buffer and in figure 24(d) (time: 16:14 min) the running buffer is fully
drained and the dye flows through the system. The fluid in the glass fiber has a high flow rate due
to the high hydrostatic pressure generated in the source well. This high flow rate produces a high
upward pressure (Bernoulli’s principle) on the inlets preventing the dye from immediately flowing
into the system. This is especially pronounced in our system because the plasma separation
membrane adds more resistance to the diffusion through the system. Although this phenomenon
was expected our hope for this design was that diffusion of the dye would overcome the pressure
and the dye would slowly flow through the system. The sequential inlet well flow demonstrated
by this design is not advantageous for our purposes because it forces the user to continually add
buffer to the system as early as 9 minutes into an assay. As well, it intermittently caused leaking

in between the gaskets because of the high hydrostatic pressure. Another fluidic inconsistency that
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made this design untenable was the occasional air bubble that would not allow flow through the
system. This problem is illustrated in the video frames in figure 25; in figure 25(a) buffer is
flowing through the system, in figure 25(b) we introduce 300 pL of blue dye into inlet well 1 and
the same volume of yellow dye in inlet well 2. We see that in figure 25(c) the dyes do not flow
through the system even after ~15 minutes. There is an air bubble in the system and the dye did
not begin to flow until we disturbed the bubble with a pipette tip as seen in figures 25(d) and 25(e).
This problem would not always occur with this design. We hypothesized that the gaskets may not
have been bonded tightly enough, or surface tension could be preventing flow. However, we could
not identify the source of this problem as even when we tightly reversibly bonded the wells on
gasket #4 with double sided tape, we observed this issue. Between the sequential flow and the
occasional bubble that would prevent uniform flow we decided optimizing the positive pressure

design would have taken more time than allotted by this thesis and therefore we moved onto

another design.

Figure 19: Image of positive pressure design




37

Figure 20: Screwed-in acrylic clamp on absorbent pad

Silicone
Source well Inlet well #2 ) ets
Inlet well #1 (secondary)
(blood) B Absorbent
. - — pad(sink)
Gasstiber_mmmmommmmer | -

Silicon
Photonic chip

Figure 21: Schematic of positive pressure design

Figure 22: Inventor assembly of positive pressure gaskets
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Figure 23: Pushing fluid front through membrane

with tweezers
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Figure 24: Video frames of sequential flow in

positive pressure design
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Figure 25: Example of air bubble in positive pressure design
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4.2.2 Negative pressure
After attempting to troubleshoot the positive pressure design we proceeded to implement a
source well like the one shown in figure 9(b). This design was termed ‘Negative pressure’ as the
source buffer is at a negative pressure with respect to the glass fiber once the blood and secondary
have gone through the network. To conserve resources and save time we chose to use the same
gaskets and only change the acrylic to accommodate a source well. A schematic of this design is
shown in figure 26. Notice that the source well on the top gasket no longer serves any function in
the system. As previously suggested, the source well is replaced by a rastered section in the acrylic
that is ~4 mm deep and is a 25 mm by 25 mm square. An image of this system is shown in figure
27. The left acrylic wing is longer than the one used in the ‘positive pressure’ design. We validated
this design offline first just as we attempted with the positive pressure design. A frame-by-frame
offline simulated assay is shown in figure 28; in figure 28(a) we see that the acrylic source is filled,
and PBS buffer is running across the chip. In figure 28(b) we add 25 L of yellow dye (simulating
the blood) to the well #1 and following that, in figure 28(c) we see that the dye begins to flow
through the system. This dye wicks through the glass fiber and over the chip in ~15 minutes and
in figure 28(d) we add 20 uL of blue dye (simulating the secondary amplification) to well #2 and
observe in figure 28(e) that it clears the system in ~14 minutes. This offline simulated assay and
other replicates demonstrated that the system was fluidically behaving as intended. We also
validated and characterized the fluidics of this design online (on the Genalyte system) and these
results will be shown and discussed in the next chapter. Following these validations, we decided
to move forward with the negative pressure design, finalize it, and focus on the plasma separation

and reverse ABO typing assay.
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Figure 26: Schematic of negative pressure design

Figure 27: Image of negative pressure design
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Figure 28: Simulated assay with negative pressure design
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4.3 FINAL DESIGN

