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ABSTRACT

Progress in the development of biosensors has dramatically improved analytical
techniques. Biosensors have advantages over more conventional analytical techniques arising from
attributes such as straightforward analyses, higher throughput, miniaturization, smaller sample
input, and lower cost. Specifically, silicon-based biosensors including microring resonators have
led to major advances in diverse applications because they produce sensors that can be arrayed in
planar substrates for multiplexed detection and can be produced at large scales. This dissertation
presents how microring resonators have been used for the detection of ribonucleic acids, RNA,

and other inorganic biopolymers.

The first chapter describes the basics of biosensors and the factors that affect their
operation. This chapter is also dedicated to the sensing mechanism of whispering gallery mode
biosensors, in the form of microring resonators. In addition, it summarizes the most recent
applications of microrings in environmental and clinical analysis, highlighting the research in RNA
detection.

The next two chapters describes an approach for RNA detection utilizing the microring
resonators. This methodology is based on the coupling of a nucleic acid amplification technique,
asymmetric Polymer Chain Reaction, aPCR, with the microring resonator platform. Promising
results are shown in the detection and quantification of RNA, where our approach offers the
sensitivity and selectivity required for the use of transcripts in clinical analysis. Compared to other
biosensing strategies, we are able to perform a higher multiplexity of the measurements, use
nanogram sample input, and adapt the protocol to the detection of short (microRNASs) and long

transcripts (long non-coding RNAS).

The fourth chapter presents how the aPCR-microring combination can be applied to the
profiling of a miRNA biomarker panel. The investigation consists of an analysis of the dynamic

mMIiRNA signatures of two glioblastoma cell lines upon various treatments. Furthermore, I utilized

XVii



the normalized expression of the miRNAs to construct heatmaps and performed multivariate
statistical analysis. The results indicated that this technology makes it possible to carry out

functional screening of targets for diagnostic and therapeutic evaluation.

The fifth chapter features an innovative application of microrings in the quantitative
analysis of polyphosphate, also known as polyP. PolyP is a ubiquitous molecule, interest in which
has increased over the last decade because of the discovery of its important biological roles in
mammals and microorganisms. However, methodologies for its analysis still fall short in
identifying ways to quantifying polyP directly in complex matrices. To detect polyP in complex
matrices, molecules are captured in the surface via high-affinity binding to cationic polymers.
Then, we integrated a selective recognition of the molecules via a polyphosphate binding protein
domain. This strategy enabled the detection of nanomolar concentrations and the measurement of
the molecule directly in the matrix with no purification and thus, it opens up a variety of potential

applications.

The final chapter summarizes all the research carried out during my thesis. The possibilities
that microring resonators have to offer as biosensors, and the diverse approaches that can be
combined to enhance the characterization of molecules. In the field of RNA, future directions will
include the combination of RNA expression panels with the profiling of other biomarkers to
understand better the signatures of patient samples under therapeutic treatments. In the field of
polyP, future directions in the analysis of polyP are the size characterization of these polymers

using other separation instruments such as capillary electrophoresis (CE).

Keywords: biosensor, microrings, asymmetric PCR, noncoding RNAs, polyphosphates, capillary
electrophoresis
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CHAPTERI

Biosensors: Whispering-gallery-mode biosensing in analytical chemistry

Acknowledgments:

I would like to acknowledge the contribution of Heather Robinson helping with the review and

proofreading of sections 2.1, 3 and 4 from this chapter.”
Abstract

The progress in clinical analysis and environmental monitoring have increased in the past decades
because of the advancement in biosensors, device miniaturization and microfluidic integration for
sample automation. Whispering Gallery Mode sensors and microring resonators have emerged in
the area of optical sensors as an exceptional choice due to their sensitivity, ease of fabrication and
label-free detection. The first section describes the working principle of microring resonators and
outlines the most recent and relevant applications in clinical investigation and environmental
surveillance. The final section of the chapter highlights the importance of RNAs as biomarkers

and previous approaches in the Bailey lab to detect these molecules.

* This sections will form part of an invited submission in Current Opinion in Environmental Science and Health, April 2019.
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1. Introduction

More than half a century since the elucidation of the glucose biosensor by Clark !, biosensors
have revolutionized the field of chemical and biological analysis. Offering excellent sensitivity
and selectivity, biosensors can provide a complex measurement in an easy-to-use format 2.
Biosensors are analytical devices that convert a biological interaction or recognition into a
measurable electronic signal. They are generally made in a solid phase support that include three
parts (Figure 1-1A): a recognition element, a transducer, and an electronic readout. The
recognition element is usually a biomolecule such as an enzyme, an antibody, or a nucleic acid,
although, other polymers and selective compounds may be used. The biosensor is classified by the

signal transducer which are described as electrochemical, optical, or acoustic.
1.1. Relevant parameters in solid surface sensors

There are multiple factors to consider when optimizing or developing a new biosensor

platform. The next section describes some of the most critical parameters for solid surface sensors.
Surface chemistry

One of the fundamental parts of the functioning of biosensors is to couple the receptor
molecules to the surface. The biomolecular recognition is typically driven by many weak
interactions working in concert. Therefore, the receptors must be attached to the surface while

maintaining the structural conformation and binding affinity to the analytes.

The main strategies for immobilization rely on: physical adsorption of the receptors onto the
solid support, the encapsulation or grafting of the receptors into polymeric networks, the chemical
grafting of the receptors by covalent binding onto reactive groups or the conjugation to modified
biomolecules. The physisorption and encapsulation technique are the simplest, but also the least
stable, as the functionalization strongly depends on pH, solvent, and temperature. The chemical
immobilization which includes covalent binding and crosslinking is more stable and allows one to
immobilize molecules more controllably. However, it is more complex and requires chemical
modification of the biomolecules that could affect their conformation. This technique usually takes
advantage of the functional groups of the biomolecules such as primary amines, thiols, carboxyl

groups or carbonyls.*



When choosing the immobilization method, the main factors to consider will be the orientation
of the receptor, the local environment of the surface and the stability of the linkage between the
surface and the receptor.® Also, it is essential to make the uncovered parts by the receptor inert to
non-specific interactions that will cause the background noise of the sensor.

Mass transport

Mass transport from the bulk fluid to the substrate is another critical parameter because most
of the biosensors require molecules to reach a receptor bound on a solid surface. Mass transport
limitation can decrease sensor performance and is predominant under two conditions. The first
case when the analyte is large, and the second case when the binding Kinetic is higher than its
diffusion. In order to limit mass transfer effects, different ways have been devised. One of the
methods is increasing the rate of diffusion by increasing the flow rate, and thus the faster delivery
of the analyte to the surface®. However, this method have the trade-off when the flow rate is too
high, the analyte has less time to interact with the surface. The second method consists of lowering
the levels of receptors immobilized on the surface. When less amounts of receptors are
immobilized, less analyte will need to diffuse for the interaction to happen. However, there is also
a trade-off with the signal noise ratio in this case as the saturation signal will be lower.°

Blank controls

Another factor to consider in these sensors is the introduction of negative surface controls.
These controls are subtracted from the target signal to correct some artifacts such as signal drift,
non-specific binding, and other bulk effects.®

Multiplexed detection systems

As the name indicates, multiplex detections are concerned with the simultaneous detection of
different analytes from a single sample. Technologies able to produce this kind of screening have
gained much attention due to the impact of these methodologies for the improvement of clinical
diagnostics. When talking about disease diagnostics, it is very critical to have an early and accurate
diagnosis of a specific disease to give adequate treatment. However, clinical evidence based on a
single biomarker is not always appropriate for disease diagnosis and treatment monitoring’.

Therefore, the ability to detect several biomarkers and create patterns of expression or quantitation
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that correlate to the diagnosis, the prognosis or therapeutic efficiency has become crucial in the

last decades when developing new testing devices.

2. Label-free optical biosensors

Most of the biosensing platforms usually require some labeling to display the interaction
between the analyte and the receptor. The flaws in these reporting systems are the cost and the
possibility of modification of the analyte giving some false meaning to the assay. The majority of
the labels depends on fluorescence, radioactivity or enzymes that can amplify the signal. However,
in the last years, other technologies that can report the binding of the analyte without the presence
of labels have been appearing in the research literature and the market. Such is the case of optical

biosensors, acoustic biosensors, and micro-calorimetry?.

Label-free optical sensors constitute one of the most conventional types of biosensors because
they can provide direct, real-time measurement of molecules. These transducers work by assessing
the interaction of an optical field with a recognition element without the need for secondary target
labels (e.g., Fluorophores, enzyme tags). This group includes platforms such as surface plasmon
resonance (SPR)%, interferometers®, and whispering gallery mode sensors'®. These sensors
similarly area able to confine light at an interface with the surrounding (sample-containing)
medium. At this boundary an evanescent field extends into the surrounding region such that the

local optical properties are sensitive to binding interactions at or near the surface (Figure 1-1C).!*
2.1.  Microring resonators

Whispering gallery mode (WGM) biosensors confine photons in a path circumscribing the
circular cavity. These photons can recirculate many times around the cavity allowing for small
changes in the recirculating path to be detected with high sensitivity. Facilitating these analyses
are a tightly held resonance condition that is established based upon a constructive interference
condition at the junction between the coupling waveguide and circular path of the cavity. This

resonance condition is defined mathematically by the following formula (Figure 1-1B):

mA = 2mrnes



where m is a non-zero integer, A is the wavelength traveling in the waveguide, r is the radius of the
cavity and nest is the effective refractive index sampled by the optical mode traversing the cavity.
Thus, changes in the local refractive index (a component of neff) will lead to a shift in the resonance
wavelengths supported by the cavity (Figure 1-1C). Most WGM sensors operate by measuring
the shift in wavelength due to binding-induced changes in the local refractive index, though sensors
based upon measurement of the broadening®? and splitting*® of resonances have also been

successfully demonstrated.

WGM sensors have been produced in several different geometries, including include micro-
spheres, toroids, disks, and rings'®. Microrings have been the most common geometry for
biosensing. The ring geometry, usually attached to planar underlying substrates, provides many
advantages in the ease of construction using CMOS- (Complementary metal-oxide—
semiconductor) compatible semiconductor fabrication approaches. The planar substrate geometry
is also amenable to the creation of multiplexed sensor arrays. Microring resonators can be easily
fabricated from semiconductor materials that have refractive indices such that the resulting
waveguides feature good light confinement. Common materials systems include silicon (typically
silicon-on-insulator), silicon carbide and silicon nitride!*; however, other materials including
polymers have been demonstrated as potential lower cost alternatives that offer unique chemical

properties °.

Ring resonators can be configured as all-pass filters or add-drop filters (Figure 1-1D) . In the
all-pass filter configuration, which only requires a single linear waveguide, shifts in optical
properties are simply recorded as changes in the transmission spectra measured past the resonator.
In contrast, the add-drop filter configuration utilizes two waveguides positioned on either side of
the resonator. Light is coupled into the resonator via the input waveguide and the signal measured
(or “dropped”) into the output waveguide are monitored to as a read out of binding to the resonator

surface.

Although planar substrate microring arrays have been most commonly reported, optofluidic
microring resonators have been impressively developed!’. Optofluidic microring resonator devices
often consist of a thin wall capillary, wherein the cross section acts as a whispering gallery mode

sensor (Figure 1-2A). Analytes flow inside the capillary interacting with the evanescent field from



the inner surface. The ease and relatively low cost of integrating the microfluidics with this sensing

modality are particularly advantageous *'.

Among other newer hybrid configurations are electrochemical silicon photonic resonators,
which are optimally n-doped to support the resonant mode simultaneously with electrochemical
events at the sensing surface (Figure 1-2B). The electrochemical activity of this interface can also

enable site-selective immobilization of biomolecules to create sensor arrays 8.

While the next sections focus almost exclusively on progress from academic laboratories that
are driving new applications and advances in this field, it is worth noting that microring resonators
have already been commercialized by Genalyte, Inc.'®. Genalyte has demonstrated the ability to
detect autoantibodies that are diagnostic signatures for a range of connective tissue disorders?°??,
and their commercial products have found early adoption in clinical laboratories. The two
following sections review the most recent applications of ring resonators for environmental and
clinically-relevant sensing. Key figures of merit compared include type of analyte, detection
strategy, limits of detection, and demonstrated ability of operation within complex sample

matrices. .
3. Environmental analysis using microring resonators

In the environmental analysis, microring resonators have been utilized to detect diverse
chemical species including gases, heavy metals, pesticides, explosives, biological toxins, and
whole microorganisms. Selected examples are described in the following text, and also
summarized in Table 1-1 and Figure 1-3.

For the detection of gases, a demonstrated strategy combined microrings with materials that
are chemically responsive to the gas (Figure 1-3A). One example utilized microrings modified
with a hyperbranched carbosilane polymer that changed the microring absorption spectrum upon
exposure to trace levels of phosphonate ester nerve agents?. Another example introduced a
Palladium microdisk within the microring architecture that expanded upon hydrogen exposure,
leading to a resonance shift upon hydrogen incorporation into the structure. Using this strategy,
the reported sensitivity was as high as 11.038nm expansion/% hydrogen, resulting in a ~23%
enhancement compared to other hydrogen WGM sensors?®. Yet another example of



environmentally-relevant target analysis involved the detection of dimethyl methylphosphonate
(DMMP), a precursor of sarin nerve gas that is often used as a model analyte. In this case, the
microring surface was functionalized with bovine odorant-binding proteins (b-OBP) mutated to
have a high affinity for DMMP. This approach yielded a limit of detection (LOD) of 6.8 ppb

without the need for sample pre-concentration 2.

Microring modification approaches have also been shown to be effective in detecting
environmentally-relevant targets in aqueous environments (Figure 1-3B). Microrings have been
modified with a mesoporous silicate to extract heavy metals from aqueous solutions. The uptake
of the mercury and lead into the mesoporous silica matrix led to changes in the refractive index of
the microrings, resulting in a measureable change in the sensor signal down to 1 ppm in
concentation 26, Microring resonators have also been modified with polymer brushes using atom
transfer radical polymerization. Different polymer brushes can impart chemical selectivity via
partitioning, as was demonstrated for several small molecule organic analytes, including
organophosphorus simulant. Furthermore, the magnitude of the resonance shift was found to be
directly related to target concentation, providing an approach for quantiative monitoring of water

contaminants 2’

Microrings have also served as a useful technology for detecting biological toxins in
environmental water and food samples (Figure 1-3C.1). One target has been aflatoxin M1, a
mycotoxin from Aspergillus that can be found in milk products. Microrings were functionalized
with aptamers or antigen-binding Fab’ fragments to selectively detect the toxin in milk with limits
of detection of 5 nM 2. Another naturally occuring and potent toxin, the lectin ricin, which can be
isolated from castor beans has also been detected using a microring-based approach. Sensors
functionalized with single-domain antibodies were found to be selective for ricin over other similar
toxin compounds with a limit of detection of 300 pM in just a 15 minute assay 2°. Silicon nitride
microring resonators have also been employed for the multiplexed detection of of Aleuria Aurantia
Lectin (AAL) and Sambucus Nigra Lectin (SNA) with glycan-functionalized sensors giving limits

of detection of 7 pM and 86 pM, respectively °.

Microrings have also been explored for the detection of whole organisms in environmental

samples (Figure 1-3C.2). In one example, Bean pod mottle virus, one of the most common viral



soybean pathogens that can limit crop yields when fields are infected, was detected using
microrings functionalized with an antibody that recognized an outer capsid glycoprotein on the
virus. Using this strategy, a limit of detection of 10 ng/ml was achieved for whole, intact virus
particles, and, importantly, this assay was shown to be able to detect the virus directly from ground

soybean leaf samples in less than 45 min3L,
4. Microring resonators in clinical samples

Applications in multiplexed clinical diagnostics have fueled much of the development of
microring resonators as a biosensing platform, and not surprisingly they have been broadly applied
to many classes of clinically-relevant biomolecular targets. By attaching different types of target-
specific capture agents to localize antigens to the sensor surface, microrings have been
demonstrated for the quantitative detection of different types of nucleic acids, proteins, smaller
biomolecules, and whole microorganisms, in the context of human health applications. Selected

examples are described in the following text, and also summarized in Table 1-2 and Figure 1-4.

The detection of nucleic acids commonly relies on the functionalization of the sensor surface
with oligonucleotide probes that are complementary to the sequence of interest (Figure 1-4A).
Although direct detection of nucleic acids has been reported *2->°, recent improvements in the LOD
and required sample input have led to the integration of DNA replication by Polymerase Chain
Reaction (PCR) or isothermal amplification and other PCR-free signal amplification schemes. For
example, microring resonators were combined with recombinase polymerase amplification to
detect the insertion DNA sequences from Mycobacterium tuberculosis in sputum samples *. This
amplification strategy allowed for the multiplex detection of two tuberculosis biomarker sequences
down to 3.2 or 12 copy numbers per the 10 pL reaction volume. Similarly, the combination of
DNA amplification and microring array-based detection demonstrated successful multiplexed
miRNA detection®”. In this work, miRNAs sequences were amplified via asymmetric PCR, a
variant of PCR that produces single-stranded DNA products. By functionalizing arrays of
microrings with complementary hybridization capture probes, multiplex expression of a nine
MiRNA panel from glioma patients were compared to a healthy control using a total RNA sample
input of 10 ng. Importantly, the combination of asymmetric PCR and microring resonators have

also been utilized in the analysis of long-non coding RNAs, IncRNAs, showing a good agreement



with conventional gPCR®. On the other hand, low limits of detection have also been possible
without the need of gene replication by adding other signal amplification strategies. For example,
nM levels were reported for the multiplex detection of miRNA by adding complementary

biotinylated primers and horseradish peroxidase amplification signal®°.

Protein-detecting immunoassays have been realized on microring resonators often using antibodies
for the recognition of the target epitopes (Figure 1-4B). Although microrings possess exquisite
sensitivity, this class of assays have also benefited from the use of secondary amplification (similar
to Enzyme-Linked Immunosorbed Assays, ELISA) for enhanced selectivity and improved LOD.
Early reports using antibody functionalized microrings demonstrated the label-free detection of
carcinoembryonic cancer (CEA), a glycoprotein secreted in blood and has been established as a
biomarker for many human cancers®’, as well as the creation of relatively simple label-free,
multiplexed detecting arrays*'. To increase the selectivity of protein biomarker assays—particular
those targeting complex human sample matrices—tracer antibodies have been employed in
sandwich immunoassay formats*. Beyond the added selectivity, these assays also present
strategies for improving attributes such as assay dynamic range and limit of detection®. Candidate
signal enhancement strategies include layer-by-layer biorecognition, which was applied to the
analysis of cancer biomarkers in serum®3, and an enzymatic enhancement method that generated a
spatially-localized precipitate on microrings that yielded subpicogram per milliliter limits of
detection for inflammatory protein targets**. This enzymatic enhancement strategy has been
demonstrated as robust for multiplexed protein detection from within clinical matrices, including
the analysis of phosphoprotein levels from brain cancer samples'* and identification of cytokine
signatures in secreted cell supernatants that have promise for the diagnosis of latent tuberculosis
infection *°. Another signal enhancement strategy applied to microring resonator-based detection
of viral glycoproteins in saliva and blood involved streptavidin-coated beads*®. And in addition to
antibody capture agents, microrings presenting immobilized aptamers have also been utilized for

detection, including the detection of thrombin and IgE with limits of detection of 50 ng/mI*’.

Microring resonators have also been used in the detection of clinically relevant small molecules
such as hormones or glucose (Figure 1-4C). A layer of molecularly imprinted polymer (MIP) was
used to analyze for testosterone in aqueous samples down to 48.7 pg/ml*. The MIP layer is

interesting for analytical applications due to their potential for improved stability compared



biological-based capture agents, such as antibodies. Optofluidic ring resonators have also be
utilized to quantitate glucose with a LOD of 35 uM, which is one order of magnitude lower than

nominal clinical ranges*.

Microring resonators have also been applied to the detection of whole pathogenic organisms and
mamallian cells of clinical relevance (Fig. 1-4D). An early example included the detection of E.
coli using microrings functionalized with monoclonal antibodies against the bacteria,
demonstrating a LOD of 105 CFU/mI*®®. CD4+ and CD8+ lymphocytes were also detected at 200
cells/pL concentration with an optofluidic microring resonator that was, again, facilitated by

immobilization of target-specifc antibodies on the resonator surface®?.

5. Approaches in the study of RNA using microring resonators

5.1. Importance of RNA as biomarkers

The overall objective of the first stage of my dissertation was to establish a multiplexed assay
for the detection of two types of non-coding RNA molecules using a microring resonator detection
platform. Observing the central dogma in biology, RNA is crucial in the information translation
from the genome to the cellular functioning. Therefore, it is inferred that any change in the cells
would be reflected in the expression of those transcripts. Their identification and quantification

have been used for disease diagnostics, prognosis and therapeutic efficacy of treatments.

