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Abstract

Nucleic Acid Probes for Microfluidic Measurement of Intracellular Biomarkers toward
Biodosimetry Applications

Xin Meng

Nucleic acid probes against intracellular targets can find essential applications in
biodosimetry. This thesis describes the development of multiple nucleic acid probes, including
aptamers and molecular beacons, against radiation-responsive intracellular molecular targets via
microfluidic technology.

Aptamers are single-stranded oligonucleotide molecules that bind with high affinity and
specificity to a wide range of target molecules. The systematic evolution of ligands by exponential
enrichment (SELEX) is essential in isolating aptamers from a randomized oligonucleotide library.
Significant modifications and improvements to the SELEX process have been achieved,
engendering various implementation forms, from conventional SELEX to microfluidics-based
full-chip SELEX. While full-chip SELEX is generally considered advantageous over conventional
SELEX, there has yet to be a conclusive comparison between the methods. Herein, we present a
comparative study of three SELEX strategies for aptamer isolation, including conventional agarose
bead-based partitioning, microfluidic affinity selection, and fully integrated microfluidic affinity
selection and PCR amplification. Using immunoglobulin E (IgE) as a model target molecule, we
compare these strategies regarding the time and cost for each step of the SELEX process, including
affinity  selection, amplification, and oligonucleotide conditioning. Target-binding

oligonucleotides in the enriched pools are sequenced and compared to assess the relative efficacy



of the SELEX strategies. We show that the microfluidic strategies are more time- and cost-efficient
than conventional SELEX.

Aptamers are an alternative category of affinity probes that are much smaller, making them
ideal probes for intracellular targets. However, few aptamers are developed against intracellular
targets, and the few intracellular-targeting aptamers are mainly used as intramers engineered to be
expressed inside the target cells, which are unsuitable for intracellular biodosimetry applications.
Herein, we use a radiation biomarker BAX as a target, and present an intracellular aptamer
developed via microfluidic technologies. The isolated BAX aptamer would allow for in situ
labeling of intracellular BAX protein, and we have preliminarily demonstrated the dose-dependent
labeling in ex vivo human blood samples. This method could enable the development of aptamers
for a panel of intracellular proteins towards radiation biodosimetry applications.

Aptamer development involves a screening process following the sequencing of the
enriched pool. This process would usually be performed with affinity determination methods,
which are often time-consuming and may hinder the development of aptamers. Herein, we reported
a graphene-based nanosensor designed for the aptamer screening process. Screening of enriched
pool against IgE protein was performed on this sensor. By comparative validation, this sensor
showed the capacity to identify the strong binders in the enriched aptamer candidate pools and can
be used to expedite aptamer development.

Molecular beacons are single-stranded oligonucleotides that adopt a stem-loop structure
for in situ hybridization. They can be designed to target radiation-responsive mMRNAs, a class of
biomarkers attractive for biodosimetry. We design and use molecular beacons as probes for
measuring radiation-induced changes of intracellular mRNA in a microfluidic device to determine

radiation dosage. Our experiments, in which fixed TK6 cells labeled with a molecular beacon



specific to BAX mRNA exhibited dose-dependent fluorescence consistent with RT-qPCR
analysis, demonstrate the potential utility of this approach in point-of-care biodosimetry.
Molecular beacons against FDXR mRNA have also been developed preliminarily.

In summary, this thesis presents the development of multiple molecular probes for
intracellular targets, aiming to be applied towards biodosimetry applications. Opportunities for
future research are discussed at the end of the thesis, including enhancements in microfluidic
measurements of intracellular biomarkers, developing nucleic acid probes for multiplexed
measurements, and creating integrated microfluidic devices for point-of-care intracellular

biodosimetry.
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Chapter 1: Introduction

1.1. Radiation and Biodosimetry

Radiation is the transmission of energy from a source of waves or particles and can be
categorized as ionizing or non-ionizing. lonizing radiation includes electromagnetic waves such
as gamma rays and X-rays and particles like alpha and beta particles, which, due to their high
energy, can dislodge electrons from atoms, potentially disrupting the intricate machinery of living
organismst. While this ability is exploited in many vital applications, ionizing radiation can have
significant consequences on human health by wreaking havoc at the cellular level and causing
DNA damage and mutations that may lead to cancer, tissue injury, and genetic disorders.
Unraveling the intricacies of ionizing radiation's health effects is imperative for determining safe
exposure limits and devising measures to mitigate its hazards?.

Dosimetry, the science and technology of measuring radiation doses, emerges as a sentinel
during unexpected radiation emergencies and controlled medical scenarios. Accurate dosimetry
enables prompt response during nuclear accidents and terrorism threats® while guiding precision
radiation therapy, which aims to obliterate cancerous cells while sparing healthy tissue®.

Of great importance to radiation exposure assessment is biodosimetry, the estimation of
absorbed radiation dose based on measurements of observable biological changes that occur inside
the body reflected in biomarkers in accessible biofluids (i.e., peripheral blood, urine, saliva). This
allows assessment of the biological aftermath of radiation interaction. By measuring and
examining biomarkers and biological responses, biodosimetry offers a pathway to estimate
absorbed radiation doses and inform medical decisions. Firstly, in the event of a radiological or
nuclear incident, prompt assessment of radiation exposure levels of individual victims is critical.

Biodosimetry can rapidly identify individuals who have received significant doses, enabling timely

1



medical intervention and reducing the risk of radiation sickness and long-term health effects.
Secondly, accurate dose assessment through biodosimetry can inform the administration of
radiation therapies and guide other treatments, such as hematopoietic growth factors, antibiotics,
and supportive care, thereby enabling tailored treatment plans with improved patient outcomes.
Thirdly, biodosimetry can contribute to a broader understanding of the biological effects of
ionizing radiation. By studies of biomarkers and mechanisms of radiation damage, more accurate
models of radiation exposure and its health impacts can be developed to produce improved
radiation protection standards and safety measures. Finally, biodosimetry can be essential in
monitoring occupational exposure to radiation in healthcare, nuclear power, aerospace, and other

industries, ensuring compliance with regulatory limits and enhancing workers' safety.
1.2. Current Methods for Biodosimetry

1.2.1 Chromosomal and Cellular Methods

Within biodosimetry, chromosomal and cellular methods stand as stalwarts. These
techniques delve into the microscopic world of cells, unraveling the secrets of radiation exposure
through the changes it brings about.