Our final design was principally derived from the ‘negative pressure’ iteration and composed of
four gaskets. For the final design, we no longer used the wells as they are difficult to access within
the Genalyte and we are not using high enough volumes of sample or reagent. The dimensions of
the gaskets and acrylic are shown in figures 29 and 30 respectively. An exploded view of the
gaskets and their order are shown in figure 31. Gasket layer #1 (0.25 mm thick) levels the chip,
gasket layer # 2 (0.5 mm thick) defines the channel for the porous membrane. Gasket layer #4 (0.5
mm thick) now contains the square opening for the plasma separation membrane and gasket layer
#3 (0.25 mm thick) provides a slit opening for fluid to flow through. We decided to reverse the
third and fourth gasket layer (as compared to the previous designs) because we did not want the
plasma separation membrane to wick up excess buffer from the glass fiber. The delivery window
with slits allows there to be more resistance to fluid moving in and out of the window. This
resistance provided an advantage in blood separation because the separation membrane could not
oversaturate with buffer making sure the blood went through it and not around it. This final design
is optimized for assays with whole blood plasma separation. We determined the required
dimensions of the glass fiber, nitrocellulose, and separation membranes by characterizing the flow
rate and separation capability; these results will be presented in the next chapter. Images of the
assembly process of our final design is shown in figure 32. In figure 32(a) we have the empty
mount with the gasket adaptations following this we place the chip in the mount cavity in figure
32(b). We then add gasket layer #1 (figure 32(c)) and gasket layer #2 (figure 32(d)). Following
these additions, we add a 2 mm wide and 68 mm long Ahlstrom 8964 glass fiber on the left side
of the chip in the channel and to the right side, we add a backed 3mm wide and 42 mm long HF135

nitrocellulose membrane. Note that we tried to align the top edge of the nitrocellulose membrane
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with the top edge of the glass fiber to best simulate a sealed integrated channel. Also, notice that
the gaskets sink into the well at the leftmost edge; this meant that the glass fiber slotted between
gasket #1 and #2 into the source on the left and then on the right the nitrocellulose is level. In
figure 32(e) we add gasket layer #3 which defines the two frayed inlet windows and in figure 32(f)
we add gasket layer #4 that provides the cavity for the plasma separation membrane. Following
this we add 5, 44 mm long by 16mm wide CF6 absorbent pads on top of the nitrocellulose and
align the left edge of the absorbent membrane with the white edge of the electrical tape and screw
these absorbent pads on with the acrylic drill piece (figure 32(g)). We then add a 5 mm by 5mm
MF1 separation membrane to delivery window #1 (figure 32(g)). Finally, depending on how much
whole blood we are attempting to separate we add 7.5 mm by 7.5 mm VF2 plasma separation
membrane(s) on top of the MF1 membrane (figure 32(h)). This sequence of assembly was the
same for all our results however we optimized/varied the dimensions of the porous membrane
components (during the online validation); width of the nitrocellulose, glass fiber, and plasma

separation membrane.



Figure 29: Dimensions of the gaskets




Figure 30: Dimensions of acrylic Top: left acrylic Bottom: right side acrylic
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Figure 31: Inventor assembly of final design gaskets
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Figure 32: Series of images to assemble design




Chapter 5. RESULTS & DISCUSSION

5.1 FLUIDIC PROFILE

51.1  Salt steps

49

We ran salt steps with the final design in which the saline solution (NaCl) was placed in

the inlet delivery window #2 with increasing concentrations (figure 33). The DI water running

from the source brought the bulk refractive index back down after ~20 minutes. We ran this series

to observe the uniformity of the flow profile. As shown in figure 12(a) the chip's sensors are in

two rows termed channel 1 and channel 2. We wanted to ensure that the flow over the chip is

uniform and not bifurcated or deformed (i.e. both channels respond on similar timescales and

similar resonance shift). The results shown in figure 33 validated that we did have bulk uniform

as flow with our gaskets. We only ran one replicate of this test because we further validated the

flow profile with the flow rate and simulated assay fluidic online tests.

NaCl

10 pL of 10 pL of

125 mM 250 mM
\ NaCl

10 pL of 500 mM NaCl

Average shift (Apm)

Salt steps with final design
600 \ Ix I v 1 1
Ch.1
| | | Ch.2

500 - 11 | | }
| | | |

400 - b I I -
| | | |
| | 14 ‘i«‘.\ |

300 | | 1 b k .
(I | 1

200 (| I i
| | | |
| | | |
|\ ' ile '

0¢ )| N I .

| | | | 4

-100 - I _ L .