The first well studied RNA biomarkers were messenger RNAs, mRNAs. These RNAs are the
ones that codify for proteins, and their differential expression can be directly correlated with
disease pathology®?. With the advent of high throughput technologies, many investigations have
compared the transcriptome of disease states versus healthy conditions and defined transcripts
involved in disease diagnostic and progression®3. For example, Sparano et al. identified a panel 21

mRNAs to help identify the risk of recurrence and treatment efficacy in breast cancer patients®.

However, 90% of the genome is transcribed, and only 4% of these corresponds to mRNA,
meaning that many transcripts do not code for proteins. Some of the noncoding RNAs whose
functions have been well characterized include ribosomal RNA (rRNA), transference RNA
(tRNA), small nuclear (snRNA) and small nucleolar RNA (snoRNA). In addition, the advances in

10



sequencing techniques have made possible the discovery of other abundant noncoding regulatory
sequences®®. Some of the most studied sequences are microRNA (miRNAs) and small interference
RNAs (siRNAs). MiRNAs are short sequences of RNA molecules of about 22 nucleotides that can
modulate the expression of genes by binding complementary to mRNASs. In the maturation process,
these transcripts get associated with the RNA-silencing complex (RISC). Then, this complex
targets the specific transcripts producing the translational repression or mRNA degradation®®.
Experts have discovered numerous roles of miRNAs involved in cell differentiation, proliferation,
apoptosis and signal transduction. Because of their role in critical cell function, they show
abnormal expression patterns in disease states, and demonstrate potential as biomarkers and
therapeutic targets®’. MiRNAs have been extensively studied as biomarkers for different types of
cancer as well as other pathologies such as neurological disorders®, cardiovascular diseases®®, and
viral infections®®. Some of the advantages of miRNAs biomarkers are their presence and stability

in biofluids; therefore, being good candidates for non-invasive diagnostic approaches®’.

Besides the discovery of miRNAs, RNA sequencing has also led to the discovery of other
longer noncoding transcripts (>200 nucleotides). These transcripts are called long noncoding
RNAs, IncRNAs, and show widespread functionalities. Some IncRNA roles include chromatin
modification (e.g., HOTAIR silences transcription by inducing a repressive chromatin state
through the chromatin remodeling complex, PRC2%; Xist mediates the inactivation of the X
chromosome also by recruiting PRC2%2) and transcriptional activation/repression (e.g., Air, the
natural antisense transcript of 1Gf2r, can induce its epigenetic silencing and neighboring stream
genes®). There has also been much evidence of how their regulatory roles make them good
candidates for biomarkers in cancer®®%, infectious diseases®®, and other cardiovascular®® and

neurological®’ disorders.
5.2. Conventional and innovative methods in the study of RNA

The conventional methods for the study of RNA expression are divided in low-to-mid plex
such as northern blot, in-situ hybridization, reverse transcription quantitative PCR (RT-gPCR) and
higher-plex technologies such as DNA microarrays and RNA sequencing, RNAseq (Table 1-3).
Northern blot is the oldest technology. Similarly to other blotting techniques, it is based on the

separation of RNA molecules by gel electrophoresis followed by the transferal of the molecules to
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a membrane where the RNA is incubated with tagged probes. This technique is relatively easy to
perform, but it is not very quantitative and not scalable to many genes. In-situ hybridization is a
technique used for the identification of gene expression directly in tissue sections or cells, but it is
not practical for quantification or study of several genes. RT-qPCR has been defined as the “gold
standard,” and it is the method of preference when validating results®®. Although considered the
gold standard, multiplexing is complicated, and the sequence of the genes must be known in
advance. Microarrays and RNAseq have made possible the study of the whole genome, studying
the relative expression of analytes, and RNAseq being able to discover new transcripts®®.
Microarrays examine transcripts that hybridize to probes that have been previously spotted on a
chip and can study the relative gene expression by fluorescent methods’®. Some of the limitations
of this technology are cross-hybridization of similar sequences, the limited dynamic range of
detection because of background and saturation, and the need of normalization methods for

comparing expression levels.

The most advances have been conducted in the development of next generation RNAseq,
technologies. These methods have revolutionized our biological knowledge incorporating new
transcripts that could be used as biomarkers and therapeutically targets’. Next generation
sequencing techniques are currently more affordable, and there have been initiatives to include
them in the clinic. Compared to other methods, RNAseq is more advantageous because of they
can measure rare transcripts, splice variants, and non-coding RNA species. However, there are still
some challenges such as the sample and library preparation, the biased results due to different
protocols and the complicated downstream computational analysis’2. These challenges have
promoted international collaborations to establish data repositories such as RNAcentral’® or
NONCODE"#, among others, that can be used as references for the recognition of markers and
expression patterns in the diagnosis of pathologic conditions.

The knowledge and potential of RNA molecules have motivated the emergence of innovative
analysis techniques. In order to be used in clinics, these techniques had to be sensitive and
quantitative while reducing the cost and sample processing requirement. Many emerging

techniques have employed optical sensors, electrochemical sensors, and other nanomaterials™.
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In the optical sensor field, some of the platforms that have been optimized to detect RNA
molecules are SPR, surface enhanced Raman spectroscopy (SERS), whispering gallery mode
sensors and Forster Resonance Energy transfer (FRET). One example of SPR sensing corresponds
to the studies of Huertas et al®®. In this work, researchers designed an SPR sensor for quantifying
cancer specific variants of Fas mMRNA’®. SERS is a sensitive vibrational spectroscopy technique
which has been used extensively in biodetection. Su et al. demonstrated how uniform silver
nanostructures with stable SERS signal could be used in the detection of miRNAs’. In the field
of fluorescence, many groups have also developed technologies for the detection of RNAs, most
of them based on the FRET phenomenon. For instance, Qiu and Hildebrandt used quantum dots
(QD) to develop a time-gate FRET (TG-FRET) sensor. This multiplexed sensor consisted of the
energy transfer between a luminescent terbium complex to different emission QD dependent on
the signal. With this sensor, they detected three miRNA with LOD 1 nM in samples that contain

up to 10% serum’®.

There has also been much work done in the development of electrochemical sensors for RNA
detection. These methods usually involve the hybridization of the targeted sequences to
oligonucleotide probes bound to the surface of an electrode. Their detection is then read via
voltammetry, amperometry or impedimetric approaches depending on the label that causes the
signal. For example, one typical strategy in this type of methodology is a solid electrode with
single-stranded oligonucleotide probes that contain electroactive reporters. The hybridization of
complementary RNA changes the conformation of the probe that approaches or moves away from

the reporter producing the electrochemical signal’®.
5.3.  Previous attempts for the detection of RNA using microring resonators

Over the past eight years, there have been several attempts on the detection of RNA using the
same measurement technology in our lab. These attempts are summarized in Table 1-5. The targets
of most of them have been miRNA3>3%8 due to their impact as biomarkers, but there has also
been other work dedicated to other RNA targets, tmRNA8! and mRNA®?,

Some of the previous work in the miRNA analysis has been using direct detection, only
measuring the shift caused by the RNA molecules hybridizing to complementary probes in the

surface, such as the first work in miRNAs and the work in tmRNA. However, as it can be observed,
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by adding a secondary signal amplification step, the limit of detection and especially the input

amount could be significantly improved.

The first work carried out in our group by Qavi involved the direct detection of miRNAs and
the quantification of the transcripts by the steepness of the slope of binding isotherms. This work
proved the utility of the microring as a detection platform for the quantitation of the platform and
the possibility to do multiplex assays®2. The next work also carried out by Qavi later in that year,
showed that adding a secondary amplification such as antibodies able to recognize DNA: RNA
hybrids could improve the LOD from the nM to the pM level in addition to the decrease of the
input sample®’. The next work in the detection of miRNA was produced by Graybill et al. in 2016.
In this case, a secondary amplification was also utilized to decrease the LOD. The secondary
amplification consisted of the use of a biotinylated primer that complementary bound to the cDNA
of the different miRNA sequences. The sample input was also reduced compared to the initial

attempts, and the cost was reduced by using biotinylated sequences instead of antibodies®.

In the detection of longer transcripts, the Bailey lab has worked on the detection of two
different molecules previous to this dissertation: mMRNA® and tmRNAS8L, The primary challenge
with longer molecules is the formation of secondary structure that constrains the binding of the
transcripts to the capture probes surface. For the detection of tmRNA, three strategies were used:
thermal denaturation, chaperones, and fragmentation. From the three methods, fragmentation
showed the best kinetics for the binding and overall signal enhancement. However, in the detection
of mMRNA, the use of chaperones sequences was used to help reduce the secondary structure of the
sequences. tmRNA analysis did not include secondary amplification because the amount of
tmRNA molecules is very high in bacteria. In the case of mMRNA, the inclusion of streptavidin

beads for secondary amplification helped to reduce the LOD as well as the input sample.

The objective of the first stage of this thesis was to optimize the detection of two noncoding
RNA molecules, miRNAs and IncRNAs. In order to reduce both the LOD and input sample, we
introduced PCR to amplify the signal. For the detection of these transcripts, we first performed a
reverse transcription of the RNA followed by asymmetric amplification. Asymmetric PCR is a
type of amplification that uses a different ration of primers so that after a certain cycle, there is no

longer double stranded DNA production but single stranded DNA®. This is crucial in our
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technology as we need ssSDNA to hybridize in the surface probes. In addition, INCRNAs are longer
transcripts that contain much secondary structure, and so by using aPCR we could limit the size of
recognition and facilitate the binding to the surface. The strategy and results are described in the

next two chapters.

6. Conclusions

Over the past 10-15 years, microring optical resonators have emerged as one of the most
promising and multiplexable platform for clinical and environmental analysis. Attributes such as
amenability to mass production (for silicon photonic resonators, in particular) and microfluidic
integration (for optofluidic resonators) give these technologies inherent advantages for analyses
that need to be performed in high numbers and from small sample volumes. These sensors can act
in label-free assay formats; however, for many applications requiring high selectivity and low
limits of detection, more complex assays requiring labels have been successfully employed. The
myriad of analytical targets that have been demonstrated to be analyzed using microrings is vast—
largely on account of the fact that any target that can be physically localized to the surface via a
capture agent that provides selectivity is theoretically detectable. This chapter has tried to balance
a historical context for technology development with a focus on recent advances that demonstrate
new capabilities as well as important applications of real-world relevance. The microring
transduction technologies themselves have become quite mature; however, there are remaining
challenges for the field that increasingly include improved methods of sample delivery and
integration with complementary technologies in such a way to facilitate hyphenated analyses that

also include, for example sample pre-treatment via chromatographic methods®,
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Figure 1-1. Schematics of microring resonators as bioanalytical devices and working principle.
A) Schematic representation of the elements constituting a microring biosensor device:
analytes, biorecognition elements, transducer, and signal readout. B) Drop in the transmitted
light intensity at the wavelengths that resonate in the microring cavity. C) Evanescent field
sensing the boundaries of the microring and resonant shift when analytes bind. D) Main
configurations of ring resonators: all-pass filters and add-drop filters.
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Figure 1-2. Innovative configurations of ring resonators to incorporate other functionalities. A)
Cross-section view of an Optofluidic Ring Resonator sensor. The WGM is excited by an optical
fiber taper in contact with the OFRR. The evanescent field of the WGM penetrates the polymer
layer, making it sensitive to absorbed molecules. Adapted from #° Copyright 2013 Elsevier Ltd.
B) Selective electrografting of a pair of optical ring resonator sensors within the same microfluidic
chamber. Microrings sensors are subjected to electrical fields for the selective functionalization
via electrochemical reactions. Adapted from 8 Copyright 2016, Springer Nature.
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Figure 1-3: Applications of microring resonators in environmental monitoring. Examples in:

Gas detection: A.1l. Coated SiN microring resonator with polymeric film for the detection of
organophosphorus simulants?®. Reprinted from 22 Copyright 2014 Optical Society of America.
A.2. Schematic architecture of the hydrogen sensing device with inner Pd disk 2. Reprinted from
24 Copyright 2017 Optical Society of America.

Aqueous molecule detection: B.1. Tetrasulfide-functionalized mesoporous silica film over SOI
microring for heavy metal ions?®. Reprinted from 2 Copyright 2015 Optical Society of America.
B.2. Selective partitioning of organic molecules in polymer brush leading to giarselective enhance
recognition . Reprinted from 2’ Copyright 2017 WILEY-VCH Verlag GmbH & Co.

Biological toxins and whole microorganisms: C.1. Microrings functionalized with single
domain antibodies for the label-free recognition of ricin in buffer samples 2°. Adapted with
permission from 2° Copyright 2013 American Chemical Society. C.2. Microrings functionalized
with antibodies for the label free recognition of Bean pod mottle virus in buffer and leaf extract
samples 3L, Adapted with permission from 3! Copyright 2012 Elsevier B.V.
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Figure 1-4. Applications of microring resonators in clinical analysis. Examples in:

Nucleic acid detection: A.1. Direct detection of miRNA without labeling. Quantification based
on the slope of the binding curve®?. Adapted with permission from %2 Copyright 2010 John Wiley
and Sons. A.2. Detection of miRNA using a secondary signal amplification with biotin-
streptavidin®®. Adapted with permission from 3° Copyright 2016 American Chemical Society. A.3.
Schematic representation of the principle of Isothermal Amplification/Detection®®. Reprinted with
permission from & Copyright 2014 Elsevier B.V.

Protein detection,: B.1.: Detection of protein biomarkers using a secondary signal amplification
with streptavidin beads*°. Adapted from “° with permission of The Royal Society of Chemistry.
B.2. Label-free detection of IgE using microrings functionalized with aptamers*’. Reprinted with
permission from #’ Copyright 2012 Elsevier B.V. B.3. Direct multiplex detection of
phosphoproteins using from cell and glioma tissue lysates!*. Adapted with permission from 4
Copyright 2015 American Chemical Society.

C. Small biomolecules: Schematic for preparation molecularly imprinted polymers on the surface
of chip*. Reprinted with permission from #8,

D. Whole microorganisms: Test and control micro-rings on a resonator chip, showing specific
bacterial binding®. Adapted with permission from >° Copyright 2007 Elsevier B.V.

19



TABLES

Table 1-1. Recent advances in microring resonators for environmental analysis.

Analyte Detection strategy Matrix LOD Ref
DMMP, A chemoselective coating that
organophosphorous changes absorption spectra of Air 2 ppb 2
simulant MRR
Hydrogen PaIIadium_disk'inserte_d inside Air 11.038 ”
of microring cavity nm/% H»
Mercury; lead Mesoporous silicate matrix Water 1 ppm 26
Selective recognition of the
targeted DMMP molecule by
DMMP specifically modified proteins Air 6.8 ppb %
immobilized on photonic
structures
4-methylumbelli-feryl Selective partitioning of
phospha_te, a smulant for organophosphorus Buffer 0.1 mM 97
highly toxic compounds in polymer brush
organophosphates grown on microrings
: " 5nM 28
Aflatoxin M1 Aptamer and Fab recognition Buffer 1.58 nM
PBST-
Ricin Single Domain antibodies BSA 200pM |
buffer
Aurelia Aurantia Lectin and | Surface functionalization with 7pMand | 4
) ) Buffer
Sambucus Nigra Lectin glycan receptors 86 pM
Bean pod mottle virus oo . . Leaf
Virus Antibodies against the virus de_zlxttr_act 10 ng/ml | 3t
ilutions
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Table 1-2. Recent advances in microring resonators for clinical analysis.

sensor

Analyte Detection strategy Matrix LOD Ref
Insertion Recombinase Polymerase Extracted 1fg, 10fg
sequences of oL : DNA from . 36
, Isothermal amplification and ring genomic
Mycobacterium complementary hybridization sputum DNA
tuberculosis H37Rv P yny samples
Extracted
9-plex miRNA Asymmetric PCR and ring RNA from 37
e cells and 2pM
panel complementary hybridization .
tissue
biopsies
Antibody capture probe and signal
12-plex amplification with an enzymatic Brain tissue
(Phospho)proteins turnover of precipitate on the and cell 0.6pMIgG |
panel surface lysates
Antibody capture probe and signal
7-plex cytokine amplification W'th. an enzymatic Mononuclear 0.5-65 45
turnover of precipitate on the .
panel cell secretion pg/mi
surface
Viral glycoproteins | Antibody capture probe and signal i
(Ebola, Marburg amplification with streptavidin BIooo! and 1.6-39 46
: Saliva ng/ml
virus, dengue) beads
: An aptamer that binds thrombin 47
Thrombin without further amplification Buffer 50 ng/m|
A layer of molecularly imprinted
Testosterone polymers for the recognition of Water 48.7 pg/ml | 48
testosterone
Glucose Capillary-based microring Buffer 0.035 mM 49
resonator
Microrings functionalized with
Escherichia coli monoclonal antibodies against the Buffer 10° CFU/ml | 5°
bacteria
CD4+ and CD8+ Antibodies |mmob|I|_zed in t_he inner 200 cells/ N
surface of the capillary microring Buffer
lymphocytes pl
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Table 1-3. Conventional techniques for the analysis of RNA molecules.

Technique Working principle Input Advantages Limitations Ref
Reverse transcription
into cDNA and Sensitive, No multiblexable
amplification of DNA specific, gold P " | se87
RT-gPCR . ng only for known ,
by PCR with standard for )
. o transcripts
fluorescent detection guantification
of the products.
RNA binds to
complementary Hi Cross reactivity
igh O
probes that are throuahtout between similar
Microarray | spotted in surface, the Mg rela?iveﬁ) ’ sequences, no &
detection is by . Yy absolute
inexpensive o
fluorescence guantification
measurements.
Reverse transcription
into cDNA and Complicated
massively parallel Discovery of new bioinformatic
RNA . . , 88
, sequence. New Mg transcritps, high processing,
sequencing . :
generation throughput relative
technologies directly guantification
from RNA.
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Table 1-4. Previous RNA detection protocols developed in the Bailey lab using microring
resonators.

RNA LOD |

type Strategy Input Mult Figure of merit Ref
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Reprinted with permission from (ordered by row): (45) Copyright 2010 John Wiley and Sons, (41)
Copyright 2011 American Chemical Society, (43) Copyright 2012 Elsevier B.V., (46) Copyright
2012 American Chemical Society, (42) Copyright 2016 American Chemical Society.
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Abstract

Analysis methods based upon the quantitative, real-time polymerase chain reaction are extremely
powerful; however, they face intrinsic limitations in terms of target multiplexing. In contrast,
silicon photonic microring resonators represent a modularly multiplexable sensor array technology
that is well-suited to the analysis of targeted biomarker panels. In this manuscript we employ an
asymmetric polymerase chain reaction approach to selectively amplify copies of cDNAs generated
from targeted miRNAs before being multiplexed, and the label-free quantitation through
hybridization to microring resonator arrays pre-functionalized with capture sequences. This
method, which shows applicability to low input amounts and a large dynamic range, was
demonstrated for the simultaneous detection of eight microRNA targets from twenty primary brain

tumor samples with expression profiles in good agreement with literature precedent.

1. Introduction

It is well accepted that multiplexed diagnostics can provide a more holistic view of biomolecular
dynamics that supports an improved understanding of disease onset and progression.>? One of the
important potential outcomes of multiplexed analysis is a deeper understanding of the role of microRNA
(miRNA) molecules and the interconnected networks through which they help regulate protein
expression.® Dysregulation of miRNA levels leads to altered protein expression, which has profound
implications in a wide range of pathophysiological conditions.*® An increasing appreciation for
plasticity and redundancy within miRNA regulatory networks motivates the development of methods
to perform multiplexed measurements to simultaneously profile multiple miRNA expression levels

from sample-limited clinical specimens.®'

Unfortunately, technological gaps exist that have hindered the translation of miRNA-based
diagnostics to the clinic.1®* Specifically, RT-gPCR methods, which are very sensitive, relatively rapid,
and cost effective, (typically) only measure levels of one miRNA per assay. Microarrays, are well-suited
for multiplexed analyses, but are typically slow, less sensitive, and more expensive. Next-generation
sequencing allows global profiling and discovery of RNA signatures, including miRNAs; however, it
requires complex processing steps and intensive bioinformatics to interpret sequencing reads. As a
result, sequencing has yet to emerge as a standard diagnostic tool to guide clinical intervention. That

said, previous efforts of sequencing and bioinformatic data reduction have identified panels of miRNAs
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that are promising as sets of actionable biomarkers,> motivating the development of moderately
multiplexable miRNA analysis technologies that can fill the present void by providing targeted detection

of clinically relevant panels.