Some representative chromosomal and cellular biodosimetry methods are as follows®.
Dicentric chromosome analysis (DCA) quantifies the number of dicentric chromosomes formed
due to radiation-induced damage and provides a reliable measure of exposure®’. Premature
chromosomal condensation (PCC) accelerates the condensation of chromosomes, allowing for
efficient analysis of radiation-induced breaks and aberrations®®. With cytokinesis-block
micronuclei (CBMN), micronuclei formation post-radiation exposure is examined, which serves
as a fingerprint of damage, aiding dose estimation'®?. Lymphocyte depletion rate (LDR) monitors

the rate at which lymphocytes decrease post-exposure and approximate the effective radiation



dose!3!4. Phosphorylated histone H2AX (y-H2AX) is a marker that signals DNA double-strand
breaks and plays a pivotal role in estimating exposure®>16,

Within the purview of radiation exposure assessment, chromosomal and cellular
methodologies offer a trio of salient advantages contributing to their enduring relevance and
applicability. First and foremost, these methods are imbued with a high degree of sensitivity,
notably exemplified by DCA', which is especially adept at discerning even minuscule levels of
radiation exposure, thus providing instrumental capabilities in scenarios where the detection of
low-dose exposure is paramount. Secondly, the availability of historical data is a pivotal strength
of chromosomal methods. Assays like fluorescence in situ hybridization (FISH) can ascertain long-
term chromosomal aberrations'®, thereby facilitating the reconstruction of radiation doses
retrospectively. This aspect is of considerable importance for epidemiological studies and long-
term monitoring, as it enables a nuanced understanding of past exposures, even without immediate
or contemporaneous data. Finally, the advantage of standardization cannot be overstated™®.
Chromosomal and cellular methods operate within the confines of rigorously defined protocols
and guidelines, significantly ameliorating the challenges associated with inter-laboratory
variability. Such standardization ensures the reproducibility of results and engenders a framework
conducive to comparative studies across different laboratories and research settings. These
advantages—sensitivity, historical data availability, and standardization—coalesce to underscore
the utility and robustness of chromosomal and cellular methodologies in radiation exposure
assessment.

On the other hand, the limitations inherent to the chromosomal and cellular approaches in
biodosimetry are equally noteworthy and warrant critical scrutiny. To begin, the labor-intensive

nature of chromosomal analyses constitutes a significant impediment?®?, These assays necessitate



considerable expertise and time, particularly in slide preparation and microscopic examination
processes, thereby constraining their broader applicability in rapid-response scenarios. Secondly,
the temporally bounded utility of these assays, especially the dicentric chromosome assay
(DCA),* is a notable drawback. The frequency of dicentric aberrations diminishes over time post-
exposure, which imposes a restricted temporal window within which accurate dosimetric
evaluations can be conducted. This limitation can adversely impact the reliability of retrospective
dose estimations, thereby circumscribing their utility in long-term assessments. Thirdly, the fiscal
burden associated with these methods must be addressed. The requirement for specialized
instrumentation and skilled personnel® inflates the overall operational costs, rendering these assays
economically prohibitive in resource-constrained settings. Fourthly, the technical complexity of
specific assays adds another layer of complication. For example, the gamma-H2AX assay is replete
with intricate protocols that demand meticulous attention to detail and are technically challenging
to execute without specialized training. This complexity is a barrier to entry for laboratories
needing more expertise or resources. Lastly, the question of specificity remains. Cellular-based
approaches often encounter difficulties differentiating radiation-induced cytogenetic damage from
perturbations from other genotoxic stressors. This lack of specificity can introduce confounding
factors into the analytical outcomes, compromising the assays' fidelity.

In summary, while chromosomal and cellular methodologies offer unique advantages in
the realm of biodosimetry, they are not without their constraints. These limitations, encompassing
labor intensity, temporal restrictions, cost considerations, technical complexities, and reduced
specificity, collectively necessitate cautious interpretation of data and deliberate selection of

appropriate methodologies for different biodosimetric applications.



Overall, chromosomal and cellular methods for biodosimetry serve distinct purposes and
have respective advantages and disadvantages. Chromosomal methods are typically more sensitive
and specific but can be labor-intensive and costly. Cellular methods, on the other hand, offer rapid
assessment and potential automation but may lack specificity and have stability issues with certain
biomarkers. The choice between these methods depends on the specific application, urgency,
available resources, and required accuracy in dose estimation. Integrating both methods could also

provide a more comprehensive and robust approach to biodosimetry.

1.2.2 Transcriptomic and Proteomic Methods for Biodosimetry

Transcriptomic?? and proteomic®® methods are widely used in biodosimetry to assess the
biological responses to radiation exposure at the molecular level. By analyzing changes in RNA
and protein expression, these methods provide insights into the mechanisms of radiation damage
and repair, and they can contribute to dose estimation and risk assessment.

One such influential technique is RNA Sequencing (RNA-Seq)?#?°, which leverages next-
generation sequencing technologies to furnish exhaustive insights into the transcriptomic
landscape, capturing expression levels across the entire gamut of transcripts within a given
biological sample. This methodology is instrumental in discerning gene expression alterations
post-radiation exposure and unearthing new radiation-responsive genes.

Complementary to RNA-Seq, Microarrays®®?” employ hybridization techniques to quantify
the expression of an extensive array of known genes and proteins simultaneously. In the context
of biodosimetry, this technology is an expedient platform for rapidly surveying radiation-
responsive gene expression patterns at the transcriptomic and proteomic echelons.

Real-time quantitative PCR (RT-gPCR),?%?° another cornerstone technique, specializes in

quantifying expression levels for a carefully curated set of genes, distinguished by its unparalleled



sensitivity and specificity. It acts predominantly as a validation mechanism for gene expression
variations initially identified via RNA-Seq or microarrays and enables focused studies on
particular genes or molecular pathways.

Mass Spectrometry (MS) is an analytical technique that excels in identifying and
quantifying proteins predicated on their mass-to-charge ratios. When amalgamated with liquid
chromatography (LC-MS) furnishes a comprehensive proteome analysis. It has been particularly
efficacious in identifying and quantifying proteins that undergo alterations following radiation
exposure, including those subjected to post-translational modifications.

Two-Dimensional Gel Electrophoresis (2D-GE) is another proteomic technique that
fractionates proteins based on their isoelectric point and molecular weight, thereby facilitating the
visualization and comparative assessment of protein expression. Within biodosimetry, it serves as
atool for delineating proteins whose expression levels are perturbed by radiation exposure. Finally,
Western Blotting utilizes antibodies as molecular probes to selectively identify specific proteins
within a complex biological milieu, thereby adding another layer of specificity and validation to
proteomic analyses.