0 10 15 20 25
Time (min)

Figure 33: Salt steps with final design
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512  Flow Rate
We estimated the flow rate by observing the residence time of 10-25 puL of NaCl saline
over the chip and then dividing the volume added by said residence time (as described in 3.2.1).
Note that the flow rate estimations are derived from the online simulated assays. The simulated
assays comprised of running NaCl saline through the system when it was setup for a reverse ABO
typing assay (ensuring we were getting an estimated flow rate relevant to our assay). We tuned
this flow rate by changing the width of the nitrocellulose membrane as prescribed by Darcy’s law
(Egn. 2.1). In figure 34 we have an example flow rate test with a nitrocellulose membrane that is
2 mm wide and 42 mm long. The estimated flow rate for these dimensions ranged from 0.9-1.31
pL/min for both inlets (more replicates shown in the appendix). We increased the width of the
nitrocellulose membrane to 3 mm to increase the flow rate to decrease the overall assay time and
to better align with flow rates demonstrated in our previous work.'® An example of a flow rate test
with this 3 mm width nitrocellulose is shown in figure 35. The flow rates for these dimensions
varied from 1.5-2.5 puL/min (replicates are shown in the appendix). We were satisfied with this

flow rate and used these dimensions in all the results to follow.



Average shift (Apm)

o1

Flow rate estimation (2 mm wide nitrocellulose)
I I T I

600 I T i T | T T
$—Ch.1
| ' | —5—Ch.2
500 - [ | I Il
I 1 | 20pLof 500 mM |
I 1 | NacCl (flow rate: I
= 400 - 1| 25 HL of 500 mM 1 | ~1.23 pL/min) | il
& | NaCl (flow rate: | | placedininlet#2 | |
= oo | 131 uL/min) I : i
= placed in inlet #1 :
7 | |
% 200 |- | | I g
o | | |
< 100 |- I g ! .
1 I 1
I Ly 1
0K g -
I e 3
-100 L 1 1 1 1 1 1 L} 1 1
0 5 10 15 20 25 30 35 40 45 50 55
Time (min)
Figure 34: Flow rate test example with 2 mm wide nitrocellulose
Flow rate experiment with 3 mm wide nitrocellulose
300 I I I =1 T T T I T T T
ol VB PC‘:- ?If S00MM 11| 20 L of 500 mM | o—ont |
| ~16167( E)N rate: I NaCl (flow rate: ~1.58 | 1
ool | | ' dH 'mlm)#l I pL/min) placed in | |
: placed in inlet I inlet #2 -
150 I ' ' -
| | |
100 I ' ' -
| 1 |
50 | I | i
| | |
I I
-50 LA £ A ZE: @ n
-100 i
-150 | | ]
0 5 10 15 20 25 30 35 40 45 50
Time (min)

Figure 35: Flow rate test example with 3 mm wide nitrocellulose
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5.1.3  Simulated assays
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The procedure for the ABO typing assay with plasma separation is outlined in 3.6.2 and

we simulated this assay by adding equivalent volumes of NaCl saline instead of blood and

secondary antibody. We performed these simulated assays offline (as shown in Chapter 4) and

online with the Genalyte. Examples of online simulated assays are shown in figure 34, 35 and 36.

We used the final design to run these assays and various widths of nitrocellulose membrane (2 and

3 mm) and we show the replicates in the appendix. The simulated assays offline and online (shown

in 4.3) showed expected behavior and a relatively uniform profile.

25 pL of 1M NaCl
placed in inlet #1
simulating blood

25 pL of 1M NaCl
placed in inlet #2
simulating
secondary antibody

—&—Ch

—=—~Ch.2

Time (min)

Figure 36: Simulated assay with final design
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5.2 PLASMA SEPARATION

With our final design and 3 mm wide nitrocellulose, we began optimizing the plasma separation
by running assays without a functionalized chip. We ran all the plasma separation tests online as
it was important to see the response of the sensors to understand the effectiveness of the separation.
For our separation, we used the MF1 and VF2 plasma separators and added more VF2 membrane
depending on how much blood we were trying to separate. As stated in 3.3.2 we ran our plasma
separation on pre-wet membranes and pushed the plasma through the membrane with PBS buffer.
From previous work, we know that if heme and cellular material are getting to the chip the signal
becomes high frequency and generates small noise.>* We tried to minimize this heme/cell leakage

to maintain consistent flow and keep the surface of the chip from fouling.