Silicon photonic microring resonators are surface-sensitive optical sensors that are intrinsically
multiplexable on account of their fabrication via established semiconductor methods. These devices
support optical resonances that are sensitive to local environment, and, when functionalized with
appropriate capture agents, analyte binding-induced changes in local refractive index can be detected as
shifts in resonance wavelength, as previously described.’® The sensors can be functionalized with
different classes of receptors to afford selectivity towards different classes of biomolecular targets.'*
19 Applied to the detection of miRNAs, these sensors have been operated in a label-free format,? as
well in both antibody-,2! and enzyme-enhanced assays.?? While these studies demonstrated robust
performance and multiplexing capacity, they suffered from insufficient limits of detection that required
either large sample input or lengthy analysis times, both of which are restrictive for clinical miRNA

profiling applications.

In this manuscript we exploit the advantages of both PCR (target-specific amplification) and
microring resonators (multiplexed detection) to profile multiple miRNAs from clinically-relevant
samples using a label-free, hybridization-based method. While others have successfully coupled solid
phase PCR with optical biosensors,? we elected to move away from traditional PCR since it produces
double stranded DNA products which are not amenable for hybridization based assays. Instead,
asymmetric PCR (aPCR) was used to selectively produce single stranded DNA products by using an
excess of one of the PCR primers.?*? This combination greatly improves upon previous microring
resonator-based miRNA detection assays and allows analyses from only nanograms of total RNA—an
amount comparable with standard, single-plex PCR methods. aPCR was originally demonstrated for
solution-phase DNA detection® and has also been combined with surface plasmon resonance (SPR) for
detection.?® For RNA analysis, aPCR has been applied to mRNAs using microarrays®’ and 16S
rRNAs via a magnetic bead-based method.?® Here, we utilize silicon photonic sensor arrays and report
a new stem loop primer motif that firstly allows detection of miRNAs using a modified aPCR approach.
We then demonstrate the ability to profile expression levels of eight miRNAs simultaneously from

primary surgical glioma specimens.
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2. Experimental

Materials

All nucleic acid sequences were purchased from Integrated DNA Technologies (IDT; Coralville,
IA) and are listed in Table 2.1. The TagMan® microRNA Reverse Transcription Kit and the Platinum®
Multiplex PCR Master Mix were purchased from Thermo Fisher. All buffers and dilutions were
prepared in nuclease-free ultrapure distilled water (Invitrogen). Phosphate-buffered saline (PBS) was
obtained from Lonza and was used in the reconstitution of the DNA capture probes. For the
functionalization ~ of  sensor  chips,  3-(aminopropyl)-triethoxysilane  (APTES) and
bis(sulfosuccinimidyl)-suberate (BS3) were obtained from Thermo Fisher Scientific. For the
hybridization steps, a high stringency hybridization buffer was made in 50 mL batches containing 15
mL of formamide (Fisher), 1 mL 10% sodium dodecyl sulfate (Fisher), 10 mL 20X saline-sodium
phosphate buffer (Invitrogen), 6 mL 0.25 M ethylenediaminetetraacetic acid (Invitrogen) and 2.5 mL
50X Denhardt's solution (Invitrogen).

Instrumentation

Microring sensor arrays and measurement equipment were purchased from Genalyte, Inc. (San
Diego, CA). Sensor arrays were fabricated using standard photolithography and etching techniques. The
final sensor arrays are coated with a fluoropolymer coating, which is only removed from active
microring sensor elements, and are diced so as to contain 132 individually-addressable microring
resonator sensors. For hybridization experiments, sensor arrays are loaded into a cell formed by a Mylar
gasket and Teflon lid that directs solutions into two defined flow chambers aligned with the sensor

elements. Integrated pumps under software control automated all liquid handling steps.

Resonant wavelengths for each microring were determined by coupling a tunable laser source into
an adjacent linear waveguide via on-chip grating couplers. The laser output was then swept through an
appropriate spectral window and the light intensity at the end of the linear waveguide was used to
determine the resonance wavelength. This process was serially repeated for each ring in the array, and

the resultant shifts in resonance were recorded as a function of time.
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The resonances supported by the microring resonator sensors meet the following mathematical

condition:
mA = 27l Neft

where m equals a non-zero integer, 4 is the wavelength of propagating light supported by the microring
resonator sensor, r is the microring radius, and nest is the effective refractive index sampled by the
optical mode. Light is confined in the waveguide by total internal reflection resulting in an evanescent
field extending only a short distance from the surface of the microring sensor. Biomolecular binding
events within the region leads to a change in the resonant wavelength of the cavity, which is monitored
by the optical scanning instrumentation. The binding of biomolecules results in a resonance shift to

longer wavelengths: a positive shift that is listed in units of A picometers (Apm).

Surface functionalization

Surface functionalization was performed using one of two protocols: manually spotting by hand
or automated microspotting.

Manual spotting was used in validation experiments and for obtaining calibration curves. Prior to
chip functionalization, chips were cleaned with a piranha solution (70% sulphuric acid/30% hydrogen
peroxide) for 30 seconds at 60 °C. CAUTION: Piranha solution reacts vigorously with organics and
should be handled with care. Then, the chips were rinsed with water and dried with nitrogen. Once
dried, chips were immersed in acetone for 2 minutes, followed by the surface silanization with a 5%
APTES solution (diluted in acetone) for 4 minutes. After silanization, the chips were immersed in
acetone and isopropanol for 2 minutes each. All steps were completed with continued shaking. Chips
were rinsed with water and nitrogen dried to complete the silanization process. Next, 20 pL of a freshly
prepared BS3 solution (2.85 mg mL™" in 2 mM acetic acid) was placed on the microring array for 3
minutes. BS3 served as the linker between the amine groups of the silanized surface and the amino-
functionalized nucleic acid capture probes. After BS3 incubation, the chips were dried with nitrogen,
and the final step consisted of spotting approximately 0.26 pM of 200 M 5" amino functionalized DNA
capture probes onto discrete microring sensors. The chips were then left to incubate for at least 4 hours

in a humidity chamber.
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Automated microspotting was used to create sensor arrays for the cross reactivity studies and
clinical sample profiling. This procedure was similar to manual spotting conditions with the only
differences being the use of a 1% APTES solution, a lower concentration of BS3 (1 mg mL™), and a
lower concentration of the DNA capture probes (100 uM).

Reverse transcription-asymmetric PCR amplification

Reverse transcription reactions were conducted using a TagMan microRNA Reverse
Transcription Kit. Each 15 pL reaction volume contained 4.16 pL of nuclease free water, 1.5 uL of 10X
RT buffer, 1 pL of Multiscribe™ RT enzyme (50 U pL ™), 0.19 pL of RNase inhibitor (20 U uL™),
0.15 uL ANTP mix (100 mM), 5 uL. of RNA sample (10 ng of RNA in the case of patient samples) and
3 pL of the reverse transcription primer. The concentration of the stem loop primer was 20 pM for all
experiments, except for the data presented in Figure 2-2 where 200 uM was used. The thermal profile
was completed following the manufacturer's protocol: 16 °C (30 min), 42 °C (30 min), and 85 °C (5

min).

Asymmetric PCR was performed using the Platinum Multiplex PCR Master Mix. Each 50 puL
reaction volume was composed of 14 puL nuclease free water, 25 pL of Platinum® Multiplex PCR
Master Mix, 5 puL of each primer and 1 uL of the reversed transcription product. The concentration of
the forward primer (the limiting primer) was 2 uM while the concentration of the reverse primer was
200 uM. The reactions were incubated at 95 °C for 2 min, followed by cycles of 95 °C for 30 s, 56 °C
for 1 min 30 s, and 72 °C for 1 min.

Sample introduction and fluidic handling

For hybridization experiments, the 50 uL PCR reaction volume was diluted with 350 pL of
hybridization buffer and then subjected to the fluidic handling recipe outlined in Table 2.2.

Data analysis

Data was analyzed with Origin Pro 9.0 and completed in three steps: (1) calculation of the

hybridization response; (2) determination of C(t) values; and (3) compilation of heat maps.

To calculate the hybridization response, sensor traces were first corrected for temperature and

instrumental drift by using a series of reference sensors that were not in contact with the sample solution.
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Resonance shifts from aPCR product hybridization were calculated by subtracting the baseline buffer
signal (resonance shift) at 5 minutes from the post-hybridization response (22 minutes). The shift from
off-target control sensors was then subtracted from the response from miRNA-specifically-

functionalized sensors.

Threshold cycle [C(t)] values were determined by plotting the net resonance wavelength
shifts versus the PCR cycle number for every target (Figure 2-2). C(t)s were calculated in one of two
ways: by either determining the point at which the second derivative of the logistic fit equaled zero
(second derivative method), or the point at which 40% of the maximal signal was as the cycle number
that achieved 40% of the maximum signal (linear thresholding). C(t) values were found to be linear with

input miRNA concentration for all targets (Figure 2-4).

To compare relative expression levels of multiple miRNAs from primary tumor samples, a heat
map was produced by subtracting C(t) values for each miRNA measured from the primary samples
from a commercial “healthy” brain total RNA sample (Thermo Fisher). The resulting values are plotted
in Table 2.4 using a log 2 scale. Positive values represent higher expression in tumor tissue and negative

values represent lower expression in tumor tissue, relative to healthy.
Cross-reactivity experiments

To probe the specificity of the capture probes, reverse transcription followed by 20 cycles of
asymmetric PCR was carried out using 200 nM dilutions of all eight target miRNAs. The resulting
products (50 pL) were diluted in 350 pL of hybridization buffer and flowed across the surface following
the recipe described in Table 2-2.

3. Results and discussion

The overall workflow for this analytical scheme is shown in Figure 2-1. After isolation of total
RNA, uniquely-designed, sequence-specific stem loop primers were used to reverse transcribe (RT)
miRNAs into cDNAs.?® RT products were then amplified via asymmetric PCR to generate single-
stranded targets that were flowed across microring resonator arrays for label-free, hybridization-based
detection. PCR primers were designed such that the limiting primer targeted the microRNA-specific
region of the RT product. The primer used in excess (100x) targeted a universal region common to each
target-specific stem-loop probe. Importantly, the same excess primer could be used for the entire panel
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of miRNA targets. As illustrated in Figure 2-1, dsDNA is produced until the limiting PCR primer is
exhausted, after which point additional thermal cycles create sSDNAs by extending only from the
remaining excess primer. After aPCR, the product was diluted into a high stringency hybridization
buffer and flowed across a sensor array for label-free, hybridization-based detection. The transition from
duplex to single-strand production is dependent upon target concentration and thus directly proportional
to the initial concentration of the miRNA target in the sample. The concentration of single stranded
DNA product after a defined number of cycles therefore also is directly proportional to the amount of
mMIRNA in the initial solution. In this way, the combination of stem loop primers, aPCR, and silicon

photonic microring resonators can be used to performed multiplexed miRNA expression profiling.

To validate this approach, primer sets, including target-specific stem-loop sequences, were
designed for eight miRNAs (sequences provided in Table 2-1). Using synthetic miRNAs RT was first
performed, followed by aPCR for defined numbers of thermal cycles. After aPCR, the resulting
amplicon-containing solution was flowed across microring sensors presenting a capture
sequence. Figure 2-2A shows the resonance shifts for the detection of a representative target (let-7f)
across a range of input concentrations as a function of cycle number. Each of the concentration-
dependent resonance shift data sets was fit with a logistic function for clarity. Higher concentrations of
let-7f give observable resonance shifts at as few as 15 cycles with lower concentrations requiring larger
numbers of cycles. That is to say that logistic functions for lower concentrations were shifted to higher
cycle numbers. In this way, the onset of sSDNA production and microring hybridization response was
dependent upon input miRNA concentration.

To enable quantitation of MiRNA concentrations, we explored two different approaches to assign
a numerical threshold cycle value associate with the hybridization response. This is analogous to C(t)
values from conventional RT-gPCR analysis,* and we have adopted the same naming convention. Our
first approach involved assigning C(t) as the value at which the second derivative of the logistic function
equaled zero. A second approach involved determining the C(t) value at which 40% of the maximal
shift was observed via interpolation of the linear response region. The resulting calibration curves
relating concentration to C(t) values determined via both the 2nd derivative and linear thresholding
methods for a representative target miRNA, let 7-f, are in good agreement, as shown in Figure 2-2B.
Notably, both show dynamic ranges in excess of six orders of magnitude in target concentration. For

the second derivative method, error bars come from the logistic fit parameter estimate variance. For the
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linear thresholding approach, error bars were generated by propagating the error from measurements
from the array of technical replicate sensors. Similar calibration curves were obtained for the other

mIRNA targets in the multiplexed panel (Figure 2-4).

Target specificity is obviously of high importance in miRNA analysis. In order to test specificity
of this combined aPCR and microring resonator method, RT-aPCR amplification was performed
separately for each of the eight targets with each amplicon-containing solution flowed over an array of
microring sensors functionalized with capture probes against each specific target. As shown in Figure
2-3, hybridization responses are only observed for sensors functionalized with the appropriate sequence-

specific capture probes, demonstrating a high degree of specificity.

Following the validation and calibration of this approach, we applied it to the simultaneous
profiling of eight miRNA targets from total RNA extracted from twenty primary surgical brain tumor
specimens, as well as a commercial “healthy” brain total RNA sample. RT followed by aPCR at defined
cycle numbers was performed before hybridization analysis on the multiplexed microring sensor array.
Data from the healthy total RNA sample and a representative glioma specimen (Subject A) are shown
in Figure 2-5A and B, respectively, as a function of cycle number. C(t) determination was achieved via

the linear thresholding approach.

For visual comparison of relative fold changes® between the miRNA expression levels in the
twenty brain tumor samples relative to the healthy control, the sensor responses were compiled into a
heat map, shown in Figure 2-6. Differential miRNA expression is observed across the data set with
some miRNAs showing higher expression (red) and others lower abundance (blue). Tumor samples are
clearly heterogeneous and so it is important not to draw too substantial conclusions from this initial data.
However, there are several observations that are at least partially consistent with literature precedent.
For example, miRs-10b, 155, and 222 have been reported to be upregulated in some gliomas.**3? By
contrast, miRs-34a and 29a have been reported as downregulated, again, in some gliomas.®*** Larger
scale miRNA expression profiling efforts might help identify important biomarkers with diagnostic
utility for some tumor specimens/subtypes and the described microring resonator approach, coupled
with aPCR, is a potentially valuable method for measuring targeted miRNA panels form larger research

subject cohorts given the inherent scalability of the technology.
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4. Conclusions

In summary, the integration of asymmetric PCR and silicon photonic microring resonator arrays
resulted in the successful profiling of miRNAs from surgical glioma specimens with expression levels
consistent with literature precedent. This approach leverages aPCR to selectively amplify miRNA
targets using a new stem loop primer approach while enhancing multiplexing capacity over traditional
gPCR methods through the use of label-free hybridization detection on using microring resonator arrays.
We describe two methods for analyzing the hybridization responses as a function of cycle number and
demonstrate that the conversion from duplex to single-strand amplification correlates with input target
concentration. Importantly, this integrated approach is promising for targeted panel-based miRNA
diagnostic approaches that continue to gain traction for applications in large cohort biomarker discovery.
Future work that integrates together thermocycling with real-time, on-line hybridization measurements
using sensor arrays could substantially lower reagent consumption and input requirements for

multiplexed miRNA expression profiling.
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Figure 2-1. (A) Overview of the combined aPCR-microring assay. Isolated RNA is reverse transcribed
and asymmetrically amplified to single strand products that are detected via hybridization onto the
sensor array. (B) Schematic illustration of reverse transcription using stem loop probes and aPCR
amplification. (C) Plot showing DNA amplification as a function of increasing cycle number. Double-
stranded product is made until the limiting primer is consumed, after which further cycling yields single-
stranded products. (D) Resonance wavelength shifts are only detected after the transition to single-
stranded production, which allows amplicons to hybridize to capture sequences arrayed onto unique
microring sensor elements.
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Figure 2-2. (A) Resonance wavelength shifts for various concentrations of let-7f as a function of cycle
number. Error bars are the standard deviation from n > 8 microrings. Each cycle-dependent trace is fit
with a logistic function. (B) Concentration-dependent calibration curves for let-7f determined using both
the 2nd derivative and linear thresholding methods.
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TABLES

Table 2-1. Summary of nucleic acid sequences.

Sequence

hsa miRNA-let7f

UGAGGUAGUAGAUUGUAUAGUU

hsa miRNA-219

UGAUUGUCCAAACGCAAUUCU

hsa miRNA-10b

UACCCUGUAGAACCGAAUUUGUG

hsa miRNA-29a

UAGCACCAUCUGAAAUCGGUUA

hsa miRNA-335

UCAAGAGCAAUAACGAAAAAUGU

hsa miRNA-124a

UAAGGCACGCGGUGAAUGCC

hsa miRNA-222

AGCUACAUCUGGCUACUGGGUCUC

hsa miRNA-34a

UGGCAGUGUCUUAGCUGGUUGU

hsa miRNA-155

UUAAUGCUAAUCGUGAUAGGGGU

Conserved Stem Loop Primer

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG
GAT... miRNA specific overhang

miR-let7f SLP overhang AACTATAC
miR-219 SLP overhang AGAATTG
miR-10b SLP overhang CACAAATTC
miR-29a SLP overhang TAACCG
miR-335 SLP overhang ACATTTTT
miR-124a SLP overhang GGCATTC
miR-222 SLP overhang GAGACCC
miR-34a SLP overhang ACAACCA
miR-155 SLP overhang ACCCCT
Conserved reverse primer GTGCAGGGTCCGAGGT
miR-let7f PCR forward primer CGCGCTGAGGTAGTAGATT
miR-219 PCR forward primer CGCGTGATTGTCCAAACG
miR-10b forward primer GCGTACCCTGGTAGAACC
miR-29a forward primer CGCTAGCACCATCTGAAAT
miR-335 forward primer CGCGTCAAGAGCAATAACG
miR-124a forward primer CGTAAGGCACGCGGT
miR-222 forward primer CGAGCTACATCTGGCTACT
miR-34a forward primer GCGTGGCAGTGTCTTAGC

miR-155 forward primer

CGCGTTAATGCTAATCGTGAT

Table 2-2. Details on fluid flow conditions.

Step Sequence Duration (min)
Hybridization
buffer 20 S
RT-PCR 20 15
product
Hybridization
buffer 20 S
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Table 2-3. Patient information.

Patient Sample | Gender | Age Cancer type
1 M 62 Glioma — grade IV
2 M 42 Glioma — grade IV
3 M 47 Glioma — grade IV
6 F 52 Glioma — grade Il
7 F 67 Glioma — grade IV
9 F 75 Glioma — grade IV
10 F 29 Glioma — grade llI
12 F 48 Glioma — grade IV
16 F 37 Glioma — grade Il
18 F 35 Glioma — grade Il
20 M 26 Glioma — grade IV
23 M 38 Glioma — grade IV
24 F 67 Glioma — grade IV
25 M 25 Glioma — grade Il
26 F 27 Glioma — grade Il
28 M 30 Glioma — grade llI
29 M 51 Glioma — grade IV
31 F 63 Meningioma — grade |
32 F 69 Glioma — grade IV
33 F 74 Meningioma — grade |

Table 2-4. Fold changes presented in heat map (log2).

Patient | let miR- miR- miR- miR- miR- miR- miR- miR-
1 0.83 0.68 -0.92 -1.18 -2.76 -1.81 -1.19 -1.78 -1.27
2 0.73 0.55 0.09 0.05 0.12 -0.7 0.61 3.02 0.08
3 0.8 0.88 -0.14 -0.27 0.91 2.42 0.71 1.45 0.07
6 - 0.7 -1.65 -2.97 -0.08 0.73 0.53 1.7 0.07
7 -3.1 | -2.95 -2.63 -2.44 0.11 1.29 0.27 8.05 -6.21
9 - -3.72 -3.31 -2.62 -0.02 1.96 -0.01 1.87 0.07
10 - -1.35 -2.89 -2.51 -1.89 1.03 -0.3 0.04 0.1
12 -2.6 0.23 -2.22 -0.74 0.81 2.98 0.84 2.67 -0.03
16 - -0.43 -1.8 -2.85 -2.02 1.68 0.05 2.07 -2.25
18 1.21 1.43 1 1.66 1.51 3.6 2.86 4,32 -0.68
20 2.35 3.76 3.9 1.15 417 8.02 6.86 9.44 1.95
23 3.36 5.68 5.42 2.1 6.3 9.08 8.14 11.67 0.91
24 0.73 0.94 1.08 0.76 2.09 3.7 3.79 3.9 -2.51
25 0.69 1.46 1.38 0.88 2.23 3.14 1.54 3.15 -7.03
26 0.99 1.23 1.19 0.61 0.97 -0.38 -1.24 0.86 -6.44
28 2.73 5.46 1.97 0.32 6.23 8.51 3.54 6.45 5.05
29 0.11 0.83 0.17 2.35 -0.51 3.73 4.32 7.05 -4.29
31 1.94 1.68 2.6 -1.37 -1.76 4.4 5.38 9.48 -1.73
32 1.33 0.98 1.16 -2.98 0.31 459 -0.13 6.27 -3.55
33 0.37 0.86 0.83 -1.21 -11 4.38 5.01 7.85 -1.36
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CHAPTER 111

Combining asymmetric PCR-based enzymatic amplification with silicon photonic
microring resonators for the detection of IncRNAs from low input human RNA samples
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Abstract
A method for quantifying biologically relevant long-non-coding RNAs by combining nucleic acid
amplification via asymmetric polymerase chain reaction (PCR) with label-free PCR product
detection using silicon photonic microring resonator arrays is described. This approach eliminates
the need for fluorophores, which presents a limit for spectral multiplexing in conventional gPCR
methods, and rather offers potential for much higher levels of plexity by spatially arraying capture
probes. Here, we demonstrate the potential of this technique to detect two differentially expressed
IncRNA transcripts and an internal control mRNA transcript in different commercial human tissue
specimens, as well as in a glioblastoma cell line using only nanogram input amounts of total RNA.
The obtained results were validated using single-plex RT-qgPCR and found to be in good

agreement, demonstrating the potential of this technique for IncRNA quantification applications.