The transcriptomic and proteomic methods are advantageous when applied to
biodosimetric applications. Omics methods analyze the entire transcriptome/proteome, allowing
for simultaneously identifying numerous radiation-responsive genes/proteins. By studying global
changes in mMRNA/protein levels, these omics methods can provide insights into the pathways and
networks involved in the radiation response.

Although these omics methods are powerful in identifying biodosimetry targets, there is a
need for facile measurement. The need for standardized protocols and methodologies across

laboratories for transcriptomic and proteomic analysis in biodosimetry hinders inter-laboratory



comparisons and the translation of findings into routine clinical practice. Access to these methods
is also limited. Transcriptomic and proteomic technologies can be expensive and require
specialized equipment and expertise. This restricts their widespread adoption, particularly in low-
resource settings where they might be most needed. Once radiation-responsive targets are
identified, there is no need for a full panel omics screening. Instead, individual targets are explored
by developing specific molecular probes for measurement purposes. As such, targets of interest

identified through omics methods are usually profiled with molecular probes in general practices.

1.3. Molecular Probes for Biodosimetry

Molecular probes are specialized molecules that recognize specific targets, such as DNA,
RNA, proteins, or other biomarkers. They are often used for tracking or quantifying biological
processes at a molecular level. They are versatile and powerful tools in biomedical research and
diagnostic applications. Their designs to interact specifically with specific biological targets, such
as nucleic acids, proteins, or cellular organelles, make them invaluable for detecting and
quantifying specific biomolecules within complex biological systems. These probes, often
fluorescent or luminescent, enable real-time visualization of dynamic biological processes,
enhancing our understanding of cellular mechanisms and molecular interactions. Their
applications span a wide range, from identifying disease biomarkers and monitoring cellular
responses to therapies to tracking genetic modifications and investigating biochemical pathways.
In diagnostics, molecular probes are crucial in detecting diseases, including cancer and infectious
diseases, by highlighting abnormal molecular changes. Furthermore, in personalized medicine,
they assist in tailoring treatments to individual patients based on specific molecular profiles.

Overall, molecular probes are essential in advancing scientific research and clinical practice.



In the context of biodosimetry, with biodosimetry targets identified through omic methods,
molecular probes serve multiple essential functions. Firstly, they enable the detection of
biomarkers in various biological samples, such as blood or tissue, facilitating the non-invasive
assessment of radiation exposure. Employing these probes in portable point-of-care devices makes
it possible to conduct field-deployable biodosimetry, which is crucial in emergencies like nuclear
incidents. Additionally, these probes can be integrated into sophisticated lab-on-a-chip systems,
allowing for automated, high-throughput analysis, which is vital in mass casualty scenarios.
Furthermore, the data derived from molecular probes can be used to develop dose-response
models, providing a quantitative estimate of the radiation dose absorbed by an individual. This is
particularly important in clinical settings for tailoring patient-specific radiation therapy, ensuring
optimal treatment while minimizing harmful side effects. Overall, applying molecular probes in
biodosimetry represents a significant advancement, offering a path toward more accurate, rapid,

and accessible radiation exposure assessment.

1.3.1 Molecular Beacons

A molecular beacon is a single-stranded oligonucleotide probe designed to form a stem-
loop structure. This structure is critical to the beacon's versatility, as it facilitates self-assembly
and conformational changes in the presence of specific target molecules®.

The beauty of molecular beacons lies in their "on-off" switch-like mechanism®.. When the
beacon is in its native state, the stem-loop structure brings the fluorophore and quencher into close
proximity, leading to fluorescence quenching. However, when the beacon encounters its
complementary target sequence, the stem-loop structure unwinds, separating the fluorophore and
quencher, resulting in a fluorescent signal. This fundamental mechanism underpins the myriad

applications of molecular beacons.



Molecular beacons have been shown in nucleic acid detections®?, cellular imaging and
localization®*34, and diagnostic applications. The fundamental purpose of molecular beacon design
is to detect RNA as well as DNA molecules. Molecular beacons offer a precise tool for detecting
specific nucleic acid sequences. Because of the “on-off” fluorescence mechanism, molecular
beacons are also commonly used for imaging and localization studies. Molecular beacons enter
living cells to reveal the spatial distribution of specific nucleic acids, aiding in studying cellular
dynamics and responses. When targeting nucleic acids that are disease biomarkers, molecular
beacons play a pivotal role in diagnosing diseases by detecting unique nucleic acid sequences
associated with specific conditions, such as cancer® or infectious diseases®. As such, molecular
beacons' portability and rapid response make them ideal candidates for point-of-care diagnostic
devices, bringing precision to remote or resource-limited settings.

In radiation exposure assessment, where swift and accurate measurements are imperative,
molecular beacons offer a novel and sophisticated approach with tremendous potential. These
specialized probes, originally designed for real-time nucleic acid detection, have found a new
application in biodosimetry—a field dedicated to quantifying the level of radiation exposure in
individuals. Molecular beacons are engineered to exhibit a "switch-like" behavior in the presence
of specific biomolecules, allowing them to serve as indicators of molecular changes induced by
radiation.

The core mechanism of molecular beacons involves a unique structural design that brings
a fluorophore (emitting light) and a quencher (suppressing light) in close proximity. When the
beacon is intact, the quencher dampens the fluorophore's signal, keeping the probe in a "dark"
state. However, when the beacon encounters radiation-induced biomarkers or DNA damage, its

structure changes, leading to the separation of the fluorophore and quencher, resulting in a



fluorescent signal—the brighter the signal, the higher the radiation exposure. This "on-off"
mechanism enables real-time, non-invasive assessment of radiation damage within cells and
tissues.

The application of molecular beacons in biodosimetry has the potential to transform how
we measure and respond to radiation exposure events. By detecting radiation-induced changes at
the molecular level, these probes offer a rapid and accurate means of assessing the severity of
exposure. This capability is especially critical in unexpected radiation incidents, where a swift and
informed response is essential. Molecular beacons can be designed to target specific biomarkers
associated with radiation damage, providing a direct link between the presence of these markers
and the level of radiation exposure.

Moreover, the adaptability of molecular beacons offers the opportunity to simultaneously
monitor multiple biomarkers, allowing for comprehensive biodosimetry assessment. This
multiplexing capability provides a more nuanced view of the extent of radiation damage,
contributing to more accurate medical decisions and resource allocation. As technology advances,
integrating molecular beacons into portable and field-deployable devices could further enhance
their utility in emergencies.