521 25 pL whole blood separation

In our initial conception of this project, we wanted to separate 25 puL of whole blood and
we optimized our system for that volume. Before performing any online tests, brief offline tests
were done to observe the rough amount of membrane needed to plausibly separate 25 pL of blood
(data not shown). But because plasma is difficult to see travel through the network, we performed
the bulk of the optimization online. We first tried to separate the 25 pL with a 5 by 5 mm MF1
membrane in inlet 1 and a 6.5 by 6.5 mm VF2 membrane on top of it. The averaged (with standard
dev border shading) and raw results are shown in figure 37. For this test we placed 25 pL of whole
blood on top of the VF2 separation membrane at 1 minute and then at 3 minutes we pushed 25 pL
of PBS on top of the VF2. The sample was leaking through to the glass fiber before we pushed
with buffer and that is why we see a response before the push. This leakage is illustrated by the
high frequency in the raw signal. These dimensions of the VF2 plasma separation membrane were

not quite enough to prevent initial leakage to the glass fiber and so we increased the area of the
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VF2 by 14 mm? (all dimensions by 1 mm). The results of this test are shown in figure 38. Note in
the raw results there is little high frequency noise until the second push of 25 puL of PBS in which
more heme and cell components were flown through the system. This was confirmed by a visual
inspection of the mount after this test (image shown in figure 39) as we see there is very little heme
within the nitrocellulose. Before moving on to the ABO reverse typing assay, we wanted to push
the limits of the system and observe the response of the sensors after adding sequential 25 L PBS
buffer pushes on top of the VF2 membrane. This test is shown in figure 40. Notice that with each
successive PBS addition more sample is pushed from the membrane and to the surface of the chip.
Also note that with each successive push the high frequency noise increases meaning that more
cell and heme components to the surface of the chip. With this test, we saw that even when pushing
out much heme and cells from the system we did not stop flow. This test affirmed that we are
unlikely to clog the nitrocellulose membrane when using these dimensions of plasma separation
membrane. Overall these tests demonstrated that we can separate plasma from whole blood
effectively and efficiently in our system. However, these results did not give us any information

on the impact that cell and heme leakage have on the ABO reverse typing assay.
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Figure 37: Plasma separation with 5 by 5 mm MF1 and 6.5 by 6.5 VF2
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Figure 38: Plasma separation test with 5 by 5 mm MF1 and 7.5 by 7.5 mm VF2
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Figure 39: Images of mount post-test in figure 37
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: Sequential PBS additions and plasma separation with 5 by 5 mm MF1 and 7.5 by 7.5 mm VF2
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5.3 REVERSE ABO SEROLOGIC ASSAY

5.3.1  Variation in functionalization of the chips

When running the assays presented in this chapter, we noticed a difference in relative and
relevant response between channel 1 and channel 2 (different in figure 12(a)). We also observed a
shift of the functionalization to the right side of the chip. This meant that it was more likely for the
mid-section of the chip to be functionalized with PAA-A (figure 12(b) shows functionalization
scheme). Overall these discrepancies suggest the hand-spotting method used to functionalize the
chips was not able to produce consistent functionalization of only certain rings. The Ratner lab
encountered this problem in previous work and has demonstrated the solution via inkjet printing
reagents to functionalize the chips but this method was not accessible to this project.” Due to lack
of uniformity system and lack of consistent performance, we only present the relevant data for

each result/chip as to not detract from the main findings of each section.

5.3.2  Validating PAA-A and PAA-B

We ran a validation assay with anti-A and anti-B murine monoclonal IgM antibodies with
the pump system over the Genalyte. The chip was functionalized in the same way it is for all typing
assays in this project (PAA-A on left side PAA-B on right shown in figure 12(b)). The results are
shown in figure 41. We see that the PAA-A has a specific response, but the PAA-B is not active
and does not robustly respond to anti-B. There is a differential response between the synthetic
antigens (left and right) when anti-A validation reagent is flowed over the chip, indicating the left
sensors are functionalized. The shift on the right sensors when the anti-B validation reagent is

flowed through does not have a noticeably higher average response than the left PAA-A side.
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5.3.3  ABO reverse typing assay with plasma
We ran reverse typing assays with 20 puL of plasma spun down from type BPOS whole
blood at 2000 g for 5 minutes. Two runs with positive typing responses are shown in figures 42
and 43 these assays were run not using microfluidic pumps but with the paper fluidic mount design.
After the addition of the plasma observe a positive response from only the left side of the chip as
we would expect to from a B-type plasma sample (anti-A antibodies bound to PAA-A). We notice
that the positive response is more pronounced and specific in the overall results. In figure 42 we
see after the secondary the left side responds robustly but the right does not respond at all. Not all
the chips run with this plasma typing assay produced a positive response and those replicates are

shown in the appendix.
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5.3.4  ABO reverse typing assay with whole blood (25 pL)