1. Introduction

In recent years increased attention has been given to multiplexed biomolecular analysis
because of its potential to revolutionize areas of human health, such as disease diagnosis and
therapeutic selection. The discovery of potential biomarkers for different diseases has been one of
the main drivers in the development of multiplexed diagnostic analysis. Among the different types
of biomarkers, RNA molecules have risen in importance thanks to the use of next generation
sequencing and the resulting insights in cell signaling regulation.® Furthermore, accumulating
reports noting the differential expression of non-coding RNAs (ncRNAS) in disease suggest that
they may also emerge as diagnostic biomarkers for a number of diseases.?

Though having profound regulatory effects at the levels of transcription and translation,
ncRNAs do not encode for proteins. ncRNAs are commonly divided into two major groups based
on their length: small non coding RNAs, which include Piwi-interacting RNAs, small-interfering
RNAs and microRNAs; and long non-coding RNAs, IncRNAs, which are defined as those longer
than 200 nucleotides.® Since the discovery of the first well-studied IncRNA, H19,* many additional
IncRNAs have been identified that affect diverse biological functions.>~" For example, in cancer

IncRNAs can support both tumor suppressive and oncogenic functions.®*®

It has been suggested that multiplexed IncRNA-based diagnostics revealing differential,
disease-specific expression in cancers such as glioma might provide valuable information

regarding subtype and malignancy in these tumors.'®!* One study, based on in silico analysis of
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data from The Cancer Genome Atlas, identified a signature of six INcRNAs that might be predictive
of survival in patients with glioblastoma. Another report utilized microarray data to subtype and
grade of glioma based on IncRNA signatures. Importantly, this study showed that from an initial
large pool of potential INcRNA biomarkers (~2,000 potential IncRNA), around 25-50 targets held
diagnostic significance. This example, which is supported by other biomarkers studies, places an
impetus on developing moderately multiplexed approaches to detecting targeted panels of

IncRNAs for clinical diagnostic applications.

To date, the most common approaches to detecting INCRNA expression have been based
upon RT-gPCR, hybridization assays such as microarrays, and RNA sequencing.?® While these
techniques are generally robust, sensitive, and, in the case of RNA sequencing, allow for the
discovery of new INncRNAs, each has limitations for the realization of panel-based diagnostics in
the clinical laboratory settings. RT-gPCR-based approaches typically only detect a single target
per sample. Microarrays detect many targets, but are laborious and often only qualitative. RNA
sequencing has become commonplace for IncRNA discovery and expression profiling; however,
it is still prohibitively expensive for studies looking at large numbers of clinical samples, and also
requires extensive bioinformatic data analysis. Therefore, there is an opportunity for the
emergence of new biosensing technologies to fill this void by offering moderately multiplexed,

targeted INcRNA detection capabilities that are quantitative, robust, and cost-effective.

In response to this challenge, we have developed a silicon photonic microring resonator
technology that is well-suited to the multiplexed detection of targeted biomarker panels. The
specifics of this technology have been previously discussed generally,**> and more relevant to
this work, for label-free RNA analysis.'® The sensing principle is based on the change of refractive
index near the surface of the rings, which occurs when biomolecules selectively bind to receptors
covalently bound to the microring surface. The label-free operation of this technology provides
advantages over those that rely upon fluorescent or enzymatic tags to generate the detectable
signal. Another advantage of this technology is the ability to create spatially-arrayed, high density
sensor arrays, which intrinsically affords the potential for multiplexed detection. The promise of
these sensors for multiplexed analysis has been previously demonstrated for RNA targets;*6-°
however, the limits of detection for these approaches were insufficient for many clinical

applications where sample input is restricted.
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In this manuscript, we report an approach to INCRNA analysis that leverages asymmetric
PCR (aPCR) to selectively produce single stranded DNA (ssDNA) products upstream of label-
free, hybridization-based detection using microring resonator arrays (Figure 3-1). aPCR is based
upon standard PCR; however, an excess of one primer results in the creation of single stranded
products after consumption of all of the limiting primer.2%2! This combination allowed RNA
quantification with a 1000-fold reduction in input RNA, compared to our previous report of MRNA
detection using microring resonators.'® In addition to detecting two IncRNAs, we also included in
the panel an internal control mMRNA sequence. We demonstrated the applicability to detect these
disease-relevant targets from both cultured cells and commercially-obtained human total RNA
samples. We validated this approach by parallel analysis with RT-gPCR and also found that
disease- and tissue-specific relative INCRNA expression profiles were consistent with literature
precedent. Together, these comparisons support the promise of this combined aPCR-microring

resonator approach for multiplexed IncRNA analysis in both clinical and basic research settings.

2. Materials and methods

Materials

All nucleic acid sequences (primers and capture probes) were purchased from Integrated
DNA Technologies (IDT; Coralville, 1A). The TagMan® microRNA Reverse Transcription Kit,
Platinum® Multiplex PCR Master Mix, SYBR® Select Master Mix, 3-aminopropyltriethoxysilane
(APTES) and bis(sulfosuccinimidyl)suberate (BS3) were purchased from ThermoFisher. All
buffer dilutions, DNA primer reconstitution, and DNA primer dilutions were prepared in nuclease-
free Ultrapure distilled water (Invitrogen). Phosphate-buffered saline (PBS) was obtained from
Lonza and was used in the reconstitution of the oligonucleotide capture probes. A high stringency
hybridization buffer was made in 50 mL batches containing 15 mL of formamide (Fisher), 1 mL
10% sodium dodecyl sulfate (Fisher), 10 mL 20X saline-sodium phosphate buffer (Invitrogen), 6
mL 0.25 M ethylenediaminetetraacetic acid (Invitrogen) and 2.5 mL 50X Denhardt’s solution

(Invitrogen).
RNA sample preparation

Total RNA was extracted from GBM6 cell lines lysates with a miRNeasy® Mini Kit

(Quiagen) using manufacture’s protocol. After extraction, total RNA was assessed for purity and
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quantity using a Nanodrop UV—vis spectrometer and stored at —80°C until further use. Brain and
Lung Reference total RNA samples were obtained from ThermoFisher and stored at -80°C until

further use.

Amplification primers and capture probe design.

Specific primers and capture probes for the amplification and detection of the human
IncRNAs MALAT1 and KIAAO0495, and the internal control B-actin, were designed using
sequence annotations from Genbank (NCBI) and the Primer-Blast platform (NCBI). Secondary
structures were visualized using the Dinamelt web server.?? Sequences of the primers and capture

probes are listed in Table 3-1.

Silicon Photonic Microring Resonator Instrumentation

Microring sensor arrays and sensor scanner equipment were purchased from Genalyte, Inc.
(San Diego, CA), and the detection instrumentation and method has been described previously.'%°
Sensor arrays were fabricated on silicon-on-insulator wafers by photolithography and standard
etching techniques. After etching to define the microrings, a polymer cladding was deposited
across the entire substrate and then selectively etched to expose active sensor rings. Four
microrings remaining occluded and served as controls for thermal drift. The final sensor chips
were diced to 6 mm x 4 mm and each contain 132 individually-addressable microring resonator
sensors. For sensing experiments, the chips are loaded into a fluidic cartridge with a Mylar gasket
and Teflon lid directing solution flow across the array in two separate channels. There are 64 active
sensors in each channel. Fluid flow is controlled by integrated syringe pumps under software

control.

Surface functionalization of the microring resonators

Sensors were first silanized with a 5% APTES solution in acetone for 4 min followed by
successive two-minute rinses in acetone and isopropanol. These steps were completed with
continuous shaking. Chips were then rinsed with water and dried under a stream of nitrogen. Next,
20 pL of a freshly prepared BS3 solution (2.85 mg/mL in 2 mM acetic acid) was pipetted onto the
microring array and allowed to react for 3 minutes, followed by drying under a stream of nitrogen.

The final step of functionalization involved spotting approximately 260 nL of 200 uM solutions
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containing 5’-amino functionalized DNA captures probes onto discrete microring sensors. The

chips were then incubated overnight in a humidity chamber.

Reverse transcription—asymmetric PCR

Reverse transcription reactions were performed using the TagMan microRNA Reverse
Transcription Kit. Each 15 pL reaction volume contained 4.16 uL of nuclease free water, 1.5 pL
of 10x RT buffer, 1 uL of Multiscribe™ RT enzyme (50 U/ pL), 0.19 uL of RNase inhibitor (20
U/ pL), 0.15 pL ANTP mix (100 mM), 5 uL of RNA sample (40 ng RNA total), and 3 pL of reverse
transcription primer. The concentration of the reverse primer was 200 uM when only one transcript
was reversed-transcribed and 66 pM when three transcripts were reverse transcribed. The thermal
profile was completed following the manufacturer’s suggested protocol: 65° C (5 min), 4° C (2

min), 42° C (30 min), and 85°C (5 min).

Asymmetric PCR was performed using the Platinum® Multiplex PCR Master Mix. Each 50
pL reaction volume was composed of 14 pL nuclease free water, 25 pL. of Platinum® Multiplex
PCR Master Mix, 5 uL of each primer, and 1 pL of the reversed transcription product. The
concentration of the forward primer (limiting primer) was 2 uM while the concentration of the
reverse primer (excess primer) was 200 uM. The reactions were incubated at 95° C for 2 min,
followed by cycles of 95° C for 30 s, 58° C for 45 s, and 72° C for 30 s. To profile the amplification
process, PCR samples were taken from the thermocycler at different cycle numbers (i.e. every two

cycles or every five cycles).

Sensor fluidics and sample introduction

PCR samples (50 pL) were diluted in 350 pL of the hybridization buffer described in the
Materials section. Hybridization of the amplified products was carried out at room temperature by
flowing solutions across the chip surface at a rate of 20 pL/min for 13 min. After the hybridization
of each cycle sample, the chip was rinsed with the hybridization buffer for 2 min before
introduction of the next sample of successively higher cycle number. The full hybridization assay

protocol is provided in Table 3-2.

Quantitative PCR

Real-time quantitative PCR (RT-qPCR) was performed using a 7900HT Fast Real-Time

PCR system (Thermo Fisher) using the RT protocol described above. Each reaction contained 5.6
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uL of nuclease free water, 10 uL of SYBR® Select Master Mix, 2 uL of each primer (2 uM) and
0.4 uL of the reverse transcription product. The reaction was initiated at 95° C for 2 min, followed
by 40 cycles that included 95° C for 15 s followed by 58° C for 1 min. Threshold cycle (Ct) was
automatically determined by the provided software.

Data analysis

The microring response was analyzed using OriginPro8 (OriginLab, Northampton, MA). The
net shift signal from specific rings was corrected for temperature and instrument drift by
subtracting the signal of thermal control rings from the active rings functionalized with DNA
capture probes. The data for every target in each sample was detected and averaged using between

8 and 16 replicate microrings on a single chip.
3. Results and discussion

In this study, we used asymmetric PCR to amplify two long non-coding RNAs and quantify
expression levels within three different RNA samples using a label-free microring resonator
detection platform. The schematic of the assay is shown in Figure 3-1. In this assay, INCRNAs
from different RNA samples were reversed transcribed using the target specific primers listed in
Table 3-1. After reverse transcription, asymmetric PCR was used to selectively produce ssDNA
at cycle numbers that are proportional to the initial concentration of the target within the sample
of interest. In asymmetric PCR one of the primers is in a limiting concentration so that when all of
the limiting primer is consumed, exponential amplification transitions to linear amplification
creating ssDNA from the excess primer.2%2t The resulting sSDNA product can then be detected by
hybridization to complementary capture probes covalently attached to the surface of microring

resonators.

With this assay, we aimed to mimic the quantification process of qPCR, so we collected
asymmetric PCR samples after varying numbers of thermal cycles. In the case of conventional
gPCR, double stranded DNA is detected by the addition of SYBR dyes® and fluorescence
intensity increases upon double stranded DNA (dsDNA) accumulation. The fluorescent intensity
is plotted against increasing PCR cycle number and expression profiles can be calculated based on
the cycle at which fluorescent signal begins. With the aPCR-microring system, we quantitate

ssDNA accumulation instead of dsSDNA. Resonance wavelength shifts increase upon hybridization

64



of increasing concentrations of generated sSDNA, which occurs only after the transition from
exponential dSDNA generation to linear amplification upon limiting primer consumption (Figure

3-1B). As a result, quantitation occurs at higher cycle numbers than traditional gPCR.

An important step in the optimization of this approach was the design of primer pairs and the
resulting PCR products to avoid targeting regions of extensive secondary structure, which would
preclude primer or capture probe hybridization. Primer-BLAST?® was used to analyze secondary
structures of IncRNAs to identify regions optimal for primer targeting. Following primer design,
the secondary structure of the resulting amplicon was modeled using the Dinamelt web server? to
ensure that has minimal secondary structure at sequence regions targeted by surface capture
probes. Examples of amplicon secondary structure analysis and effects of optimization are
provided in the Supplemental Information (Figures 3-2 and 3-3). In particular, Figure 3-3 shows
that the hybridization response for the optimized B-actin amplicon was improved through this
secondary structure-based refinement approach. Following design and optimization, all of the
primer pairs were validated using gel electrophoresis to ensure that they selectively produce a

single band of appropriate size (Figure 3-3).

With primer pairs for the INCRNA targets in hand, we next proceeded to assess the specificity
of detection to capture probes arrayed on the sensor chip surface. Four capture probes were spotted
onto microrings in each channel of the sensor chip as indicated in Figure 3-4. Next, RT-aPCR was
separately performed for each target using the healthy brain RNA reference sample. An initial
input of 40 ng RNA was used for the RT, followed by 45 aPCR amplification cycles. Each aliquot
of the sample, amplified using a single target-specific primer pair, was flowed separately across
the functionalized sensor array. As shown in Figure 3-5, large positive resonance shifts were
observed upon hybridization to ssDNA amplicons to sequence-specific capture probes with

minimal non-specific binding.

After verification of aPCR primer sets and sequence specificity for hybridization-based RNA
detection, an approach for determining relative target expression was developed. As opposed to
smaller targets, such as microRNAs, synthetic target probes cannot be readily synthesized for
IncRNAs and therefore we chose to use the commercially obtained healthy brain RNA sample as

reference material. RNA targets were separately amplified with primer sets for defined numbers
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of cycles and then flowed across the sensor array sequentially with hybridization buffer steps in
between. By introducing each amplicon-containing sample as a function of cycle number and
increasing hybridization response was observed as each sample of increasing cycle number was
flowed. Samples were analyzed every 2 cycles between 30 and 40. No detectable hybridization
response was observed at cycle numbers below 30, and signal saturation was achieved beyond 40
cycles under the chosen sample dilution conditions. Samples were flowed across the sensor array
for 13 mins allowing for hybridization. The chip was then washed for 2 minutes with hybridization
buffer, after which the relative resonance wavelength shift was determined. Responses from
control rings were subtracted from the signal of target specific rings (Figure 3-6A, red trace). After
the buffer rinse, the next higher cycle number sample was flowed across the array. A representative
real-time hybridization response for the detection of the INCRNA KIAA0495 is shown in Figure
3-6A with data representing the average 16 replicate microring measurements simultaneously

made on a single chip.

Similar to traditional qPCR analysis, the resulting calculated net shift induced by sSDNA
hybridization was plotted versus the PCR cycle number to enable relative quantitation, as shown
for KIAAQ0495 in Figure 3-6B. In order to compare expression between samples, we determined
a cycle threshold (C(t)) value, again analogous to gPCR.?* To achieve this, the cycle number
corresponding to 40% of the maximum resonance shift at high cycle numbers was extrapolated
and assigned as the C(t) value from a given sample. Forty percent of the maximum signal was
chosen because it was significantly above the noise of the baseline (signal obtained at lower cycles

where no DNA is detectable) and also well below saturation.

Having established a method for C(t), which is related to the concentration of a given
IncRNA within an unknown sample, we demonstrated the applicability of this combined approach
to determine differential expression of these targets in multiple human-derived samples. Samples
included two commercially available pooled healthy total RNA samples from brain and lung
tissue, and total RNA extracted from a patient-derived xenograft glioblastoma cell line (GBM6).
Given their roles in brain cancer, two InCRNAs of potential disease relevance were chosen.
KIAA0495/PDAM has been shown to act as a tumor suppressor in oligodendrioglioma.?®
MAVLATL1 (metastasis associated lung adenocarcinoma transcript 1), is a IncRNA that has been
studied in different tumors.?® MALAT1 was first studied in the context of NSCLC (non-small cell
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lung cancer cell) where it was found that higher expression of the IncRNA correlated with elevated
metastasis.?’ In glioblastoma, however, MALAT1 can act as a tumor suppressor.?® We also
developed primer sets and a capture probe for $-actin, which was used as an input control to correct

for any sample processing variability.?®

Hybridization response versus cycle number was measured for these three RNA targets in
each sample as described above. Following control subtraction, real-time resonance wavelength
shifts are shown in Figure 3.7. C(t) values (Table 3.3) were determined from the amplification
curves presented in Figure 3.8 and were used to contextualize differences in RNA expression
between samples. The internal control, B-actin, was used to normalize the results and correct for
initial input of RNA and other variabilities. Expression differences between both IncRNA targets
in healthy brain and lung samples were small, and consistent with RT-qPCR measurements, as
shown in Figure 3.9A. Both MALAT1 and KIAA were found at slightly lower levels in lung tissue
relative to brain, which is consistent with expression values available through the EMBL-EBI
Expression Atlas®® (KIAA is indexed as TP73-AS1). Comparison of the GBM6 cell line with
healthy brain tissue was more interesting, as INCRNAs have been shown to be differentially

expressed in cancer.3!

Considering INcRNA expression in the GBM6 xenograft cell line, Figure 3.9B again shows
consistency between the aPCR- microring and conventional RT-gPCR measurements. KIAA
shows minimally higher expression in GBMG6 cells compared to healthy brain tissue. However,
MALAT1 shows significantly lower expression in the GBM6 sample. This result is interesting
given that this INcRNA has previously been found to be downregulated in glioblastoma samples.?
Moreover, while the expression of MALAT1 in GBM 6 cells has not been previously reported, the

downregulation of its tumor suppressive actions would be consistent with a malignant phenotype.
4. Conclusions

Given the continuing emergence of IncRNAs as important regulatory elements
associated with many disease phenotypes, the development of analytical methods to
characterize their expression from clinically-relevant samples is of high importance. We
have demonstrated an integrated analysis approach for multiplexed detection of InNcRNAs

that leverages the ability for sequence-specific target amplification via asymmetric PCR
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and label-free, spatially-multiplexed hybridization-based detection using silicon photonic
microring resonators. We report the design of specific primer sets for the detection of two
IncRNAs and found that expression levels determined from healthy brain and lung tissue,
as well as a patient-derived xenograft model of glioblastoma, were consistent with both
conventional, single-plex RT-gPCR and literature precedent. We also designed primer sets
for B-actin mMRNA, which was used as a control to normalize for differences in input—a
step important for applications with clinical samples. While this proof-of-principle study
focused on a detailed discussion of the probe design and validation process for two targets,
the multiplexing capacity of microring resonators makes this overall approach suitable for
simultaneously probing many more IncRNAs from single samples in the future. Expanded
IncRNA panels probed using this approach in the future might reveal new biomarker
signatures as well as new fundamental insights into INcCRNA actions in disease onset and

progression.
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FIGURES

A. Reverse Transcription B. Asymmetric PCR

RT primer cDNA
<
il <— 0 15 30 45
cycles cycles cycles cycles
"""""" — — ————
dsona € <« B
production >. - 2 —
cDNA oNA T e 2es
-— s < €
production —
—<

C. Sample collection and ring hybridization

300

B - = B - B o

)5 a0, ssDNA signal
L N —— 8, increases with
PCR samples at P _ cycle number

different cycles

ShAt {apm)

b 8 10 15 40 a8 30
 Ep—

Ring hybridization

Figure 3-1. Schematic outline of the overall assay for INCRNA detection including (A) reverse
transcription, (B) asymmetric PCR, and (C) label-free, hybridization-based detection with

microring resonator arrays.