In summary, molecular beacons illuminate a new path in the field of biodosimetry, enabling
rapid, sensitive, and precise assessment of radiation exposure. Their ability to directly probe
radiation-induced molecular changes has the potential to reshape our strategies for responding to
unexpected radiation events, safeguarding public health, and aiding medical interventions with

greater efficiency and accuracy.
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1.3.2 Antibodies

In biology, antibodies stand as remarkable defenders. This section embarks on a journey
through antibodies, exploring their structure, mechanisms, and diverse applications that span from
diagnostics to the emerging field of biodosimetry.

At the heart of the antibody's function lies its intricate structure®’. These Y-shaped proteins
are designed to recognize specific antigens - foreign substances that trigger an immune response.
The antibody structure comprises constant and variable regions, where the latter form the antigen-
binding site, allowing for remarkable specificity.

In radiation exposure assessment, antibodies have found a new role. By targeting radiation-
responsive proteins, antibodies can aid in biodosimetry after unexpected radiation events, such as
nuclear accidents or attacks. Several notable antibodies have been applied in biodosimetry: 1) Anti-
p53: Antibodies against the p53 protein, which plays a crucial role in DNA damage response, offer
a potential biomarker for assessing radiation exposure3®. 2) Anti-y-H2AX: y-H2AX is a marker of
DNA double-strand breaks induced by radiation, and antibodies against it allow for rapid dose
estimation®; and 3) Anti-cytokines: Antibodies targeting cytokines involved in radiation response
could provide insights into radiation exposure levels®.

The use of antibodies in biodosimetry can provide valuable insights into radiation exposure
by detecting specific proteins or other biomarkers that change in response to radiation. However,
there are several limitations associated with the use of antibodies in biodosimetry that must be
considered: 1) Antibodies may show cross-reactivity with non-target proteins or other molecules,
leading to false-positive or ambiguous results. This can hinder the accurate assessment of radiation
exposure, particularly if the detected biomarker is not exclusive to radiation response. 2) The

sensitivity of antibody-based detection can vary widely depending on the method and antibody
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quality. Detecting low-abundance biomarkers may be challenging. This could limit the ability to
detect radiation exposure at low doses or during the early stages of response. 3) The lack of
standardized antibodies and protocols can lead to inconsistencies between laboratories or over
time. This hampers the comparability and reproducibility of results, affecting the broader
applicability of antibody-based biodosimetry. 5) High-quality, specific antibodies can be
expensive, and specialized equipment or expertise may be required for their use. This may restrict
the availability and use of antibody-based biodosimetry in some settings or regions. 6) Individual
variability in immune response, genetics, and other factors can affect the levels and detectability
of antibody-targeted biomarkers. This can complicate the interpretation of results and the
prediction of individual radiation sensitivity or response.

While antibodies offer a powerful tool for biodosimetry, enabling specific detection of
radiation-responsive biomarkers, their limitations must be carefully considered and addressed.
Issues related to specificity, sensitivity, standardization, timing, cost, biological variability, and
understanding of the target biomarkers can impact the accuracy, applicability, and interpretation
of antibody-based biodosimetry. Continued research and development, coupled with rigorous
validation and standardization, are essential to maximize the potential of antibodies in
biodosimetry and overcome these challenges. Integrating antibody-based approaches with other
biodosimetry methods may also provide a more robust and comprehensive assessment of radiation
exposure.

1.3.3 Aptamers

Aptamers are a unique class of molecules that have garnered significant attention in biology

and medicine. Unlike antibodies, which are large protein molecules produced by immune systems,

aptamers are synthetic and derived from a simple nucleic acid backbone. Since their discovery in
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the early 1990s, #1142 aptamers have been engineered for various applications such as diagnostics,*?
therapeutics, 44, and analytical tools*.

Aptamers' ability to bind specifically to target molecules stems from their complex three-
dimensional structures. These structures are formed by folding and self-assembly of the
oligonucleotide strands. The unique spatial arrangement of bases enables aptamers to recognize
and bind to targets with high affinity and specificity, often rivaling or even surpassing antibodies.
The binding properties can be finely tuned by manipulating the sequence, leading to specific
interactions with target molecules.

While antibodies have long been the gold standard for molecular recognition, aptamers
bring unique advantages to the table: 1) In Vitro Selection: Aptamers are generated synthetically,
circumventing the need for animal immunization and expediting the design process; 2) Small Size:
Aptamers are smaller than antibodies, allowing for easier penetration into tissues and potential
access to hidden binding sites; 3) Stability: Aptamers can be chemically synthesized, resulting in
increased stability and reproducibility compared to antibodies*®; 4) Diverse Target Range®:
Aptamers can bind to a wide range of targets, including proteins, “84% small molecules, *° and even
cells, ° expanding their applications; 5) Ease of Modification: Aptamers can be easily modified
with various functional groups, enabling the attachment of labels or therapeutic payloads*.

Identifying aptamers with desired binding characteristics often involves an iterative
selection method known as SELEX® (Systematic Evolution of Ligands by Exponential
Enrichment). A series of binding, separation, and amplification steps narrow a pool of
oligonucleotides to those with the strongest affinity for the target. Subsequent synthesis and

modification of selected aptamers enable further optimization of binding properties.
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SELEX is a journey of both discovery and engineering. It empowers scientists to navigate
the vast terrain of nucleic acid sequences, ultimately yielding aptamers that possess remarkable
binding properties. The adaptability of SELEX has enabled the development of aptamers that
recognize a diverse array of molecules, from small chemicals to complex proteins. As technology
advances, the SELEX process continues to evolve, offering ever more sophisticated ways to
explore the molecular world and harness the power of aptamers for a wide range of applications.

Aptamers have mainly been used in three aspects: 1) diagnostic, 2) therapeutic, and 3)
research applications.

As a diagnostic tool, aptamers can be used as biosensors*:. Aptamer-based biosensors offer
rapid and sensitive detection of target molecules, revolutionizing diagnostic tests for diseases and
pathogens. On the other hand, aptameric imaging has also been shown for diagnostics. Labeled
aptamers facilitate the visualization of specific molecules within cells and tissues, aiding in
diagnostics.

Aptamers have emerged as promising therapeutic agents**, particularly in cancer treatment.
Their small size, synthetic nature, and ability to target specific proteins have enabled the
development of highly selective and potent drug candidates. The aptamer Macugen®3, for example,
has been approved for treating age-related macular degeneration, highlighting the potential of
aptamers in medicine. Aptamers can guide therapeutic agents directly to specific cells, minimizing
off-target effects and enhancing treatment efficacy. Aptamers can also block the function of
specific molecules, offering potential therapies for conditions like cancer and autoimmune
diseases.