Examples of attempted ABO reverse typing assays with 25 pL of whole blood are shown
in figures 44 and 45. In both figures, we were using type APOS blood which contains anti-B IgM
antibody. Therefore, we would expect a higher and specific response from the right side of the
chip. With both assays, we do not see this and instead observe the left side does not differentially
behave when compared to the right when the secondary antibody is added both times. We cannot
determine if these negative results were caused by the inactivity of the PAA-B (shown not to be

functional in figure 41), or the low antibody titer in only 25 uL of whole blood.
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5.3.5  ABO reverse typing assay with whole blood (50 L)

In order to increase the antibody titer in the sample passing over the chip, we increased the
volume of blood in the assay. To separate out 20 pL of plasma, the same volume used in the assays
shown in figures 42 and 43 (assuming a hematocrit of ~45%), we would require ~50 pL of whole
blood. In order to perform an assay with this volume of plasma separation, we added two 7.5 by
7.5 mm VF2 membranes over the 5 by 5 MF1 (in inlet #1); this setup is shown in figure 46. Two
examples of typing assays with 50 pL of BPOS whole blood are shown in figures 47 and 48. In
both figures/runs we see that the secondary antibody only showed a partially positive response
after the addition of the secondary. The type BPOS blood contains anti-A antibodies and we would
expect that after the secondary is added the left side would have a higher shift/response as there
should be more human anti-A antibodies bound to the left side of the chip. For both assays, we ran
a validation step to ensure that that the chip was functionalized and so we ran over anti-A murine
antibodies with the expectation that the left side of the chip will have a higher specific signal than
the right side (after the buffer brings it back to baseline). The response we observe for the left side
of the chip after the secondary for the overall and average results is higher and more specific for
the left side than the right indicating the chips were functionalized. This difference between the
left and the right after validation is more pronounced in figure 47 indicating that the chip in 47
may have been more robustly functionalized than in figure 48; but overall, they both showed a
positive validation step. We note there is less of an offset between the left and the right side of the
chip in figure 48 before the secondary is added as compared to the offset in figure 47. This indicates
the differential increase in response after the secondary is more likely to be specific in figure 48.
However, we do concede that these results only suggest a partial positive response and only

demonstrates a proof of concept. Also note that there was heme and cell material leaked through
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the membrane and system as we see the high-frequency signal after we push the sample through
with PBS. While these results were encouraging, we wanted to try to separate a higher volume of
blood to even further increase the titer and chance of a higher positive response. We ran blood
volumes from 75-100 pL but none of these assays succeeded and are shown in the appendix. When
trying to separate these high volumes the VF2 membrane seemed to clog and indicate we could
not just stack more VF2 to separate more volume of whole blood. This clogging would cause a
build of surface tension and the blood sample would overflow and leak into the channel. To prevent
this from happening we would need to increase the area of the membrane for each specific volume
of blood. With this leakage of heme and cells, the chip had more visible fouling and did not respond

well to the secondary amplification antibody.

Figure 46: Image of mount with two 7.5 by 7.5 mm VF2 membranes
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Chapter 6. CONCLUSION AND FUTURE WORK

6.1 ASSESSMENT OF ACCOMPLISHMENTS AND COMPARISON TO PAST WORK

At the conclusion of my thesis, we met most of our engineering design goals. These
specifications include:
1) The mount/gaskets were integrated and reusable for our OEM silicon photonic platform
(Genalyte)
2) The gaskets included area for plasma separation membrane
3) The gaskets minimized leaking and produced a uniform flow profile
We did demonstrate efficient plasma separation with our system as shown in 5.2. We concede that
we did not optimize or consistently demonstrate a convincing ABO typing assay using whole blood
separation. When we tried to separate volumes of whole blood higher than 50 pL there was much
fouling and heme/cell leakage and we found that this potentially prevented a robust response from
the amplification antibody. This separation can be optimized by increasing the area of the VF2
membrane and the size of the inlet window by length (5 by 5 mm to 5 by x mm where X is greater
than 5 and lengthwise) to achieve a high enough antibody titer to successfully perform an ABO
reverse typing assay. Follow-up optimization is required to determine the impact of heme and cell
leakage ABO typing assay as we could not determine if it was the poor separation (i.e. we did not
push out enough plasma from the membrane) or the fouling of the chip that caused the failure.
In our previous work integrating paper fluidic reagent delivery on our custom silicon
photonic platform, we successfully demonstrated an ABO reverse typing assay with human

plasma. We were able to demonstrate the same typing results using the previous assay protocol
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with our paper fluidic mount on the Genalyte and we illustrated similar fluid dynamic capabilities.
On our system, we improved the clamp on the absorbent pad with an acyclic piece with screws
threaded so that we can have an even pressure on top of the pad. We also included gaskets that can
accommodate vertical paper-based plasma separation and demonstrated successful plasma

separation within our system.