69



Figure 3-2. Secondary structures of amplified regions obtained using the DinaMelt Web Server.
The region that binds to the capture probe is highlighted with a red square. (A) B-actin amplified
region will not bind to complimentary capture probes due to excessive secondary structure. (B) -
actin amplified region after primer redesign that enables surface binding. (C) KIAA0495 amplified
region with minimal secondary structure. (D) MALAT1 amplified region with minimal secondary

structure.
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Figure 3-3. Comparison of B-actin PCR product binding with and without optimized primer
design. The red trace shows improved binding when using the optimized primer sets (predicted
structure shown in in Figure 3.2b). The black trace shows data obtained using the PCR amplicon
with a high degree of secondary structure (Figure 3.2A). At t = 5 minutes, the solution was
changed from hybridization buffer to the amplicon-containing solution, then returned to
hybridization buffer at t = 20 minutes. The larger positive resonance shift confirmed improved
amplification with new primer design.
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Figure 3-4: Agarose gel electrophoresis (2% agarose; SYBR Gold Stain) used to prove specific
PCR amplification of IncRNAs and B-actin in (A) commercial brain and lung RNA samples; and
(B) RNA isolated from GBM®6 cells.
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Figure 3-5. Verification of capture probe specificity. Each target was amplified individually
in a separate volume of sample and then flowed across a sensor array containing capture
probes for all targets. Large, specific hybridization responses were observed at appropriately-
functionalized microring sensors for (A) KIAA0495, (B) MALATI, and (C) B-actin. Buffer
was initially flowed across the sensor array before the amplicon solutions were introduced at
t=5 minutes. The solution was changed back to buffer after hybridization (t=22 minutes).
Resonance shifts localized only to buffer/sample changes were due to differences in bulk
solution refractive index.

73



120 4
100 - f/}‘_‘-%
E & 80+ —/
a &= i
3= e
= v 60—
[7] e} 4
Q
2 N 40
= ©
o E 1
x S 20
Z 4
n -
-20 b
T T T T T T T T T T T
30 32 34 36 38 40
Time (min) Cycle Number

Figure 3-6. (A) Detection of the KIAA0495 aPCR product from healthy brain total RNA at
different cycle numbers. The amplicon solutions from each cycle number were sequentially
flowed across the sensor array separated by brief returns to hybridization buffer. Real-time
resonance wavelength shifts are shown for microrings functionalized with target-specific (red)
probes. Increasing hybridization responses are clearly observed with increasing cycle
numbers. Error bars represent £ s.d. from n=16 replicate sensors. (B) Normalized
hybridization response for KIAA0495 from healthy brain reference RNA as a function of
cycle number. A C(t) value was assigned as the cycle number corresponding to 40% of the
maximum hybridization response.
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Figure 3-7. Microring traces used to calculate amplification plots in Figure 4. The trace signal
represents the average of at least 8 replicate microrings simultaneously measure on the same chip
minus the off control signal from non-specific functionalized rings. Error bars represent + s.d. for

n=8-16 replicate measurements on the same microring sensor array.
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Figure 3-8. Amplification curves for the IncRNAs and internal control target measured (A)
Healthy brain total RNA, (B) Healthy Lung total RNA, and (C) total RNA extracted from
GBMG6 cells, a glioblastoma patient-derived xenograft sample. Error bars represent * s.d.
from n=8-16 replicate measurements on the same chip.
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TABLES

Table 3-1. Primers (RP, reverse primer; FP, forward primer) and capture probes (CP) used in the
experiments for reverse transcription (RT), asymmetric PCR, and RT-qPCR. Melting temperatures

for primers were calculated using the Primer-Blast platform.

Targeted transcript Sequence (5’ 2 3’) (-[g) Amplicon length
RP (RT GCTGCTTGCTGTACGTGGTG | 62.18
KIAAO495 |—Primer) 178 nt
FP CGTGGCTGACACAAACTTGC | 60.59
cP /SAMMC12/GCTGCTTGCTGTACGTGGTG
RP (RT GTGATGAAGGTAGCAGGCGG | 60.81
MALATL primer) 150 nt
FP ACATATTGCCGACCTCACGG | 60.18
cP /5AMMC12/GTGATGAAGGTAGCAGGCGG
Erﬁ)nggg CATTCCAAATATGAGATGCGTTGT | 58.18 10311t
B-actin FP TGTGGACTTGGGAGAGGACT | 59.81
cP /SAMMC12/CATTCCAAATATGAGATGCGTTGT
OgoTnat‘;gft cP /SAMMC12/CTACAAGTGCCTTCACTGCAGT

Table 3-2. Fluidic handling protocol for the ring hybridization steps.

Step Flow Rate (uL/min) Duration (min)
Hybridization buffer 20 5
RT-PCR product cycle 30 20 13
Hybridization buffer 20 2
RT-PCR product cycle 32 20 13
Hybridization buffer 20 2
RT-PCR product cycle 34 20 13
Hybridization buffer 20 2
RT-PCR product cycle 36 20 13
Hybridization buffer 20 2
RT-PCR product cycle 38 20 13
Hybridization buffer 20 2
RT-PCR product cycle 40 20 13
Hybridization buffer 20 5
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Table 3-3. Calculated gRT-PCR and microring C(t) values from healthy brain, healthy lung and
GBM6 RNA samples. The RNA input for gRT-PCR experiments was 40 ng, and the qRT-PCR

experiments were completed in triplicate.

RNA Target gRT- Rings | qPCR Fold change | Rings Fold change
PCR C(t) (log2)** (log2)**
C(t)
Brain B actin 1740+ | 35.65% - -
0.25 0.32
KIAA0495 21.16+ | 33.09+ - -
0.18 0.19
MALAT1 1577+ | 33.04 = - -
0.46 0.32
Lung B actin 17.40* 35.65* 0+0.39 0+0.82
+0.76
KIAA0495 21.57* 33.44* -0.41+0.25 -0.64 £0.35
+0.29
MALAT1 16.38* | 33.68*+ -0.61+0.99 -0.35+0.96
0.91
GBM 6 B actin 17.40* + | 35.65* 0+0.04 0+0.79
0.04 +0.73
KIAAD495 | 21.36*+ | 32.72* 0.20£0.19 0.32£0.37
0.07 +0.32
MALAT1 19.05* + | 34.90* -2.68 + 0.46 -1.81+0.88
0.05 +0.83

* Corrected signal with internal control

** Healthy brain as reference; Fold Change = C(t)ref — C(t)sample
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CHAPTER IV

Dynamic profiling of miRNA and phosphoproteins in PDX derived cell lines under

different treatments using silicon photonic microring resonators
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Abstract
MicroRNAs are known to be essential regulators of many critical biological processes, and
deregulation of their normal expression patterns have been identified in a host of diseases. Here,
we aim to study changes in microRNA expression patterns in response to targeted treatments using
glioblastoma as a model system. We have identified a panel of eight microRNAs that are known
to play a vital role in glioblastoma progression. Profiling of these targets is completed in cultured
patient-derived xenografts treated with three therapies for differing amounts of time. To compile
expression profiles, RNA was isolated from the samples of interest and subjected to Reverse
Transcription-Asymmetric Polymerase Chain Reaction (RT-aPCR). The RT-aPCR products are
detected by a silicon photonic microring resonator platform, a thoroughly validated and
multiplexable technology. Each microring biosensor chip consists of an array of 32 clusters of
microrings that can be individually functionalized, allowing multiplex detection of RNAs. By
coupling RT-aPCR to the biosensor platform, we can relate the biosensor response to target

expression levels in the sample to achieve the detection of very low amounts of nucleic acids.
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Importantly, we can then use the changes in microRNA expression patterns presented here to

inform treatment efficacy and to design better therapeutics in the future.

1. Introduction

Glioblastoma is the most frequent type of primary brain tumors and one of the most
aggressive cancers. Although a lot effort has been invested in the development of new therapies
and diagnostics, there is not yet an effective cure in the market and the general prognosis is about
15 months of survival after treatment®. The current standard treatment is resection of the tumor
followed by temozolomide, an alkylating agent that adds methyl groups to purine and pyrimidine
in DNA?, However, more than half of the patients are resistant to this drug, and consequently,
researches are trying to develop more personalized therapeutic approaches by matching the patient
molecular profile with the right drug®. The occurrence of GBM is usually associated with mutation
or overexpression of the epidermal growth factor receptor, EGFR, and the phosphatidylinositol 3-
kinase  (PI3K)/Akt/rapamycin-sensitive ~ mTOR-complex (mTOR) pathways®.  The
PI3K/Akt/mTOR is a pathway commonly upregulated in many solid tumors, and it has been

mainly studied in glioblastoma as a susceptible route to target the different treatments.

Due to the difficulty of the extraction of tissue samples from patients, the development of
study models has been crucial in the study of the glioblastoma. The current preclinical
glioblastoma models are divided into three categories: xenografts, genetically engineered mouse
models and syngenic murine models®. In the xenograft models, the human tumor cells are
transplanted under the skin or into the organ of immunocompromised mice. These models are
beneficial to understand the effect of tumor microenvironments on the tumor progression with or
without treatment®. Xenografts can be produced using commercially available Glioblastoma cell
lines (such as U87, U251, T98G, and A172) or using tumors cells directly from the patients, also
known as Patient-Derived Xenografts (PDX). These kind of models have the advantage of
retaining histological and genetic features of the original tumor, and so they could aid to the

development of personalized therapeutic approaches.

Personalized therapeutic approaches are about matching the patient profile with the right
drug. There have been many reports of how miRNA could be used in personalized medicine in

diagnostics, disease progression, or therapeutic effect’. MiRNAs are short noncoding RNA
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sequences of 22 nucleotides involved in the regulation of gene expression®. They function by
binding full or partial complementary mRNA sequences. This recognition produces the binding of
other proteins that cleave the mRNA or destabilize the translation complex. One of the limitations
of using single miRNAs as biomarkers is the lack of specificity with the disease. The regulation
of expression by miRNA is somewhat complicated because one miRNA can target several mMRNAs
and different miRNAs can target the same mRNA?®. It is therefore essential to focus on the
expression analysis of miRNA panels in order to identify signatures that could diagnose the
disease, classify the subtypes or predict the outcome of the therapies!®-13, When studying miRNA
regulation, it is very informative to visualize their expression over time under certain stimuli.
Studies have reported “snapshots” of gene expression under different conditions over the time.
Such is the case of the study published by Susanne Reinsbach et al. where they investigated the
expression of miRNA after the activation of a transcription factor by IFN gamma!4. They
employed different biostatistical approaches to gain insight into the biological network that took
place after the activation. They found that miRNA were more significantly upregulated or
downregulated after 24 hours of treatment, with fold changes larger than 7.0. With the biostatistical

analysis, they were able to discover groups of miRNA that seemed co-regulated.

miRNA are conventionally detected and quantified by northern blots, microarrays, and
gqPCR*>1¢. Also, thanks to the advancements in next-generation sequencing, RNA sequencing has
been more permissive for the quantification and discovery of these transcripts!’. Opposite to other
RNA sequences, miRNAs have some challenges because of their short sequence, their similarity
between miRNAs from the same family and the distinction between pre mature and mature forms.
To overcome those challenges, people have created different strategies®®. For example, in qPCR,
researchers have designed stem-loop probes that contain an overhang to allow hybridization of
miRNA in reverse transcription and provide a more extended sequence for future primer
amplification in PCR*8, Similar to this strategy, our lab combined the stem-loop recognition with
asymmetric amplification (aPCR) in order to produce single-stranded DNA (ssDNA) that could
be bound to capture probes on top of microring resonators'®. This strategy that was described in

chapters two and three was also used in this study for the miRNA expression measurements.

Our study aimed to dynamically profile a panel of miRNA to aid in the identification of

susceptible pathways and targets of glioblastoma. For the profiling, we used two GBM cell lines
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originated from GBM PDX that were exposed to three different protein inhibitors in the EGFR-
mTOR pathway. After measuring the miRNA at different times after inhibitor exposure,
exploratory statistical analyses were performed on the results to identify which of the targets had
more expression variability. The final goal of this study is the ability to identify miRNA signatures
associated with the different treatments, and then, use these signatures to evaluate the effectiveness
of the treatments in the different patients. Future work will be to combine these signatures with

the proteomic signatures to describe therapeutic effect with more precision.

2. Methodology
Materials

Dacomitinib, buparlisib, and dactolisib were purchased from MedChem Express. The nucleic
acid sequences were purchased from Integrated DNA Technologies (IDT; Coraville, 1A). The
sequences can be seen in Table 4-1. The TagMan® microRNA Reverse Transcription Kit and the
Platinum® Multiplex PCR Master Mix were purchased from Thermo Fisher. Nuclease-free
ultrapure water was purchased from Invitrogen. For the hybridization of the amplified sequences,
a high stringency hybridization buffer was made (30 % formamide (Fisher), 0.2 % sodium dodecyl
sulfate (Fisher), 5% 20X saline-sodium citrate buffer (Invitrogen), 30 mM EDTA (Invitrogen),
and 5% 50X Denhardt solution (Invitrogen)).

Cell culture, treatments, and RNA isolation

The GBM PDX cultures were established as in the work of Carlson et al?®. Then, cell cultures
were derived from these xenografts and grown in DMEM media with 10 % fetal bovine serum
(FBS). The cells were only passaged twice before treatment. The treatments consisted of three
molecules: dacomitinib (EGFR inhibitor), buparlisib (BKM120) (PIK3 inhibitor) and dactolisib
(BEZ235) (PIBK/mTOR) inhibitor (Table 4-2). The treatments were dissolved in DMSO and
added to the medium to a final concentration of 1 uM. For this study, we used two controls: DMEM
with 10 % FBS and DMEM with 0.1 % DMSO. The cells for the different treatments were lysed
at Oh, 1h, 12h, 24h and 48h using Cell Lysis Buffer (Cell Signaling Technology) and kept at -80C.
Total RNA was extracted from lysates using a miRNeasy ®Mini kit (Quiagen) using
manufacture’s protocol. Total RNA extracted was quantified using Nanodrop and also checked for
quality.
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Instrumentation and sensing principles

Maverick M1 and microring array substrates were purchased from Genalyte Inc. Details
about the instrument have been described in the previous chapters and elsewhere?>?2, Briefly, the
substrates sensors are 4 mm by 6 mm in size and are fabricated on silicon on insulator wafers by
photolithography and etching techniques. The final sensor array is covered by a fluoropolymer
coating with open windows for the active microring elements. On each sensor, 132 individually
addressable rings can be functionalized in a cluster of 4 microrings for multiplexed analysis.
Grating couplers and waveguides guide the light from a tunable laser on the microring cavities.
Specific wavelengths, known as resonant wavelength, can couple to the rings when the resonant
conditions are met: mA = 2z@rnef; where m is an integer number, A is the resonant wavelength, r is
the radius of the microring (30 um), and nef is the effective refractive index of the microring. The
binding of the molecules to the microrings can be assessed by the evanescent field from the light
coupled to the rings. The change of the refractive index in the surface by the binding events
produces a change in the resonant wavelength, and this is the signal the instrument measures over

time in units of the shift in picometers (Apm).

The instrument is equipped with automatic fluidic handling. The sensors chip are loaded into
a fluidic cartridge with a gasket that directs the flow of the solution across the array in two different

channels. The fluid flow is controlled by integrated syringe pumps under software control.
Reverse transcription and asymmetric PCR

Reverse transcription (RT) and asymmetric PCR (aPCR) were conducted as described in
chapter 2 using a TagMan microRNA Reverse transcription kit and a Platinum Multiplex PCR
Master Mix. For the RT, 40 ng of total RNA were combined with 4.16 pL RNase free water, 1.5
puL RT buffer, 1 pL Multiscribe™ transcriptase, 0.19 pL RNase inhibitor and 0.15 uL of 100 M
dNTP mix. The concentration of the stem-loops is 20 uM for each primer. The reaction is
completed at 16°C (30 min), 42°C (30 min) and 85°C (5 min).

For the aPCR, 14 pL water, 25 pL of Platinum Multiplex PCR Master Mix, 5 pL of each
primer and 1 pL of the reversed transcription product were mixed. In aPCR, the concentration of
the forward primer (limiting reagent) was 2 UM while the concentration of the reverse primer was
200 uM. The thermal profile of the reaction was: 95°C for 2 min, and then cycles of 95°C for 30
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s, 56°C for 1 min 30s, and 72°C for 1 min. aPCR samples were taken every five cycles for

measuring the amount of amplified DNA.
Ring hybridization

The 50 pL of the aPCR reactions were mixed with 350 pL the hybridization buffer previously
described in the materials section. The mixture was flown over the surface at 20 pL/min for 15
min followed by a 2 min rinse with the hybridization buffer before the introduction of the next

sample. All the amplification reaction from the same sample were analyzed on the same chip.
miRNA guantification analysis and statistical analysis

The analysis of the microring signal and the statistical analysis were processed with Origin
2017 (OriginLab, Northampton, MA). First, the sensor traces were thermally corrected. The net
shifts and standard deviations for each of the aPCR samples were calculated by subtracting the
initial baseline buffer signal from the buffer signal after hybridization. When all the net shifts were
calculated, we plotted the net shifts versus the PCR cycle for every target and fitted the points to a
logistic curve. The C(t) was calculated by determining the cycle point in the curve at 40% of the

maximum signal?.

To calculate the normalized expression, we used the mean expression value of all expressed
microRNAs in a given sample?*?°, The fold difference of each transcript in each sample compared
to the mean can be calculated as 2”(-(C(t)transcript-C(t)average mean). Then, these fold changes were
used to plot the heatmaps for the different treatments and cell lines. We also used the normalized
expression to do principal component analysis (PCA) and to make comparisons of the treatments

in the same cell lines and between the two cell lines.

3. Results and discussion

The study used PDX GBM from the resected primary tumor of patients that could be then
kept for short periods as xenograft cell cultures (Figure 4-1.A). We used two established xenograft
cell lines previously characterized in other studies?®?’. These cell lines were subjected to three
clinically-relevant targeted therapeutics: dacomitinib, buparlisib - BKM120, and dactolisib -
BEZ235 (Figure 4-1.B). The procedure to analyze the miRNA panels can be observed in Figure
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4-2 and has been extensively explained in chapter two and three. Briefly, miRNAs extracted from
lysed cells are reversed transcribed using specific stem-loop primers for the sequences we chose
to detect. After obtaining the cDNAs of the desired molecules, we perform asymmetric PCR,
aCPR. aPCR consists of changing the ratio in the amplification primers, having a limiting amount
of one of them?32°, When the amount of the limiting primer is exhausted, there is no more double-
stranded (dsDNA) production and single-stranded (sSDNA) is then made. Samples at different
amplifications are collected and hybridized on pre-spotted probes on the microring sensors. Based
on the signal of the rings at the different amplification cycles, we can make amplification curves
(Figure 4-3) and use them to calculate the threshold cycles (C(t)) similarly to conventional qPCR,

but setting the threshold at 40% of the maximum signal.

In order to normalize the results, it has been proved that the global mean normalization
method can offer more accurate results for the appreciation of biological variance than including
other reference genes?*. This method consists of defining the relative expression of the miRNAs
by using either the mean or the mean expression value of all expressed miRNAs or the mean of
the most stable RNA controls. In our case, we defined the mean C(t) of all measured miRNAs in
each sample and then subtracted those means to the respective C(t) values. Heatmaps and PCA

analysis were constructed with those values and results are evaluated in the following paragraphs.

3.1. Cell lines characteristics and miRNA panel

The two cell lines used in this study were GBM6 and GBM10%%27, These cell lines have been
characterized in previous studies mainly for mutations that can make them insensitive for some of
the treatments. GBM6 contains amplification of EGFR mutation referred to as EGFRvIII that
involves the deletions of exons 2 through 7. This mutation is frequently observed in GBM and is
related to the limited efficacy of treatments with EGFR-tyrosine kinase inhibitors®. In comparison,
GBM10 has no mutation of EGFR.