In research, aptamers have been shown in protein interaction studies®* and high-throughput

screenings™. Aptamers serve as versatile tools to probe protein-protein interactions and identify
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potential drug targets. Aptamer libraries can be screened against large numbers of molecules,
aiding in drug discovery and optimization.

In radiation exposure assessment, where accuracy and speed are paramount, aptamers have
emerged as pioneering tools with significant potential. Traditional biodosimetry methods often
rely on analyzing radiation-induced changes in biomolecules, which can be time-consuming and
technically intricate. Aptamers, however, offer a novel approach through their unique properties.
These single-stranded nucleic acids can be specifically engineered to bind to radiation-responsive
proteins or markers that indicate DNA damage. This tailored binding capability allows aptamers
to rapidly and precisely identify the presence and concentration of such biomarkers in biological
samples. By harnessing the advantages of aptamers, biodosimetry can transition from laborious
processes to streamlined protocols, enabling swift and accurate assessment of radiation exposure
levels in scenarios ranging from unexpected nuclear incidents to therapeutic radiation treatments.

Aptamer-based biodosimetry has the potential to revolutionize emergency response in
cases of unexpected radiation events. Rapid identification of radiation-induced biomarkers through
aptamer recognition could expedite the assessment of exposed individuals and guide medical
interventions. Furthermore, aptamers offer the advantage of being chemically synthesized,
ensuring their stability and reproducibility, which are crucial factors in high-pressure situations.
As aptamers continue to evolve and diversify, they hold promise for multiplexing—simultaneous
detection of multiple biomarkers—which could enhance the precision and comprehensiveness of
biodosimetry assessments. Ultimately, the integration of aptamers into the biodosimetry toolkit
could mark a significant step forward in our ability to safeguard public health and make informed

decisions in the face of unexpected radiation challenges.
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Aptamers represent a versatile and promising class of molecules with wide-ranging
applications. Their unique binding properties, coupled with the ability to be synthetically designed
and manipulated, have placed them at the forefront of molecular biology and medicine. The
continued exploration and development of aptamers hold the potential to revolutionize various
fields, from therapeutics to diagnostics, providing new tools and strategies to address complex

biological challenges.

1.4. Objectives and Significance

This thesis seeks to develop novel molecular probes, including aptamers and molecular
beacons for radiation-responsive proteins and mRNAs towards biodosimetry applications, and to
use the designed probes in a microfluidic measurement device for potential use in a point-of-care
(POC) setting. Although aptamers and molecular beacons have great potential and affinity for use
in biodosimetry, studies in this field using these molecular probes remain scarce. This thesis
intends to fill this space’s void and develop molecular probes towards biodosimetry applications,
potentially aiding nuclear events on-site triage and precision medicine for personalized
radiotherapy dose prescription. The specific objectives of this thesis were:

e Development of aptamers for intracellular proteins: compared and improved the current
aptamer development processes and used a microfluidic device against intracellular
proteins. This includes:

o Comparison of microfluidic aptamer selection methods with conventional methods
regarding efficiency, efficacy, and cost;

o Development of aptamers against radiation-responsive proteins via an integrated
microfluidic selection method;

o Development of a graphene-based nanosensor for aptamer candidate screening.
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e Development of molecular beacons for intracellular mRNA: designed and developed
them against intracellular mMRNAs and demonstrated their potential application in POC
biodosimetry.

o Development of molecular beacons against radiation-responsive mRNAS via
rational design;

o Demonstration of dose-dependency with fluorescence labeling signal of the
designed molecular beacons;

o Application of the molecular beacons in a microfluidic measurement device to

demonstrate the potential use of molecular probes in POC setting.

1.5. Organization of Thesis

This thesis is divided into two parts. The first part focuses on the aptamer development
process and how microfluidics can make a difference in aiding the whole process. Chapter 2
compares conventional and microfluidic SELEX processes and shows that microfluidic SELEX
methods are superior to conventional methods in terms of efficiency and cost. Chapter 3 then used
the integrated microfluidic approach to isolate aptamers against radiation-responsive protein BAX.
This is a demonstration of the microfluidic aptamer development for intracellular radiation-
responsive proteins. Chapter 4 shifted the gear towards the aptamer candidate screening process.
A graphene-based nanosensor is developed and demonstrated with the pool of microfluidic
SELEX against IgE. The second half expands the radiation-responsive targets to mRNAs, and
demonstrates a microfluidic prototype device towards POC biodosimetry. Chapter 5 presents the
rational design and development of molecular probes against BAX mRNA and introduces a
microfluidic measurement device. The dose-dependency of BAX mRNA is demonstrated on this

device, and RT-qPCR validates the result. Chapter 6 intends to develop another molecular beacon
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for FDXR mRNA, and potentially, the FDXR mRNA targeting molecular beacons can be used for
ex-vivo human blood samples. Last but not least, Chapter 7 summarizes the work discussed in this

thesis and discusses potential future directions for the research mentioned in this thesis.
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Chapter 2: A Comparative Study of Aptamer Isolation on
Conventional and Microfluidic Strategies

2.1. Background

Aptamers, single-stranded nucleic acids with high affinity and specificity to biological
targets, have been extensively developed for molecular diagnostics, therapeutics, and other
applications®®>". A highly diverse range of targets has been reported for aptamers, including metal
ions,59 small molecules,51 proteins,49,50 whole cells,52 bacteria,60, and tissues®®. As a novel
affinity ligand, aptamers possess various compelling attributes such as reversible target-binding,*
minimal batch-to-batch variations,®® low immunogenicity®®, and ease of conjugation with
functional groups®2. These high-affinity nucleic acid-based ligands are isolated by an in vitro
process termed systematic evolution of ligands by exponential enrichment (SELEX). A general
SELEX process comprises incubating the single-stranded oligonucleotide library pool with the
target of interest and partitioning, separating the target-bound sequences from the unbound ones.
Subsequently, the sequences bound to the target molecules are eluted and amplified by polymerase
chain reaction (PCR). Since aptamers take advantage of secondary structures of single-stranded
oligonucleotide for molecular recognition, the resulting double-stranded oligonucleotide must be
converted to single-stranded oligonucleotide before the next round of SELEX®. The process is
repeated until the pool is enriched. The enriched pool is sequenced to obtain individual sequence
information. The sequences with high abundance in the pool are characterized to determine
potential aptamers with high affinity and specificity against the targets.