6.2 INNOVATION IN THE SHORT TERM

There are various design and assembly changes this system and project would benefit from, these
alterations include:
1) Permanently bond gaskets together and create a bottom gasket that permanently levels the
chip on the mount
2) Design gaskets that can accommodate a larger area of separation membrane and gaskets
that can implement horizontal separation
3) Increase with width of the nitrocellulose membrane to observe the upper flow rate limit
and increase the overall speed of the assays
In order to bond the gaskets together, we can use silicon glue or consider fabricating them from a
more rigid and watertight material. To increase the volume of blood used in the separation design
we can utilize Ahlstrom horizontal plasma separators that are treated with agglutination agents.
Other than changing the dimensions and plasma separation membrane we can implement a way to
have the separation membrane separate while dry and then have a step incorporating it into the
glass fiber. This design will require careful engineering but is also something to consider as the

separation membranes operate best when not pre-wet.
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6.3 ABO TYPING ASSAY AND BEYOND

The system we designed focuses on reverse ABO blood typing, but we would like to
include a way to forward type with our paper fluidic adaptation. In this project, we demonstrated
that cell/heme leakage into the network from the separation membrane does not stop the flow in
the system. With this knowledge, it is conceivable that we could optimize our separation such
that the right amount of plasma and cells with surface antigens would pass over the surface of
the chip to run a reverse and forward ABO typing assay while preventing excess fouling.

The Ratner lab leverages silicon photonic biosensors mostly for ABO blood typing but
there are many other serologic assays that can be run with the platform as described in chapter
2. Our system was validated with the reverse ABO typing assay, but we would like to
demonstrate the generalizability of the mount potentially with an assay detecting bloodborne
pathogens/proteins like Chagas, malaria or prostate-specific antigen. These assays can integrate
with the whole blood separation step but would first be validated with spun down plasma.

This project was the culmination of 2 years my own work facilitated by previous work done in the
Ratner lab. With this thesis, we successfully integrated paper fluidic reagent delivery into our OEM
silicon photonic platform and demonstrated that paper-based plasma separation was possible
within the system. With validated the system with a reverse ABO typing assay with human plasma
and integrated plasma separation. We have not yet demonstrated a reverse ABO typing assay with
whole blood. However, with further optimization, we can produce a more robust proof-of-concept.
After the completion of this thesis, we have a foundation of paper fluidic mounts and adaptation
designs for the OEM Genalyte silicon photonic platform of which we can build off for future work

in the lab.
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As diagnostic tests become more point-of-care, continuous and quantitative silicon
photonic biosensors are likely to play a larger role in the clinical diagnostic infrastructure.
However, the technology will only fill this role if the costs and complexity of the systems are
decreased. We hope that this thesis and auxiliary work in the Ratner lab will bring the technology

closer to the clinic and towards a more lab-on-a-chip idealization.
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Flow rate replicates:
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Flow rate with blocked glass fiber and 3 mm nitrocellulose
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Simulated assay with 3 mm nitrocellulose
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Flow rate estimation 2 mm wide nitrocellulose
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Flow rate with 2 mm nitrocellulose
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ABO typing assays with plasma replicates (failed):

ABO typing assay with BPOS plasma (channel 1) ABO typing assay with BPOS plasma (channel 2)
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ABO typing assay with BPOS plasma (channel 1)
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ABO typing assay with BPOS plasma (channel 2)
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ABO typing assays with <50 pL of whole blood (failed):
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900 ABO typing assay with BPOS blood (50 microliters) (channel 1) 900 ABO typing assay with BPOS blood (50 s) 12)
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1000 ABO typing assay with BPOS blood (50 microliters) ( 1) 1000 ABO typing assay with BPOS bleood (50 microliters) 2)
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1000 ABO typing assay with BPOS blood (100 micraliters) (ch 1) 1000 ABO typing assay with BPOS blood (100 microliters) 2)
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ABO typing assay with BPOS blood (75 microliters) (ch: 11) ABO tVPir:Q assay with ﬁPOS blood (7f microliters) (channel 2) :
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