The panel of miRNA used in the study and possible roles in GBM are described in Table 4-
3. The miRNAs in these panels have been defined to have critical roles in the progression of the
gliomas: some of them are usually upregulated with oncogenic properties (miR 10b, miR 335, miR
222 and miR 155), and others act as tumor suppressor genes (miR let 7f, miR 29a, miR 106a, and
miR 124a). MiR let 7f has been reported to have lower expression in gliomas compared to the

healthy brain tissue, and its upregulation is linked to inhibition of glioma cell proliferation in
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vivo.®! MiR 29a has been reported to be upregulated by the EGFR pathway but at the same time
acts as a tumor suppressor by the repression of essential genes involved in the cell proliferation.33
MiR 106a levels have been related with both cases: oncogenic roles involving the promotion of
invasiveness of human glioma®, and tumor suppression functions related to inhibition of
proliferation by targeting E2F1.%° MiR 124a is a miRNA related to neuronal differentiation. It is
usually downregulated in GBM suggesting that it acts as a tumor suppressor by targeting cyclin-
dependent kinase 6 and arresting the cell cycle.®® MiR 10b is related to proliferation and survival
of glioma cells and is highly expressed in all GBM subtypes.>” MiR 335 has been described as an
anti-apoptotic miRNA with the potential tumor suppressor DAAM1.28 MiR 222 is usually
upregulated in various types of malignancies and has been described as inducing the cell survival
of GBM cells by also targeting apoptotic genes.>**° MiR 155 can be considered as an oncogene

because it activates the NFKB pathway and inhibition of GABA receptors.*!

3.2. Serum and DMSO control over time

For the study of the miRNA signatures, we needed to use controls without the treatments.
We used two conditions, the media supplemented with the serum and the media supplemented
with DMSO. DMSO was used to dissolve the treatments, and so we wanted to observe if DMSO
had some effect in the cells, although there have been studies that claim that 10% DMSO did not
produce a significant cellular alteration.*> Heatmaps from the two cell lines in serum and DMSO
can be observed in Figure 4-4. Comparing the results from serum to DMSO, the only noticeable
change is that miR 155 (usually described as an oncogene and proliferation promoter®') seems
upregulated in the DMSO compared to the serum samples. Comparing both cell lines we can
observe that GBM 10 has downregulated miR 222 and 335 (two oncogenes) and the DMSO

treatment in these cell lines seems to increase the expression of (let 7f, 10b, and 29a).

3.3. Dacomitinib treatment over time

Dacomitinib is an inhibitor of EGFR. GBM6 has a mutation in EGFR that makes the cell line
insensitive to EGFR inhibitor treatments?®*°, Comparing the differences in the miRNA profiling
for the two cell lines (Figure 4-5), we can observe that there is an increase in the expression of
miRNAs in GBM10 after 24h (miR 124a and 106a, tumor suppressors) while in GBM®6 there is an
increase in miR 222 and miR 335 (oncogenes) and a decrease of 124a, 106a, and 29a (tumor

suppressors). These results might suggest that GBM®6 cells show more proliferative behavior than
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GBM10. The results from GBM10 are very similar to the results with DMSO and no serum, but
different from the serum results, that might be indicative that the cells stop proliferating and start

apoptotic routes.

3.4. Buparlisib treatment over time

Buparlisib (BKM120) is an oral-PI3K inhibitor whose efficacy has been studied especially
in patients with PTEN loss. It is in clinical trials for several solid tumors and has manifested anti-
proliferative and anti-apoptotic effects in GBM independent of PTEN or EGFR status®. The
heatmaps for the dynamic miRNA expression under buparlisib treatment can be visualized in
Figure 4-6. In GBMS, results are very similar to the results obtained with Dacomitinib treatment
(upregulation after 24h of miR222 and 335) and downregulation of 124a, 106a, and 29a. Similarly,
the results in GBM10 are very similar to the ones obtained with Dacomitinib (upregulation if 124a
and 106a) and downregulation of 10b (oncogene). Again, that might be suggestive of the most
apoptotic behavior of GBM10.

3.5. Dactolisib treatment over time

Dactolisib (BEZ235) is a dual PI3BK/mTOR inhibitor that has shown promising anti-
neoplastic activity in different solid tumors.** Again, the results from GBM6 seem very similar to
the previous treatments (Figure 4-7) (upregulation of miR 222 and miR 335, and downregulation
of miR 124a, 106a, and 29a). In GBM10, the expression is also similar compared to the previous

treatments, although miR 124a seems more downregulated this time.

3.6. Treatment comparison at 1h, 12h, 24h and 48h.

Treatments comparisons over time can be observed in Figure 4-8. Just doing an exploratory
visualization, it can be realized that there are not many significant differences between the
treatments. However, there is a discernible pattern of expression of miRNAs over time. GBM6
(Figure 4-8A) miRNA expression indicates no difference between the DMSO and the treatments.
Unique observations are the upregulation of miR 335, miR 222 and miR 155 in all the samples.
These transcripts are miRNAS that act as oncogenes, so the fact that they get upregulated over the
time might be indicative of the lack of the effectiveness of the treatments in this cell line. MiR
1064, that acts as tumor suppressor, also seems downregulated over the 24h also indicating that

the treatment is not being very effective. On the other hand, GBM10 (Figure 4-8B) exhibits low
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expression of miR 335 and 222 (oncogenic miRNAS) and upregulation of 124a and 106a after 24h.
That might be indicative that the cells are less proliferative and start to induce apoptotic routes.*>4°

3.7.  Approaches for feature extraction

Principal Component Analysis is a technique used in large data sets to reduce the number of
variables while still retaining much of the information. The reduction is possible by transforming
the variables to a new subset, the principal components, which are not correlated and are ordered
so that the first ones keep most of the variation of the original set of variables.*” Taguchi et al.
employed a method based on PCA, sparse PCA, to select miRNAs as biomarkers. Contrary to
PCA, sparse PCA uses a smaller number of features to express the lower dimensional space*.
Many other studies have used PCA to separate between subpopulations of different disease states*

or distinguish between healthy and malignant tissue®°.

In our study, PCA can help us to discover any correlation in the miRNA variable expression.
First, we performed a PCA of the treatments for GBM6 and GBM10 separately (Figure 4-9).
Analyzing the biplot from GBM®6 (where the points are the treatments, and the vectors are the
variability of the miRNA expression), we can observe that at 48h most of the variance comes from
the upregulation of miR 335 and 222, and possibly their regulation seems to be correlated. On the
other hand, the variability at longer times in GBM10 gets explained by the upregulation of miR
124a at 24h and 106a at 48h (both tumor suppressors).

We also made the PCA biplot of all the treatments (Figure 4-10). The projection
discriminates the treatments at longer times between GBM6 and GBM10. In this plot, we can also
observe what we explained in the previous paragraph, that most of the variability at longer times
for GBM6 can be explained by the upregulation of miR 335 and miR 222 and most of the
variability at longer times for GBM10 can be explained by upregulation of miR 106a and miR
124a. Also, we can observe the correlation between three different clusters of miRNAs in our
panel: miR 222, 335 and 155 (all of them with oncogenic roles), miR 106 and 124a (tumor

suppressors) and let 7f and 29a (tumor suppressors).

In this study, we have shown some exploratory data analysis to prove the potential of this
strategy to study miRNA signatures. Using these signatures, we could classify the cell lines based

on their expression profile and also provide indicators of treatment success or which direction to

93



follow for an alternative treatment. However, a more significant number of samples or more targets
must be studied to obtain more conclusive results. Also, another kind of biomarkers, such as
phosphoproteins could be integrated into the analysis to complement the miRNA profiling and
observe how the up or downregulation of these small transcripts correlate with the expression of

the proteins.

4. Conclusions

In this chapter, we have studied the expression profile of eight miRNAs by using the
technology described in chapter 2. This technology employed asymmetric PCR for transcripts
amplification and microring resonators as the detection device. This approach allows us to do
quantitative multiplexed analysis in less than two hours per sample with inputs and detection levels
comparable to conventional gPCR. Using this approach we have been able to see significant
differences in a miRNA panel for two cells cultures from PDX over time and under different
treatments. We have used a panel of just eight miRNAs, but the technology can do measurements
of up to 16 targets. Also, future efforts will be guided towards the combination of RNA and protein
targets to offer more insight about the co-regulation of different targets with the end to find which

pathways are affected under the different treatments.
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Figure 4-1. (A) Schematic of PDX cell culture. (B) EGFR/Akt/mTOR pathway with the

treatments.

95



&= < i.! —> nona —
LU &oﬁ

-
s T
Cultured Cell Ivsis at RNA
e SIS at.
Xenograft Cell treatments Y _ _
1h, 12h, 24h and 48h isolation
B «~——— Universal Stem-Loop Sequence C cDNA
Ov.erhlall'tg speciﬁc 0 15 30
/ (o indidual miENA lwcles l cycles lcvcles lcycles
miRNA miRNA o 5 - >
— — dsDNA - { - : - :
/ hybridization ‘ I extension ‘ ]»miRN Ac prnduct'mn z, — = —
ssDNA" : :
RNA production h —‘e
D .
é/ /—1—— 50
: d :
UW@U@ $l | :_Threshold
| sl U AT cycle (Ct)
Samples at different ; // ~ D
amplification cycles E N LT -

391
Cydes

Figure 4-2. (A) Cell treatments and RNA extraction (B) Reverse transcription using stem-loop
primers. (C) Asymmetric PCR (D) Sample collection and ring hybridization.

96



25 cyc 30 cyc 35 cyc 40 cyc 45 cyc
70

{I—— miR let 7f
%7 |—— miR 10b
50 miR 29a
40 miR 124a

30

20

Relative Shift (Apm)

10+
1

_ M
N
] | |

0 ' 10 20 30 40 50 60 70 80 90
Time (min)

~
o
1

let-7f

4 miR-10b
miR-29a
miR-124a

o2}
o
L 1

1
o
1

w B
o o
1 1

Average Net Shift (Apm)

AN

25 30 35 40 45

Cycles

Figure 4-3. (A) Microring traces lines for the detection of 4 miRNAs from the serum control
sample at time Oh. (B) Average net shifts as a function of cycle number for the detection of 4
miRNAs in the serum control sample at Oh. (Measurements were done simultaneously on eight
mMIiRNA and an off-target control, but for clarity, we have only plotted four). The average
represents the signal of four microrings.

97



A SERUM TREATMENT ON GBM 6 GBM 6 B SERUM TREATMENT ON GBM 10 GBM 10

155 o 155 b
222 222
4200 4200
335 4 235 4
124a 4 . 1243 4 e
106a | ‘E 108a 4
-1E00 180

28a B
4200 -4.30
10b 10k
let 75+ - o o
= = = =

" Time

miRNA
rmiRNA

C DMSO TREATMENT ON GBME GBEME DMSO TREATMENT ON GBM 10 GBM10
155

B0
B0
155
1 BE0D -
BE0D

124a

ﬁ e

100

22

335

miRNA

106a

2%

let7f

Th+

24h+
48h+

. - . 2]
Time Time

Figure 4-4. (A) Comparison of serum over time for GBM6 (B) Comparison of serum over time

for GBM10 (C) Comparison of DMSO over time for GBM6 (D) Comparison of DMSO over time
for GBM10.

A DACOMITINIB TREATMENT ON GBM 6 GBM 6 B DACOMITINIE TREATMENT ON GBM 10 GBM 10

s 2000
155 7]
222 - 7 4200
335

1600

miRNA
miRNA

Ag00

4800

10b

let 71

£000

1h

5
1
§

2h
24h
48h
1h

= =
=] =

— 2]
Time Time (min)

48h

Figure 4-5. (A) Comparison of Dacomitinib treatment over time for GBM®6. (B) Comparison of
Dacomitinib treatment over time for GBM10.

98



A BUPARLISIB TREATMENT ON GBM 6 GEM 6 B BUPARLISIB TREATMENT ON GBM 10 GBM 10

£150
155
222
335

130

124a

miRNA

106a

10b

let 7f

1h

= =
- =
& = =] =

- =1
- =1 -
Time Time

48h

Figure 4-6. (A) Comparison of buparlisib treatment over time for GBM6. (B) Comparison of
buparlisib treatment over time for GBM10.

A DACTOLISIB TREATMENT ON GBM 6 GBM 6 B DACTOLISIB TREATMENT ON GBM 10 GBM 10
155 2oco 158 coeo
222 4 222
4200 4200
335 335
< 124a - g q124a e
= =
o o
£ 106a o E 1063 -
25a 25a
10b 4 . e 100 e
et 77 et 7§
-2.000 -2.000
L g
-

48h

— . o~
Time Time

Figure 4-7. (A) Comparison of dactolisib treatment over time for GBM6. (B) Comparison of
dactolisib treatment over time for GBM10.

99



A GBME B GBM 10

DAC 48h
BKM 48h 4
BEZ 48h
DMSO 48h
Serum 48h 4
DAC 24n A
BEM 24h 4
BEZ 24h
DMSO 24h 2000
Serum 24h 4

DAC 12h

BKM 12h

BEZ 12h
DMS0 12h 4
Serum 12h
DAC 1h
BKM 1h o 6000
BEZ 1h
DMSO 1h e
Serum 1h o
Serum 0h 1000

2000

Figure 4-8 (A) Comparison of all the treatments for GBM®6 (B) Comparison for all the treatments
for GBM10.

s
w
e
o
o
w

i -05 0.0 05
4 T T 4 T T
q1e aSerum 12h
#EEZ 12h 110
410
2 IR 155 24
miR 155
wSerumHEh 405
SGEZ &n —05 . #BEZ 48h aSequrg 1n S

% S SBKIM 127 R 25

L gty , . T AOMSOT2T 00
e aSerum £80 fibac 2an
gumon r [85EZ 120 :
P miR letedi 11
oAzwmiR 106A

Principal Component 2
(=]
)
]
5
e
52
0
[}
83
Principal Component 2
(=]
s /3
2 /5
2
i3
no
NN
NN

Serum 24 o0 —4-05 ousoz I
-2 - -aggw':m " -2 4 #BiKM 24h iFf ﬁ‘:ﬁj
—-1.0
‘ ; ‘ -4 2 0 2 4
4 b 0 2 4
Principal Component 1 Principal Component 1

Figure 4-9 (A) PCA biplot for all the treatments for GBM6 (B) PCA biplot for all the treatments
for GBM10.

100



-0.6-0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

4 —T—T T T 71 —T——T T T T T T T T
®GBM10- BEZ 1h 1
(qV i
@GBM10- DAC 12h -
— | GBMS6- DAC 48h _ ]
= 2 o oCEME D20 1h ®GBM10 -Serum 12h 7
GCJ 335 ®GBM10- BKM 12h E
5 o OVAZEREAIEE 1 ]
S M6- BKM 48h h
E ®GBM6- Sejum 48h  ®GBM10 -BKM 1h 7]
@GBM10- DMSO 1h ]
(@] B (B%EZ 24h 29a ]
QO 9P ®GBM10 -D. 10b ]
— GBM10- let 7f J
8 0 *SEMS—RU BRI OMSO T2n
= Scame RN TR 248
@GBM10- Seriti ®GBM10- BEZ 12h ]
8 ®GBM6{Serum Oh GBM6- DAC 24h ®GBM10- Serum 24
B eGBNANBEZE8N L) - -
- ©GBMLQ; BKM 6 -BKM 1h
o - 10- SerumAis- DAC 12h R
GBM10:BHM 4 _
° & @E@M um 1h ®GBM6- BEZ 12h
o eCL 1 ®GBLOr DAC 24h 1
oGBM 50 48h —
5 124a =
106&  ecevs: pviso 12n -
I I ! I

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

10.0

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

Principal Component 1

Figure 4-10. PCA biplot for all the treatments for GBM6 and GBM10.

101



TABLES

Table 4-1. Summary of nucleic acid sequences.

Sequence
Conserved Stem Loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG
Primer GAT... miRNA specific overhang
miR-let7f SLP overhang AACTATAC
miR-10b SLP overhang CACAAATTC
miR-29a SLP overhang TAACCG
miR-335 SLP overhang ACATTTTT
miR-124a SLP overhang GGCATTC
miR-222 SLP overhang GAGACCC
miRNA-106a SLP overhang CTACCTG
miR-155 SLP overhang ACCCCT
Conserved reverse primer GTGCAGGGTCCGAGGT
miR-let7f forward primer CGCGCTGAGGTAGTAGATT
miR-10b forward primer GCGTACCCTGGTAGAACC
miR-29a forward primer CGCTAGCACCATCTGAAAT
miR-335 forward primer CGCGTCAAGAGCAATAACG
miR-124a forward primer CGTAAGGCACGCGGT
miR-222 forward primer CGAGCTACATCTGGCTACT
miRNA-106a forward primer CGCGAAAAGTGCTTACAGTG
miR-155 forward primer CGCGTTAATGCTAATCGTGAT

Table 4-2. Inhibitors for the treatment of the xenograft cell cultures

Drug name Type Target Structure
Dacomitinib Small EGFR ooy
molecule O/\/TD g
|
Buparlisib %
Small PI3K PF
(BKM120) molecule PN
o._J L_o
Dactolisib Small /)b .
(BEZ235) molecule | PIRK/MTOR N\
N/
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Table 4-3. miRNA panel used in the study

miRNA

Role

Up/downregul
ation in GBM

Ref.

Let 7f

Targets: c-Myc, RAS, HMGA, JAK, STAT3, NIRF
Let-7 is able to suppress tumor proliferative activities and
survival by negatively mediating a number of oncogenes

and by affecting critical regulators of the cell cycle, cell
differentiation and apoptotic pathway

Down

31,51

10b

Targets: Tp53, FOX03, .CYLD, PAX6, PTCH1, HOXD10
Upregulation promotes growth, invasion, and
angiogenesis.

Up

37,52

29a

Target: MCL1
Downregulation suppreses apoptosis.

Dow

33

106a

Targets: E2F1 and SLC2A3

Downregulation promotes glucose uptake and
proliferation.

Down

35,45

124a

Target: SNAI2
Its expression inhibits proliferation of GBM cells and
induces differentiation of brain tumor stem cells.

Down

36

335

Target: Daam1l
Upregulation increases viability and invasiveness of
tumoral cells and decreases apoptosis.

Up

38

222

Targets: p27, p57, PTEN, and PTPu.
Upregulation increases proliferation, cell migration, and
invasiveness.

Up

39

155

Targets: GABRA1

Upregulation contributes to the malignant GBM cells
proliferation removing growth inhibition

Up

41,53
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CHAPTER V

Quantification of PolyPhosphates using Microring Resonators
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Abstract

Polyphosphate (polyP) is a linear, inorganic molecule composed of tens to thousands of linked
phosphate residues. It has been identified in all higher organisms and more recently has been
described in humans as a strong procoagulant and proinflammatory agent. This molecule can be
released from platelets or bacterial pathogens causing symptoms found in conditions such as sepsis
and other traumas. Therefore, it is essential to improve the methods for the detection of polyP to
elucidate its role in disease states. Current polyP detection methods rely on fluorescence or
colorimetric detection and can be very laborious and lack requisite sensitivity. We have developed

an enzymatically-enhanced assay for polyP using silicon photonic microring resonators. This assay

§ The patent application for this protocol can be found at: https://experts.umich.edu/downloads/patents?ucid=W0O-2018191582-
Al
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is based upon the high-affinity binding of polyP to a cationic polymer bound to the microring
surface, followed by subsequent detection using a polyP binding domain and enzymatic signal
enhancement. The microring resonator platform is sensitive to any changes in the refractive index
near the sensor surface, and importantly here allows for assay optimization through real-time
visualization of analyte and reagent binding steps. Taken together, we are working to optimize
polyP detection in a range of relevant sample matrices and hope to achieve and lower limits of

detection than conventional methods.
1. Introduction

Polyphosphate (polyP) is a linear inorganic molecule composed of tens to thousands of
linked phosphate residues. PolyP can be found in prokaryotic and eukaryotic cells and have
numerous and diverse biological functions. Microorganisms usually contain long polyP chains of
100-1000s phosphate monomers. These long molecules have roles that include acting as a
substitute for ATP in kinase reactions, serving as a reservoir of inorganic phosphate (Pi), chelating
metals (e.g., Mn?*, Mg?*, Ca®"), buffering against alkali conditions, and playing a regulatory role

in the physiological adjustments to growth, development, stress, and deprivation 1.

Shorter polyP chains of 10-100 monomers were first described in mammalian cells by
Kumble and Kornberg.? They identified polyP of varying sizes in different tissue locations,
suggesting this polymer had diverse functions in mammals. Since then, polyP has been implicated
in numerous cell signaling pathways such as mitochondrial metabolism, neuronal stimulation, and
cell death.3. Further research found that dense granules in platelets are rich in polyP, and patients
with bleeding symptoms that were diagnosed with platelet defects reflected lower than usual polyP
levels . Platelet polyP is narrower in size distribution (ranging from 60 to 100 phosphate units),
and recent research has shown that it can serve as a procoagulant, prothrombotic, and

proinflammatory molecule®.

As more evidence supporting the importance of polyP in biological systems emerges, there
is a high demand for a method to quantify the polymer in biological fluids. The most important
methods are divided into those aiming to visualize and those aiming to quantify polyP. The first
approaches to visualize polyP were based on the ability of the molecules to bind cationic dyes like

toluidine blue causing a shift in the absorbance of the dye toward shorter wavelengths®. Optical
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and electron microscopes have also been used to visualize polyP directly in living organisms.
Optical microscopy methods involve staining polyP with different dyes, such as toluidine blue or
DAPI (fluorescence) and visualizing the polymer in situ’. In electron microscopy, polyP can be
visualized directly in acidocalcisomes in microorganisms® and dense granules in platelets because
it is found in granules that contain high concentrations of divalent metal ions. Other techniques
that have been used for the quantification of polyPs include NMR?, ion chromatography®, and
capillary electrophoresisl. To date, all of these methods to quantify polyP require the extraction
and purification of polyP from a complex matrix before quantification'?!3, There is evidence that
these extraction and purification methods can influence the size and amount of recovered polyP*,

so a method that does not require them is needed.