Since discovering aptamers*#2, SELEX has been used extensively for various targets.
Conventional SELEX methods have been effective but are limited by time and cost. New methods,

such as those based on microfluidic technology, have been under active development®. While
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based on the same underlying principles as the conventional ones, these methods focus on
integrated handling of reagents to achieve more cost-efficient and rapid discovery of aptamers.
Several studies, both theoretically and experimentally, show that microfluidic technology can
improve the efficiency of aptamer isolation by reducing the background binding in the selection
process®8, In addition, to alleviate the labor-intensiveness of the manual procedures in the
SELEX process, various microfluidic chips integrating the in vitro selection, amplification, and
strand separation onto a single chip have been developed®®". Previously, we have developed a
full-chip SELEX method that employs the pressure-driven and electrokinetic transport of target-
binding oligonucleotides to discover aptamers’>’3. Moreover, in a recent study, we developed a
microfluidic SELEX device using bead-based affinity selection and amplification procedures to
rapidly isolate the aptamers against targets such as glycans and Immunoglobulins (~9 hours)
without any off-chip processes’. While these studies demonstrate the potential of microfluidic
SELEX, there is no comparison of the microfluidics- and conventionally-based methods.

This paper presents a comparative study of three SELEX strategies, comparing their
characteristics in aptamer isolation and informing the choice of the methods based on the
requirements of the given biological target and the intended application. These include
conventional benchtop SELEX (hereafter referred to as “conventional SELEX”) that uses agarose
beads, as well as two microfluidic implementations, the first of which is based on a microfluidic
chip that fully integrates affinity selection, PCR amplification, and single-stranded DNA (ssDNA)
conditioning (termed “full-chip SELEX”). The other microfluidic implementation uses
microfluidic affinity selection but off-chip PCR and ssDNA conditioning (called “chip-selection
SELEX”), which will provide insights into the relative significance of on-chip affinity selection

for improving the efficiency and efficacy of SELEX processes. Using human immunoglobulin E
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(IgE) as a model target protein across these three different SELEX strategies, we analyzed the
differences in the configurations of the SELEX, the parameters, and the resulting time taken to
execute the iterations. Experimental results showed that all three methods successfully isolated
high-affinity and specificity aptamers against IgE protein. Compared to the conventional strategy,
the chip-selection and full-chip SELEX strategies showed a significantly higher efficiency in
aptamer isolation by providing a higher stringency in selection conditions. These include reduced
background binding by rigorous washing, increased competitive binding by continuous-flow
operation, and enhanced selection enrichment by intimate interactions between oligonucleotides
and the intended target. The microfluidic strategies also allowed aptamer isolation at a lower cost
by reducing reagent consumption. The two microfluidic implementations showed that
microfluidic-selection SELEX offers low cost, shorter aptamer isolation time, and high aptamer
enrichment efficiency. At the same time, full-chip SELEX is advantageous overall, particularly in

terms of time efficiency, and, because of its integrated nature, is amenable to automation.
2.2. Results and Discussion

2.2.1. Conventional, Chip-selection and Full-chip SELEX

Conventional, chip-selection and Full-chip SELEX vary significantly in the aspect of the
platform used, PCR amplification, and the method employed to separate dsDNA into their
corresponding ssDNA. The first focus of our study is to scrutinize the different strategies or
configurations used across these three types of SELEX. This chapter will only focus on the full-

chip SELEX setup and the other two strategies listed in previous publications.
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Figure 2.1. Aptamer selection procedures of (a) conventional SELEX and (b) microfluidic SELEX.
Design of (c) on-chip affinity selection chip and (d) full-chip SELEX chip.

Full-chip SELEX setup. The full-chip SELEX system comprises an integrated chip, a
syringe pump, a nitrogen tank, a multimeter, and a power supply. The Full-chip SELEX chip is
the centerpiece, while the syringe pump supplies the fluid source. The nitrogen tank is used
together with a splitter to actuate the valves on the Full-chip SELEX chip with pneumatic control.
LabView codes control the multimeter and power supply for temperature manipulations in the
chambers of the Full-chip SELEX chips.

The full-chip SELEX chip design is built on the previously discussed on-chip affinity
selection, except all SELEX processes, including PCR amplification, were integrated into a single
chip. The chamber design was kept the same and repeated to accommodate the sequential yet
iterative critical events in the SELEX processes (Figure 2.1d). The same separation strategy still
applies here: retaining beads in the chamber by physical size. The chip can be divided into two

portions by pneumatic valves: the selection/counter-selection chambers and an amplification
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chamber. This compartmentalization ensures the independent functioning of each module with
high efficacy and efficiency. In Full-chip SELEX, the beads are for single use only. With the dual
compartments, changing beads by reverse flow does not interfere with reactions occurring in the
other compartment. Heating/sensing electrodes were embedded under the selection and the
amplification chamber. The former allows the heating and maintaining temperature for heat-
induced dissociation, while the latter permits the execution of thermal cycles corresponding to
PCR conditions. ssDNA of the enriched library is generated in situ inside the amplification
chamber and can be transferred to the selection chamber without off-chip handling (automated),

obviating the use of syringes or pipettes to transfer the molecules.

(@) 1 2. 3 4 5 (b) (d)
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Figure 2.2. Amplification characterization of target-binding oligonucleotides. (a) Gel
electrophoresis of elution SELEX after PCR (Line 1: negative control; Line 2: conventional SELEX;
Line 3: on-chip affinity selection; Line 4: Full-chip SELEX; Line 5: ladder). Fluorescence images of
PCR beads (b) before bead-based PCR and (c) after bead-based PCR in on-chip affinity selection.
Fluorescence images of PCR beads (d) before on-chip bead-based PCR and (e) after on-chip bead-
based PCR in Full-chip SELEX.

The workflow of Full-chip SELEX is as follows: the selection reactions occur dynamically
by flowing the ssSDNA library in the binding buffer through the selection chamber where agarose
beads with immobilized targets (IgE in this case) are loosely packed. After continuously mixing

with the library, the beads on which target proteins and a portion of the library ssDNA form binding
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complexes were washed with the binding buffer to eliminate the non-binders and possibly some
weak binders. The target-bound ssDNA was then dissociated from the complex by heat and
transferred to the amplification chamber, where they hybridized with the reverse primers on the
surface of the streptavidin-coated beads. Optionally, when transferring, the sSDNA will be passed
through the beads in the counter-selection chamber, and the counter-targets on those beads will
capture the non-specific binders. A PCR mixture containing the reverse primer was added to the
amplification chamber, which included the hybridized DNAs on the surface of the streptavidin-
coated beads to carry out PCR amplification. The bead-based PCR amplification can be monitored
here with fluorescence intensity (Figures 2.2d and 2.2e). During the heating phase at 95 °C, the
sSDNA can be dissociated, eluted from the PCR beads, and transferred to the selection chamber to

initiate the next round of Full-chip SELEX.

2.2.2 Sequences and Secondary Structures of Aptamer Candidates

After the final round of the SELEX, the PCR product was subjected to adapter ligation for
the Miseq sequencing. To ensure consistency, the concentrations of pools subjected to sequencing
were the same for each SELEX method during the sequencing process, and the sequencing was
performed in the same batch. The sequencing data was analyzed using the AptaSuite toolkit’. The
first ten most frequent sequences across the three SELEX methods are listed in Table 2.1.
Analyzing sequences across these three SELEX methods reveals that on-chip affinity selection
and full-chip SELEX have identical sequences (sequence IC1 and IM1). A similar sequence ranks
the 8th highest in terms of the counts (IG5) out of the first ten sequences in conventional SELEX.
IC1, IM1, and IG5 counts are 4236, 24, and 25 counts per million, respectively. Overall, the higher

number of counts obtained by on-chip affinity selection for most of the aptamer candidates
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compared to conventional and full-chip SELEX suggests that on-chip affinity selection enables a

higher degree of enrichment.

The secondary structures of the first five candidates were predicted using Mfold (zuker
algorithm) at the specific conditions (165 mM Na*, 2 mM Mg?*, and 25 °C). The secondary
structural analysis of the first 5 candidates from all three types of SELEX procedures has revealed
that most of the structures formed stem-loop structures. The loop structure is the most favorable
region for binding to the epitope on the protein's surface, and this structure is stabilized by the stem
region that braces the loop architecture. The loop structure acts as the recognition element and
anchoring region at the epitope on the protein's surface. In contrast, the base-paired structure is
less stringent in the sequences of the nucleotides. Many aptamers have been reported to have stem-
loop structures for recognizing the target’®'8. The unpaired, single-stranded form of the loop
region can also assume numerous interactions, including the intermolecular hydrogen bond within
the epitope of the target protein’®. The stem-loop structure is immensely appreciated as an
indispensable element for target recognition. Some starting nucleic acid libraries are also designed
with a stable stem-loop structure ensconced in the randomized region.

The previous IgE aptamer named D17.4 also forms a stem-loop structure’’. The similar
structure formed by both the D17.4 and the most aptamer candidates in this study from across
different types of SELEX implies that the epitope of the IgE favors the selection of the aptamers
with the stem-loop region even though several different candidates could be potential aptamers
against IgE based on the secondary structures, in this study, to simplify the selection of the
candidates, only the sequences overlapping with each other across all three different types of

SELEX methods were chosen for the aptamer validation.
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Table 2.1. Sequences for conventional, chip-selection, and full-chip SELEX. Primer regions are
hidden. CPM: Counts per million.

SELEX Method Name Sequences CPM
IG1 CGAGGGAAAGTGGGAGGGTGGGGGTAATTGCATGGGGGTG 71.24
1G2 CGAGGTGTGGGGCAGGTGGGGGTTGGTGGGGGATTGTGGG 35.62
Conventional 1G3 GGGGTGGGAGGGGGGTTCTGTGGCGTTCTGTGGGGGCGGG 30.28
1G4 GGGAGGGTGGACGGGGGGGTTAGTGCTTGGGGTGGCGGGG 26.72
1G5 CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCA 24.93
IC1 CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCA 4235.9
1C2 CTTTATCCGTTTTCTCTCAGTGGGTGTACGGAACTATGGT 1729.6
Chip-selection IC3 TTCATCCGTTTCTCTCAGTGGTGCTGGTCCATGCCCCGTT 1438.9
1IC4 CATTTATCCGTAACTTTTAGTGGTGTGACTGCGGAGGTGG 1034.1
IC5 CTTTATCCGTTCTCTTCCAGTGGGTGCTGTACTGTTTGCG 504.16
IM1 CTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCA 23.68
IM2 AAATGTCTCTCTTATATTCGTATCCTATGTGTACCCAATG 6.96
Full-chip IM3 TTACGATTGCTTATTTTCTTTTTTACCCGTCTTGGATGTC 6.96
IM4 TTATACATTTGAAACCAGTATCTTATCATTAGTTTTTTTG 6.96
IM5 ACTATACTAACACCTAACAAGTTAGGGTTACTTTCACGTT 6.96

2.2.3. Affinity and Specificity to IgE

The overlapping sequence (named IGE1) shared by the enriched pools from the three
SELEX strategies (IG5, IC1, and IM1 from conventional, microfluidic-selection, and full-chip
SELEX, respectively) was chosen as an IgE-binding aptamer candidate for further validation.

The affinity of IGE1 against IgE was determined with chip-selection bead-based
fluorescence assay. The FAM-labelled IGE1 with different concentrations were incubated with 20
ul of IgE-coated agarose beads. Then, these IgE agarose beads were injected into the chip to
remove the unbound aptamers. After washing, the fluorescence imaging was carried out using a
fluorescence microscope, and the fluorescence intensities were analyzed with the software ImageJ.

The triplicate signals were averaged for each concentration of IGE1. The KD value was calculated
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by fitting to the one-site saturation with non-linear regression analysis using Graph Pad Prism®.

The KD value of IGE1 was estimated at 96.2 + 9.4 nM (Figure 2.3).
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Figure 2.3. Affinity characterization of the selected aptamer. (a) Determination of the equilibrium
dissociation constant for IgE with aptamer IGE1. (b) Secondary structure of aptamer IGE1.

2.2.4. Affinity and Specificity of Truncated Aptamer against IgE.

Truncation of aptamer not only reduces the cost of synthesis but also removes the
unnecessary regions of the nucleotides that may impart electrostatic repulsion, contributing to
much lower dissociation constant values.®:-8 In this study, the removal of nucleotides was
achieved stepwise for aptamer IGEL, in which one nucleotide is removed from both extremities,
and the resulting aptamer variants were subjected to folding using Mfold. After successive removal
of nucleotides from both ends, one truncated aptamer variant with a length of 31 nts was subjected
to folding. We discovered that this is the shortest aptamer variant that can be truncated without
perturbing the core stem-loop secondary structure. Any further efforts to remove additional

nucleotides result in aptamer variants that have lost their core secondary structure. Besides, we
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replaced the A-T base-pair at the extremity of the stem with C-G to achieve a more stable structure.
The truncation process is shown in Figure 2.4a.