Silicon photonic microring resonators have been used in our lab to detect a variety of analyte
classes 1. They consist of an array of sensors that are sensitive to changes in the local refractive
index; therefore; they can be used for molecular recognition monitoring. In this platform, light
coming from a tunable laser is confined in an optical waveguide and measured by a detector.
Because of constructive interference, specific wavelengths are supported and trapped in the
microrings depending on the refractive index of the surface. When analytes bind the surface of the
rings, the resonant wavelength changes and this resonant shift is measured by the instrument and
reported as the sensor signal. By measuring these shifts over time, different binding events can be
visualized at the sensor surface in real time. The sensor is based on light from a tunable wavelength
laser that enters a linear waveguide and couples to adjacent microrings at specific wavelengths.

The coupling wavelength, or resonant wavelength, 4, is described by the following equation:
mA = 27rnest

where ne is the effective refractive index in the surface of the microring. Therefore, any event that
occurs on the surface manifests as a change in the effective refractive index, and consequently as
a shift in 1. By measuring this shift over time, we can obtain a sensorgram that enables the

identification of different binding stages in an experiment*é.

In this chapter, | present a method to quantify polyP directly in biological samples. The
method consists of online capturing of polyP molecules to the rings through strong binding to a

cationic polymer and posterior recognition using a polyP binding domain. This method allows for
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fast quantification of both short and long molecules of polyP directly from different biological

matrices, including serum and platelet releasates, without prior extraction or purification.
2. Methodology

Materials

Polyphosphate P700 (long chain, 200-1300 phosphate units), Polyphosphate P100 (medium
chain, 45-160 phosphate units), narrowly fractionated Polyphosphates mode 76 (61-104) and mode
1100 (970-1370), and biotinylated Polyphosphate binding domain (biot-PPXbd) were donated
from the laboratory of Prof. James H. Morrisey, at the University of Michigan. Polyethyleneimine
was purchased from Sigma Aldrich. Chemicals used for the preparation of the buffers (Table 5-1)

were from Sigma-Aldrich, ThermoFisher, and VWR.
Silicon Photonic Microring Resonator instrumentation

All measurements of polyP were made on the Maverick M1 optical scanning instrumentation
and silicon photonic microring resonator sensors, Genalyte, Inc. Configuration and operation of
the detection platform have been described in previous publications.'®*° The chip that contains the
microring sensors consist of a silicon-on-insulator chip of 4mmx6mm carrying 128 individually
addressable microrings of 30 um diameter. Also, there are eight covered microrings that serve as
thermal and fluidic leakage control. Cleaned silicon chips were introduced in the instrument inside
a microfluidic system formed by a two-channel microfluidic Mylar gasket sandwiched between a
chip holder and a Teflon cartridge top. The Teflon cartridge is connected to tubing that can deliver

the fluids to the sensor at the desired flow rate.
Surface functionalization

Before functionalization, sensor chips were washed with acetone to remove the photoresist
coating. The silica chip surface was also treated with Piranha solution for further cleaning and 100
mM NaOH for one minute to increase the negative charges on the surface. Then, the sensor
substrates were rinsed with water and dried with nitrogen. Freshly cleaned chips were
functionalized online and offline with polytethylenimine (PEI) in coating buffer (Table 5-1).

When functionalized offline, 200 nL droplets of 5.4 ug/ml PEI in coating buffer were incubated
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on top of the rings in a humidity chamber. Online functionalization consisted of flowing the

solution of 5.4 ug/ml PEI in coating buffer over the surface for 15 min.
Sample preparation

A polyP stock was made in MiliQ water at 1 M, and then was dissolved in polyP buffer
(Table 5-1) to generate standards for the calibration curve in a volume of 400 uL. For the standard
preparation in serum, the stock polyP was added to a mixture of 4:1 serum:5X polyP buffer.
Polyacrylamide Gel Electrophoresis corroborated the size range of the fragments. 100 uM of polyP
dilutions in water were loaded in 5% TBE polyacrylamide gels and run for 45 min at 150V. For
visualizing the PolyP fragments, gels were stained with 0.05% toluidine blue in a 5% glycerol,

25% methanol solution for thirty minutes.
Platelet releasate sample preparation

Platelet releasates were kindly donated by Dr. Stephanie A. Smith from the Morrissey lab.
The platelets were suspended in Tyrode’s solution (137 mM NaCl, 2.7 mM KCI, 12 mM NaHCOs,
1 mM MgClz, 5.5 mM glucose, 0.35% bovine serum albumin, pH 7.35) and activated with TRAP
(Thrombin Receptor Activating Peptide). Then, the platelets were centrifuged and the supernatant
with the platelet content was frozen at -80C for further analysis. 10 mM EDTA was added to some
of the platelet releasates to stabilize the polyP content. When making the calibration curve for the
effect of the platelet releasate matrix, the polyP content was already in the sample was digested by
adding 10 ug/ml of ScPPX and incubating the sample overnight at 37C. 10 mM EDTA was added
after digestion to inactivate the enzyme, and the samples were stored at -80C until further use for
the calibration.

Polyphosphate detection

For all steps, the solution flow rate was set to 30 uL/min. Recipes for the different buffers are
listed in Table 5-1. First, coating buffer was flown across the chip (5 min) followed by 15 min of
5 pg/ml of PEI in coating buffer. After the functionalization of the chip, washing buffer containing
0.5% BSA was flown for two minutes. Then, the polyP buffer containing the polyP and the serum
(in some of the cases) was flown over for 15 min. To selectively detect the polyP, 2ug/ml of biot-
PPXbd dissolved in the washing buffer + BSA was flown over the surface for 12 min followed by
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1 pg/ml SA-HRP also dissolved in washing buffer + BSA. The final step consisted of the
enzymatic conversion of 4-chloro-1-naphtol to the insoluble 4-chloro-1-naphton that precipitates
on the sensor surface causing a substantial refractive index change and a large corresponding
resonance shift.

Analysis of the microring signal

The microring signal was analyzed using OriginPro 2017 software. The sensorgram was
obtained by plotting the refractive index shift as a function of time. In the sensorgrams, the
responses of 64 (corresponding to one of the fluidic channels) were averaged. The data was also
corrected for the thermal drift. The net shift of the signal for the different concentrations of polyP
was calculated after the enzymatic signal enhancement from the oxidation of the chloronaphtol.
The calibration curve was constructed by plotting the net shift as a function of polyP concentration
in monophosphate units and then fit to a logistic four-parameter equation (Y = (A-
B)/[1+(x/C)P]+B. Ais the shift measured for the highest concentration of target, B is the shift
measured for the lowest concentration of target, C is the concentration producing 50% of the
maximum response, and D is the slope at the inflection point of the sigmoid curve. Unknown
concentrations were then determined using this calibration curve. The limits of blank and limits of
detection were calculated as described by Shrivastava?’. The limit of Blank (LoD) was calculated
by the following equation: LOD = meanniank + 3(SDniank). The limit of quantitation was calculated

by the next expression LOQ = meanpiank + 10(SDbiank).
Malachite green assay

PolyP standards were also measured by quantifying inorganic phosphate after
Saccharomyces cerevisiae exopolyphosphatase (ScPPX) digestion?®. Briefly, 100 pL of polyP
standard were mixed with 20 pL of ScPPX1 buffer (50 mM Tris, 5 mM MgCI2 pH 7.4), 0.2 pL
ScPPX1 (10 pg/ml) and 79.8 uL of MiliQ water. The samples with the enzyme were then incubated
overnight at 37°C for digestion of the polyP. The digested phosphate was then quantified by
measuring the absorption at 620 nm in a commercial malachite green phosphate assay kit (Sigma-
Aldrich).
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3. Results and discussion

The goal of this project was to develop a strategy to detect and quantify polyP in buffer and
biological matrices using the silicon photonic microring resonator platform. The sensor array was
cleaned and assembled into a fluidic cartridge and loaded into the Maverick detection system. The
strategy consisted of the capture of the polyP molecules by the rings onto the highly cationic
polymer bound to the sensor surface. After that, polyP could be selectively quantified due to the
binding of a polyP binding domain, PPXbd?2. Finally, an enzymatic amplification step caused the
deposition of a precipitate onto the surface helping to increase the signal and to lower the LOD.
The schematic of the assay is shown in Figure 5-1. One of the main advantages of using the ring
resonators as a readout instead of other colorimetric and fluorescent techniques is the ability to see
the binding events in real-time. We can determine and optimize the best conditions for each step
and predict the outcome of the signal.

3.1. Optimization of polyphosphate detection in buffer and serum

The first step optimized in this assay was the functionalization of the surface to capture the
polyP molecules. Cationic polymers, particularly low molecular weight branched
polyethyleneimine (PEI), have been shown to have a strong affinity for polyP?3. Hence, we decided
to use this polymer to capture the polyP molecules onto the ring surface. The functionalization of
the surface can be performed by physisorption or covalent attachment of the receptor molecules.
Previous work in our group proved the strong physisorption of cationic polymers to the silica
surface of the rings?*. Given the simplicity, reduction in reagent cost and time, we chose to use the
physisorption technique for the adsorption of the PEI to the surface. The physisorption could be
carried out offline (spotting the polymer solution over the microarray sensor outside of the
instrument) or online (flowing the PEI over the surface before the measurement of polyP). After
comparing the time of surface functionalization and final quantification signal, we realized that
online functionalization of the polymer gave a significant capture of the polyP molecules and
overnight functionalization of the cationic polymer was not needed (Figure 5-2). Indeed, by
monitoring the derivatization step with the PEI, we could ensure that all the rings were covered

equally during the functionalization, and the functionalization step was reproducible in each run.
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Following the immobilization of the microrings with PEI, the sample containing the polyP
molecules was flown over the surface. These polyP standards were diluted in a high ionic strength
buffer containing a high amount of LiCl (500 mM). These harsh conditions were selected to disrupt
the weak interactions of polyP or PEI with other charged molecules in the sample but still not

harsh enough to disrupt the strong interaction of polyP with PEI%,

For the selective recognition of polyP, we used a polyP binding domain, PPXbd, as described
previously??. Also, it contained a site-specific biotinylation site that helped to incorporate a
secondary signal amplification via binding of streptavidin-horseradish and a final 4-chloro-1-
naphthol (4CN) turnover. This reaction product is insoluble in agueous buffer and precipitates onto

the rings giving a high increase of the signal®’.

After optimization of the different steps, we made calibration curves using standard solutions
of polyP (between 10 nM and 5 uM in monophosphate concentration) of different chain size (mode
76 and 1100). These modes correspond to fractions of polyP with narrow size distribution (mode
76 between 61-104 monomers of phosphate; and mode 1100 for 970-1370 phosphate monomers).
We made the calibration with these two size of polymers because these sizes are very similar to
the polyP found in platelets and bacteria, respectively (two of the possible applications of this
assay). The concentrations of the standards were referenced by a phosphate malachite green assay
kit, and the size distribution was observed by PAGE stained with toluidine blue (Figure 5-3). The
different concentrations of monophosphate were related to the magnitude of the resonance
wavelength shift from the 4CN step. The calibration curve for the different concentrations of the
different fragments in high ionic strength buffer can be observed in Figure 5-4. This curve can be
fitted to a logistic curve, and from that curve, the limit of detection and limit of quantification can
be determined. A difference in LOD and LOQ is observed for the different fragments—both values
are smaller for shorter length polyP. This effect might be due to the poorer mass transfer of the

larger polymers to the surface of the sensor arrays.

To probe the efficacy of the assay, we estimated the polyP content from two dilutions for
each mode 76 and 1100 in the ranges of their respective curves. The measured resonance
wavelength shifts for the spiked samples were interpolated to the respective calibration curve. The

agreement between the spiked samples and the previous calibrations curves (Table 5-2) show the
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robustness of our method to measure polyP. The LOD of commercial phosphate malachite green
assays is at 1uM phosphate units, and with our assay we showed robust measurements at nM

levels.

Because of our interest in direct detection in biological matrices, we proceeded to the
detection of polyP in serum. Pooled human serum (Sigma Aldrich) was spiked with known
concentrations of polyP. In the serum detection, apart from the LiCl present in the hybridization
buffer, we incorporated a rinsing step with a high concentration of urea to clean the surface from
other proteins without affecting the binding of the polyP-PEI. The high molarity urea rinse was
not necessary when the polyP was diluted in the buffer, but it was necessary for the binding of
polyP in the complex matrix (Figure 5-5). Serum contains a high amount of proteins (usually in
the range 60-80 mg/ml) that can cover the surface hampering the recognition of the PPXbd. The
urea step is meant to denature those proteins in the serum and contribute to cleaning the surface

from the unwanted interactions, and in consequence, facilitate the PPXbd binding in the next step.

Fig 5-6 corresponds to the calibration curve in human serum. The blank in serum was much
lower than the blank in the buffer. The low signal blank might be due to the proteins from the
serum that may help to reduce the nonspecific interactions of the PPXbd or the SA-HRP with the
surface. Also, the low signal obtained with the blank showed that there was no interference with

other charged polymers in the biological matrix.
3.2. Quantification of polyphosphate in platelet releseates

As proof of concept, we measured the endogenous content of polyP in platelet releasates.
After extraction of the dense granules, the polyP content was determined to be 0.74 + 0.08
nmol/108 platelets by measuring with Phosphorous NMR spectroscopy. Other groups have also
determined the content of platelets after extraction of polyP using silicon columns and posterior
fluorescence quantitation with DAPI*2. With our assay being able to detect polyP in complex
matrices we wanted to check the levels of polyP directly in these samples without the need for

extraction.

To measure the PolyP properly in these samples, we had to make calibration curves to
account for the matrix effects of the platelet releasates. To make the calibration curves in this
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matrix, we first digested the polyP using ScPPX, and then we spiked known concentrations of the
standards. Because platelet polyP size is centered around 70 monomers'!, we used the narrow
fragment mode 76 to construct the calibration curves (Figure 5-7). The blank in this case is not as
low as in the serum curve. This might be due to the lower amount of proteins in serum. Further

optimization might include adding BSA to the solution during the polyP binding step.

Then, we utilized that calibration curve to measure the concentration of four platelet
releasates activated with (Thrombin receptor Activating Peptide) TRAP. The concentration of
various samples are calculated in Table 5-3 based on the calibration curve. From these results, we
can observe that the amount of polyP is very similar in the different releasates and consistent with
previous reportsl. In summary, our procedure is robust to perform the quantification of polyP

without extraction, and thus avoiding lengthy and biased extraction steps.
4. Conclusions and future directions

A quantitative analysis method for polyP directly from complex biological samples has been
established using a microring resonator platform. The sensor substrate was functionalized with a
cationic polymer that bound the polyP molecules with high affinity. Then, selective recognition
was achieved by a PPXbd recognition step, followed by signal amplification allowing for
quantification of low analyte concentrations. This strategy is an improvement compared to other
methods in the ability to detect very low levels without the need for previous extraction and
purification from complex samples. As a proof of concept of the detection capability, we measured
polyP in biological matrices without a significant signal reduction compared to buffer conditions.
We have also been able to show how endogenous polyP from platelet releasates can be analyzed
using this technology. Future directions of this assay will be to combine the sensitive microring

detection with a separation technique to distinguish polyP size in complex samples.
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Figure 5-1. Sensorgram of the binding events for the HRP-enhanced polyP detection: 1. PEI online
functionalization. 2. PolyP binding in high salt concentration (500 mM LIiCl). (Optional Urea
rinse). 3. Biot-PPXbd binding. 4. SA-HRP binding. 5. 4CN enzymatic turnover.
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Figure 5-2. Detection of 1 puM polyP under different surface functionalization conditions: A)
Comparison offline overnight surface functionalization and online functionalization with 5.4 ug/ml
PEI in coating buffer in both cases B) Comparison online surface functionalization with 5.4 ug/ml
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Figure 5-3. (A) Standard concentration measurements checked by malachite green assay after
polyP digestion by ScPPX. (B) PAGE of different modes of polyP: lane 1 1Kb DNA ladder, lane
2 mode 76 (500 uM), lane 3 lane 4 (mode 1100), lane 5 (mode 100), lane 6 (mode 700).*

* Mode 76, and 1100 correspond to narrow dispersed polyP fragments while mode 100 and 700

correspond to polydispersed fragments.
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Figure 5-7. A) Calibration curve of polyP mode 76 in platelet releasate matrix after polyP
digestion by ScPPX. B) Ring signal for the measurement of two different platelet releasates.
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TABLES

Table 5-1. Buffer recipes.

Buffer Composition

Coating Buffer 50 mM Tris pH 7.4, 100 mM NacCl, 0.05% NaNs

1X PolyP buffer 50 mM MES pH 6, 500 mM LiCl, 10 mM EDTA, 0.05% Tween 20

Wash and protein
diluent buffer

20 mM HEPES pH 7.0, 100 mM NacCl, 0.5% BSA, 0.05% Tween 20

Urea wash buffer 20 mM HEPES pH 7.0, 500 mM LiCl, 7.4, 1M Urea, 0.05% TweenZ20,

0.05% NaN3

Table 5-2. Analysis of spiked polyP mode 76 and 1100 in buffer using the microring

resonators.
SIlEE cczrr:lt\:/lt;ntratlons Measured Concentrations (nM) Recovery (%)
350 nM 366 + 50 nM 104.57
Mode 76 150 nm 142 £ 40 nM 94.66
Mode 650 nM 522 £ 50 nM 80.30
1100 350 nM 280 £ 50 nM 80

Table 5-3. PolyP content from platelet releasates.

Platelet count Average Net Concentration 1
(x10"/mL) Shift (Apm) (nM) ng/10™ platelets
1.7 10622 + 398 504 + 41 29.46 £ 2.59
1.2 9567 + 452 392 £ 30 32.47 £ 1.67
0.83 7883 + 887 196 + 53 23.47 £ 457
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CHAPTER VI

Conclusions and preliminary results of future directions
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1. Introduction

In the previous chapters, | have presented two different projects: (1) multiplexed RNA
detection with microring resonator arrays (Chapters 2-4) and (2) detection of polyphosphates using
the microring resonators (Chapter 5). Both of these projects relying on the advantages and
capabilities of the microring resonator platform. Compared to other technologies, the main

advantages are the exquisite sensitivity, multiplexity, and label-free detection.
2. Multiplexed RNA Detection with Microring Resonator Arrays

For the detection of miRNA and IncRNA panels, it was crucial to have a multiplexable
technology that could measure with high precision the expression of the transcripts. Combining
amplification with aPCR, we achieved lower sample input requirements, higher dynamic ranges

and reduced time assays compared to previous strategies using microring resonators®2,

In the detection of miRNAs, we have proved the reliability of this technology and made the
first dynamic profile of a panel of eight miRNAs in more than twenty samples. This dynamic
profile demonstrated the potential of this technology to carry out quantitative and multiplexed
measurements with little sample input and reduce the time of the assays. In the clinical
interpretation of the results, we have employed heatmaps and principal component analysis to
interpret the signatures. However, future efforts can be directed to expand the number of samples
and targets and work in developing more robust networks of the involved miRNAs in the disease
progression. Furthermore, given the capability of the microrings to measure proteins, we could
combine the detection of proteins and RNA transcripts to better the correlation of the altered

pathways in the course of the disease or treatment®.

In the detection of IncRNAs, we were able to quantify longer transcripts by means by
optimizing the primers and visualizing the secondary structure of the regions to be amplified. In
previous attempts in the Bailey lab, the hybridization of longer transcripts (MRNAs and tmRNAS)
was complicated, and different strategies such as chemical fragmentation* or the use of

chaperones® were required to quantify these transcripts.
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From the optimization of the assay itself, further progress can be made by more automation
of the assay, decreasing the reaction volume and time to the results. From automation and reaction

volume reduction, two different strategies could be engineered.

The first strategy could consist of the integration of microfluidic thermal cycling with the
microring resonator chip®. By using microfluidics, we could make the sample mixture flow in
different temperature zones to perform the amplification reaction and later, flow over the chips to
hybridize onto the rings. However, some of the limitations of using this strategy will be the
optimization in the hybridization conditions (in the PCR reaction we can not use the high
stringency hybridization buffer for the reduction of nonspecific interactions) and the stability of
the microfluidic device at high temperatures and sealing of the device to the microring to avoid

leakage of the material.

The second strategy would be to employ isothermal amplification to avoid using such high
temperatures and the need for thermal cycles. Isothermal amplification could be performed onto
the microring surface or outside the instrument and later use the instrument to measure the number
of transcripts. Previous studies have promoted the strategy of combining isothermal amplification
with microring resonators’®. Some of the limitations of using this strategy will be to devise a new
method to quantify our results because the C(t) comparison method will no longer be adequate.
Besides, some of the isothermal amplification strategies require very complexed primer designs
and difficult multiplexity (such as Loop-Mediated Isothermal Amplification, LAMP) and others
require an initial denaturation step (such as Strand Displacement Amplification) or expensive
enzymes (Helicase-dependent amplification, HDA or Recombinant-Polymerase Amplification,
RPA). However, although the price of the enzymes might be higher, the number of reactions will
be reduced and so that could be an alternative if we design a new method to quantify the

amplification results.
3. Polyphosphate analysis with microrings

New roles of polyP in micro and higher organisms have drawn much attention to this
molecule, and more sensitive and innovative methods are needed to overcome these challenges.
Current methods are based in polyP extraction and quantification with DAPI fluorescence

measurements or polyP extraction, digestion to monophosphates and quantification with malachite
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green. However, all the methodologies require extraction, and this step can confound the results

by reduced extraction yield or by contamination with other electronegative polymers.

Chapter 5 outlines the results obtained in the quantification of polyP using microring
resonator. This investigation introduces a new methodology to overcome previous limitations in
the detection of polyphosphate. The invented protocol was able to quantify different standards in
buffer and biological matrices without the need for extraction. In addition, we were able to reach
lower limits of detection than conventional malachite green assays. Proof of concept of the assay
was performed by measuring endogenous platelet polyP content. This suggests that this assay

could be used in determining the polyP content of this type of samples or in other diverse samples.

In the next section, we show preliminary results in size separation of polyP. We have
designed two strategies for polyP separation using capillary electrophoresis: (a) using an
electrolyte for indirect UV detection and (b) using the affinity of the recombinant polyphosphate
binding domain of Escherichia coli for polyP, and migration change of the domain when bound at
different size polyP. Furthermore, combining together microrings and capillary electrophoresis,

we could create a system that is able to size characterize and quantify polyP with high precision.

4. Size characterization of Polyphosphates using capillary electrophoresis

Polyphosphate (PolyP) is a ubiquitous molecule found in all organisms. Its size can vary from
a few to thousands monomers. It has been shown that different sizes can exert different roles in
coagulation and there is an interest in being able to characterize the size of PolyP in complex
samples. Current analytical protocols to characterize polyP size do not provide enough resolution
at large size or are cumbersome and require lengthy staining protocols. Herein, we present two
strategies to determine polyP size using capillary electrophoresis, CE. One of the drawbacks of
CE analysis is the lack of UV absorbance and fluorescence of polyP; and thus , the inability to
observe the migration using the two common detectors in CE (UV absorbance or LIF). Therefore,
we designed two strategies to detect the molecules indirectly. The first strategy employs a sieving
matrix for the resolution of the polymers and indirect UV absorption by adding an electrolyte that
absorbs UV light. In the second strategy, we utilize the affinity of a recombinant polyphosphate

binding domain of Escherichia coli as a means to observe the migration of the polymer. The
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migration of the domain changes when it is bound at different size PolyP, and this conjugate can
be observed by the UV absorbance of the protein. Future directions of this project will include the
hyphenation of CE to the microrings as they do not require labels; and as we proved in chapter V,

they can quantify PolyP directly in complex samples.
4.1. Introduction.

Polyphosphate polymers in different organisms and cell types can range from 10 to hundreds
of monomers. It can be found in platelets with a size of 60-100n compared to the long size found
in  microorganisms®. Diverse groups have developed strategies to identify the length of the

polymer to understand the importance of the size of the polymer.

The first reported methodology was the one already described by Clark and Wood?°. The
technique consisted of a PAGE (Polyacrylamide Gel Electrophoresis) separation to resolve a
mixture of polyphosphates, and posterior staining with the cationic dye toluidine blue O. Recent
investigations have improved this methodology by employing other more sensitive dyes such as
DAPI (a fluorescent molecule)*. In addition to slab gel electrophoresis, other researchers have
used capillary electrophoresis and ion chromatography to increase the resolution of polyphosphate
size. lon chromatography has been one of the most common methods for the separation and
identification for different size polyphosphate molecules!?2. However, polyphosphates have a
strong affinity for the ion exchangers; therefore, they need to be eluted with very harsh eluents.
Secondly, other work has tried with capillary electrophoresis, but polyP suffers from poor UV
absorbance and lack of fluorescence. Researchers have tried to circumvent this problem by indirect
UV absorption detection'®4. However, these separations focused on small polymer sizes and did

not separate polymers higher than 70 phosphate units.

In this project, we aimed to distinguish between a more diverse range of sizes, bacterial polyP
(1000n) and platelet polyP (70n), both of them having different roles in coagulation. To achieve
this objective, we planned to use capillary electrophoresis to separate polyP. The reasons why we
decided to use this instrument were based on the feasibility of this technology to separate charged
polymers (including polyP with high resolution'®1>€) and the capability of this separation to be
incorporated to the microrings (research in progress in our lab). Compared to previous analysis of

polyP using CE, we aimed to separate longer molecules and so the separation parameters and
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strategies would differ to the ones already utilized. The suggested strategies are shown in Figure

6-1, and described in the following paragraphs:

(1) Separating the polyP fragments by capillary gel electrophoresis using indirect UV detection
(Figure 6-1A). Following the work of Lee and Whitesides, capillaries are filled with a sieving
matrix and polyP is detected by indirect detection a UV chromophore, terephathalate or
pyromellitic acid, PMA. When detecting long polyP molecules, a sieving matrix is needed to
have resolution of the peaks. The sieving matrix will cause the longer peaks to migrate slower
than the smaller ones. The anionic chromophore is added to the running buffer generating a
baseline in the electropherogram. When the sample zones containing PolyP migrate through
the detection window, they can be observed by a decrease in UV absorbance.

(2) Using affinity capillary electrophoresis in free solution to observe the differential mobility of
a polyP binding domain (PPXbd) when bound to different size polyP molecules. When the
domains are bound to the different size polymers, they will undergo a change in electrophoretic
mobility. In this occasion, the sieving matrix is not needed because the PPXbd+PolyP
conjugate will have different size and shape with different length polymers. Also, because we
are using these peptide molecules, we can detect them by UV absorbance at 280 nm. These
experiments can be carried out with fused silica capillaries and move the complexes with the
electroosmotic flow, EOF (top Figure 6-1B). However, because of protein adsorption to the
walls of the capillary, EOF can give low reproducibility. Other option will be to use coated
capillaries to suppress EOF and protein adsorption and move the conjugates with

electrophoretic flow (bottom Figure 6-1B).
4.2. Experimental methodology
Materials

Polyphosphate preparations of different mean polymer lengths and the PPXbd were donated from
Dr. Jim Morrissey group. Buffer components for capillary electrophoresis were purchased from
MilliporeSigma (Burlington, MA) and ThermoFisher (Waltham, MA). UltraTrol LN was
purchased from (Target Discovery, Palo Alto, CA). PVA coated capillaries were purchased from
Agilent (Santa Clara, CA).
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Capillary electrophoresis

The instrument used was a Beckman Coulter P/ACE MDQ Capillary Electrophoresis
system. The capillary gel electrophoresis separations were carried out in fused silica capillaries
with 360 pwm outer diameter and 50 pm inner diameter. The total length of the capillary was 30 cm
and 10 cm to the detection window. The free solution separations were carried out in PVA-coated
capillaries with 360 um outer diameter and 50 um inner diameter. The total length of both types
of capillaries was 30 cm, and 10 cm to the detection window. The detection system was UV
absorption at 260 nm or 280 nm and a laser-induced fluorescence (LIF) detection system with
excitation at 488 nm and emission at 520 nm. The electropherograms were obtained with 32 Karat

software and analyzed with Origin® 2017 (OriginLab Corporation).

For the gel electrophoresis separations of the DNA ladder and polyP fragments the
capillary was conditioned with 1M sodium hydroxide, water, and UltraTrol LN (EOF suppressor)
(Target Discovery; Palo Alto, CA) for 3 min each following by the dextran sieving matrix (25-75
mM Tris pH 8.5, 7-20% w/v 1.5-2.8 MDa dextran, 10% wi/v glycerol) at 40 psi for 10 min. Samples
were injected electrokinetically at 10kV for 5s and electrophoresed at 333 V/cm. The capillaries

were regenerated and reconditioned for repeated runs to avoid shifts in migration.

For the free solution electrophoresis separations of the polyP and the PPXbd, the capillary
was rinsed with 1M sodium hydroxide, ultrapure water and then rinsed with the separation buffer
(25 mM Tris-Cl1/250 mM glycine pH 8.5 and 30 mg/ml polyethylene glycol) at 40 psi for 5 min.
Samples were injected by pressure at 2 psi for 5s and electrophoresed at 166 V/cm. After each run,

the capillary was rinsed with water and NaOH by pressure at 40 psi for 10 min.
Polyacrylamide gel electrophoresis

The narrowly dispersed polyP fragments were resolved by PAGE using 5%
Polyacrylamide TBE gels from Bio-Rad (Hercules, CA) with 1X TBE as running buffer. 15 pL of
500 UM polyP samples (in monophosphate units) were mixed with 2.5 puL of Gel Loading Dye,
Purple (6X), no SDS (New England Biolabs, Inc) and loaded into the lanes. Electrophoresis was
performed at 150V for 20 min. Gels were stained with 0.05% toluidine blue in 25% methanol/5%
glycerol and rinsed in 25% methanol/5% glycerol for 2 h.
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The combination of polyP and PPXbd were mixed in a ratio of 1 pug protein:100 uM polyP.
They were conjugated at room temperature for 15 min. These conjugates were resolved by PAGE
using 4-20% Mini-Protean TGX Precast Gels from Bio-Rad (Hercules, CA) with Tris-Glycine as
running buffer. 15 pL of the sample was mixed with 15 pL of Native Sample Buffer from Bio-
Rad (Hercules, CA) and loaded into the lanes. Electrophoresis was performed at 150 V for 45 min.
Gels were stained with Bio-Safe™ Coomassie Stain from Bio-Rad (Hercules, CA) for 1h and

rinsed in miliQ water for 1h.
4.3. Results

Capillary gel electrophoresis combined with indirect UV detection

A previous study by Smith et al. has proven that DNA ladders can be used to size
polyphosphate in polyacrylamide electrophoresis!’. The first strategy was to replicate this study,
instead using capillary gel electrophoresis to see if the DNA ladder could also be employed to
estimate polyP polymer lengths. Based on literature and previous experience in the Kennedy lab*é,
we decided to use a dextran sieving matrix to separate the fragments. Dextran has been
characterized for having low viscosity and can be easily replaceable after each run by rinsing with
water. It also has poor UV absorbance, and therefore it was suitable for our direct and indirect UV

absorption detection?®.

The initial step was the generation of a sieving matrix that gave us enough resolution to
separate a ®X174 DNA-Hae Il Digest (New England, Biolabs Inc.). For the separation of the
DNA ladder, the best results were obtained with capillaries filled with solutions of 10% w/v
dextran, 12% sorbitol w/v or higher in running buffer 25 mM Tris pH 8.5. In each run, we
preconditioned the capillary with sodium hydroxide and UltraTrol (EOF suppressor), and then we
filled them with the sieving matrix by positive pressure (40 psi for 10 min). The trace in Figure 6-
2A illustrates the separation of the 50 pg/ml ®X174 DNA-Hae Il Digest (NEB) at three different
voltages. The detection of the peaks was done by direct UV absorption at 260 nm. The peaks were
identified by comparing to the bands in gel agarose electrophoresis. By plotting the 1/R¢ versus
log 10 of DNA bp we could fit the points to linear regression at different voltages. (Figure 6-2B).
The idea will be then to obtain the migration times, Ry, for the polyP fragments and use the

regression lines made for the DNA standards to characterize the size of polyP.
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For the next step, we had to measure the migration time of different size polyP fragments.
We used four different polyP fragments previously characterized!’ that can be visualized in Figure
6-3. Contrary to DNA detection, we needed to incorporate UV indirect detection because polyP
does not have UV absorbance or fluorescence properties3!4, For the detection of phosphates and
condensed phosphates, the main electrolytes for indirect photometric detection have been
phthalates, ATP and other ribonucleotides and pyromellitic acid (PMA)%. For all the experiments,
we preconditioned the capillary as we did for the separation of the DNA ladder with NaOH and
UltraTrol and then, introduced the dextran sieving matrix. However, on this occasion, we added
the electrolyte for indirect UV detection: 3 mM terephthalate!® or 5 mM PMA®,

Preliminary results with terephthalate as UV background electrolyte are shown in Figure
6-4. It is seen that there is only one peak in the electropherogram when the sieving matrix is 10%
(Figure 6-4A). The poorer resolution might be attributed to the low amount of entangled polymer.
Then, we decided to increase the concentration of dextran to see if we observed more negative
absorbance peaks for the fragments. Figure 6-4B illustrated the electropherogram when the
sieving matrix was increased to 15% dextran. In this occasion, we were able to observe more than
one negative peak when the four fragments were mixed to a final concentration of 250 uM. For
comparison, we also performed separations without injection to observe the electropherogram with
the terephthalate electrolyte (Green trace-Figure 6-4B) and 250 uM of the largest fragment (mode
1100) to determine which one was the peak for the largest fragment.

Parallel to the investigations using terephthalate as indirect UV detection electrolyte; we
also carried out separations using PMA. Similarly to the previous results, only one peak was
observed when the sieving matrix was 10% wi/v dextran (Green trace-Figure 6-5A). Therefore,
we also increased the concentration of the dextran up to 15-20% for better resolution. In Figure
6-5B, four significant dips of the intensity can be observed. Also, these peaks change to longer
migration times when more sieving matrix concentration is used. Therefore, it might indicate that
15-20% w/v might provide enough sieving effect to resolve long polyP chains. From the
electropherogram in Figure 6-5B, it was determined that the best resolution was given by the 20%
wi/v dextran in 50 mM Tris. Then, we opted to resolve each peak separately (Figure 6-6), but the
results were inconclusive because the baseline given by the electrolyte was irreproducible. In

consequence, it was hard to identify the negative peaks. Future experiments that would help us
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identify the peaks will consist of the separation of polyP standards labeled with a fluorophore. By
using fluorescently labeled fragments, we will be able to correlate the positive fluorescence
intensity peaks to the negative absorbance dips in UV, and then use this information to estimate

the size in unknown samples.

The conclusion from this section is that 10% wi/v dextran matrix was enough to resolve the
DNA ladder, but no sieving effect was observed in the separation of polyP. Therefore, we had to
increase the concentration of dextran up to 15% wi/v in order to observe more than one dip in the
intensity. These results imply that the DNA ladder comparison used in PAGE electrophoresis by
Smith et al. is not adequate in capillary gel electrophoresis to identify polyP size. However, we
can still use characterized polyP standards to determine the mobility of unknown fragments in
optimized matrices and create correlations that enable us to determine the size of polyP polymers.
Some of the limitations in this strategy are due to the irreproducibility of the baseline given by the
background electrolyte. Future experiments to resolve this problem will consist in the use of
fluorescence labeled fragments to optimize the separation conditions and identify the peaks using

Laser Induced Fluorescence (LIF) detection.
Capillary affinity electrophoresis using a PolyPhosphate binding domain

A previous study by Saito et al. employed the polyphosphate binding domain of Escherichia
Coli Exopolyphosphatase, PPXbd, to visualize polyP localization in standard gel electrophoresis
and Saccharomyces cerevisiae cultures?t. The second strategy to characterize polyP size consisted
of using the affinity and UV absorbance of a PPXbd (proteins absorb at 280 nm) as a means to
visualize the polymer. We hypothesized that the binding of the polyP molecules to the PPXbd
would change the mobility of the protein, and the migration time would increase when longer
molecules are bound. Some advantages compared to the previous strategy are that direct
absorbance detection is more sensitive than indirect detection and the identification of the peaks

will be more straightforward.

To test this hypothesis, we ran a native polyacrylamide slab gel (Figure 6-6). From this gel,
we could deduce two things: 1) the electrical field did not disrupt the interaction of the PPXhd
with the polyP; 2) the mobility of the protein slowed down when longer polymer sizes were

present.
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The fact that the separation in a slab gel was possible meant that it could be translated to
capillary electrophoresis. From previous experiments (data not shown), we realized that capillary
gel electrophoresis was very complicated when resolving native proteins because of their size and
not enough charges to move by the electrophoretic flow. For that reason, it was determined that

free solution capillary electrophoresis would be a better option.

The first experiments were done in a fused silica capillary preconditioned with NaOH and
rinsed with 25 mM Tris-Gly pH 8.3 running buffer containing 30 mg/ml Polyethylene glycol
(PEG) to avoid protein adsorption to the capillary. With this capillary pre-conditioning, the
electroosmotic flow (EOF) produced by the charged capillary walls will be the main force in the
migration of the protein+polyP conjugates (top Figure 6-1B). These results (Figure 6-8) seemed
promising, the longer polyP+PPXbd eluted later compared to the shorter polyP+PPXbd conjugate
and the PPXbd alone. However, these results were not very reproducible, possibly because
inconsistencies of the EOF or some protein adsorption to the walls. Future experiments will be
carried out using a Polyvinyl alcohol (PVA)-coated capillary to circumvent this problem. This
coating would also suppress the EOF, and thus, the conjugates will be only move by
electrophoretic flow (Bottom Figure 6-1B). In case we are not able to resolve the peaks, an
alternative will be to introduce a low amount of dextran or other polymers in order to create some

sieving effect without constraining the mobility of the conjugates too much.
4.4. Conclusions

Polyphosphate size characterization is fundamental to understand how the length of the
polymer exert different biological roles; for example, bacterial polyP containing thousands of
phosphates can be more procoagulant than small polyP coming from platelets. Separation of polyP
using analytical instrumentation such as capillary electrophoresis and ion chromatography has
been realized; however, the polyP size resolution did not go past fifty phosphate units. The
techniques to separate longer polyP molecules higher than hundreds of phosphates are still based
in slab gel electrophoresis, requiring many steps and lengthy staining procedures. In this section,
we have shown the preliminary results of two strategies based on capillary electrophoresis to
separate large polyP polymers. The results are promising and show that the separation of long

molecules can be made using both strategies. Future directions in this project will move towards
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the hyphenation of capillary electrophoresis with microring resonator and use this combination in

the separation and sensitive quantitation of polyP.
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Figure 6-1. CE strategies to resolve polyP size. (A) Approach using a sieving matrix and indirect
UV detection to resolve polyP. (B) Approach in free solution using a PPXbd as a probe with and
without EOF as migration force.
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Figure 6-2. (A) ¢X174 DNA-Haelll Digest visualized by ethidium bromide staining. 1.7%
agarose gel (B) Electropherogram of 100 bp DNA ladder (C) Relationship between DNA length
and migration time on 10%dextran 12%sorbitol Tris 25 mM pH 8.4 CGE.

Figure 6-3. Size-fractionated PolyP preparations resolved on 5% polyacrylamide gels. Lane 2: 61-
104 Pi; Lane 3: 217-459 Pi; Lane 4: 570-852 Pi and Lane 5: 970-1370 Pi.
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Figure 6-4. Electropherograms for polyP fragments (mode 76, mode 353, mode 708 and mode
1100). (A) 100 pM polyP fragment mixture separated using a 10% dextran matrix. (B) 250 uM
polyP fragments separated in 15% dextran matrix.
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Figure 6-5. Electropherograms for polyP fragments (mode 76, mode 353, mode 708 and mode
1100). (A) Blanks and 500 uM polyP fragment mixture separated using a 10% wi/v dextran in 25
mM Tris 5 mM PMA. (B) 250 uM polyP fragments separated in 15-20% dextran matrix in Tris
50-75 mM Tris and 5 mM PMA.
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Figure 6-6. Electropherograms for 250 uM polyP fragments (mode 76, mode 353, mode 708 and
mode 1100) using a 20% wi/v dextran matrix and 5 mM PMA in 50 mM Tris buffer.
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Figure 6-7. PAGE analysis of lane 1: 1ug/ml PPXbd; lane 2: 1pg/ml PPXbd conjugated with 100
uM PolyP mode 76; lane 3: 1ug/ml PPXbd conjugated with 100 uM PolyP mode 353; lane 4:
lug/ml PPXbd conjugated with 100 uM PolyP mode 708; lane 5: 1ug/ml PPXbd conjugated with
100 uM PolyP mode 1100.
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Figure 6-8. Free solution electropherograms for 20 ug/ml purified PPXbd, 100 uM polyP

fragments + 20 pg/ml PPXbd (mode 76 and mode 1100) using 50 mM Tris —glycine as running
buffer with addition of 30 mg/ml PEG.
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