The affinity of IGEL-T against IgE was determined with a chip-selection bead-based
fluorescence assay. The Kp value of the truncated version is 14.5 £ 1.4 nM (Figure 2.4b),
significantly lower than that of IGE1. The lower Kp value demonstrates that the truncated IGE1
(IGE1-T) shows an excellent binding affinity to IgE. The Kp value is also similar to that of D17.4
DNA aptamer generated by Wiegand et al.”” In addition, the specificity of truncated aptamer IGE-
T toward IgE was confirmed by probing its interaction with blank beads, IgE-coated agarose beads
and lgG-coated beads, using the bead-based fluorescence scheme. As shown in Figure 2.5, high
fluorescence intensity was observed only for IgE-coated agarose beads, while no fluorescence
signals were detected for bare and IgG-coated agarose beads. This proved that the truncated

aptamer IGE1-T has excellent specificity toward IgE.

(b)
1.5
@
TGy (%]
T T c
G ¢ O
¢ a
e ¢ 1.0
T ;1 o
-
A G E
Truncation " & k4
T e G % 05}
. e o |
Modification AT £
L1 £ Ko = 14.541.4 nM
o z
& ‘G 0.0 i 1 1 1 ¢ 1
— AT 0 50 100 150 200
ATCCAGAGTGACGCAGCACTTTATCC  CGCACTTTATCCGTTTCTTTCAGTGGGTGCG Aptamer Concentration (nM)

GTTTCTTTCAGTGGGTGCTTAGTTCCT
CTTCATGGACACGGTGGCTTAGT

Figure 2.4. Affinity characterization of the truncated aptamer. (a) Process of truncating IGE1 into
a shorter IGE1-T. (b) Determination of equilibrium dissociation constants of IGE1-T against IgE.
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Figure 2.5. Specificity of the truncated aptamer IGE1-T against IgE protein.

2.2.5. Comparison of Three SELEX Strategies

The critical steps of the three SELEX methods were compared to examine the enrichment
efficiency, time, and cost. These steps include incubating the single-stranded nucleic acids with
the target protein, separating the target-bound nucleic acids from the unbound molecules, and PCR
amplification and single-stranded DNA generation.

The incubation of the single-stranded nucleic acids and the target takes approximately 30
min across conventional, on-chip affinity selection and Full-chip SELEX. The amount of initial
ssSDNA used for incubation with the target IgE is 2 nmol. The amount of the target protein is
measured in terms of the volume of the IgE-immobilized agarose beads used, which is
approximately 30 pL in each SELEX cycle.

Partitioning in any SELEX experiment involves separating the target-bound nucleic acid
molecules from the unbound ones. In the conventional SELEX, separation is achieved via a brief

29



centrifugation-mediated separation. Centrifugation separates the supernatant and the resulting
sediment, the aptamer-protein complexes. The supernatant was removed, and the sediments were
washed with the binding buffer. After the washing steps, the bound molecules are eluted by heat-
based elution. The heat treatment denatures the IgE-bound nucleic acid molecules, releasing them
into the denaturant urea. In both the chip-selection and Full-chip SELEX, the separation is much
more efficient, as the aptamer-protein complexes are trapped in the hexagonal geometrical
chamber, whereby the height of the outlet channel (20 um) is smaller than the diameters of agarose
beads (40-130 um). The excellent partitioning step of the chip-selection and Full-chip SELEX
allows for a much more flourishing enrichment than the conventional SELEX based on the number
of counts obtained. In the on-chip affinity selection, the enrichment counts are 4236 counts per
million after 4-round SELEX, which is much higher than that of conventional SELEX (25 counts
per million after four rounds), as shown in Figure 2.6a. This is because the on-chip affinity
selection combined the high efficiency of tube-based incubation (nucleic acid library and IgE-
coated agarose beads) of conventional SELEX and much more efficacious partitioning of
microfluidic chips compared to the agarose bead-based partitioning.

When it comes to PCR amplification, the time taken for the conventional SELEX is much
faster, as approximately a maximum of 12 cycles are taken for the amplification of the target-
eluted ssDNA molecules. The period for bead-based PCR amplification is extended as more PCR
amplification cycles are required. A higher number of PCR cycles is needed to compensate for the
rate-limiting step incurred by the immobilized reverse primers on the surface of streptavidin beads,
which are much lower in concentration than the free primer in the PCR mixture employed in
conventional SELEX. The PCR amplicon in conventional SELEX was analyzed via agarose gel

electrophoresis followed by ethidium bromide staining. At the same time, fluorescent imaging of
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the beads was carried out in on-chip affinity selection to determine the extent of amplification.
Though the imaging of the amplicons in on-chip affinity selection is much faster, the trade-off is
the inability to view the integrity of the resulting dsDNA, which can only be possibly achieved
with agarose gel electrophoresis followed by ethidium bromide staining. On the other hand, the
PCR amplification in Full-chip SELEX is integrated on the Full-chip SELEX chip with
temperature control by on-chip electrodes and Labview codes.

We realized that the most time-consuming and arduous step in a conventional SELEX is
ssDNA generation following PCR amplification. The dsDNA is converted to sSDNA using biotin-
streptavidin separation. The biotinylated PCR product immobilized on the surface of the
streptavidin beads is denatured using NaOH, which dissociates the ssDNA from its complementary
biotinylated strands that remain attached to the beads. On the contrary, the sSSDNA generation for
both chip-selection and Full-chip SELEX is much faster as heat-based elution is used to elute the
ssDNA molecules that form a duplex with the immobilized reverse primer on the surface of the
streptavidin agarose beads. The elution is achieved within 5 minutes, and the eluted molecules are
concentrated before the next round of SELEX.

In the conventional SELEX, automation is absent as all the collection of the elution is
achieved via pipetting. In the on-chip affinity selection, these steps, assisted by syringe pumps, are
automated and include washing, elution, and ssDNA conversion. In Full-chip SELEX, all steps
are automated and integrated. Labview codes control the gold electrodes underneath the selection
chamber for temperature control. They can be used for isothermal selection conditions and the
bound ssDNA heat release. The electrodes can also be used for thermal cycling in the amplification

chamber, and the temperatures can be adjusted to accommodate various PCR protocols.
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In a typical conventional SELEX experiment, the total time spent from the incubation to
the generation of ssDNA for the next round of SELEX is approximately 8-9 hours. We realized
that the most time-consuming step is the PCR amplification, followed by the conversion of the
dsDNA into ssDNA, which would require 2-3 hours. A total of one day is necessary for a complete
conventional SELEX cycle, which would need four days for four cycles of SELEX (Figure 2.6b).
In terms of cost, it was estimated that the cost required for the first round of conventional SELEX
is approximately 45 USD and 43.5 USD for the subsequent rounds of SELEX. The total cost of a
conventional SELEX can be approximated at 176 USD (Figure 2.6¢). As for the cost, most of the
expenditure accounts for the streptavidin-coated bead, which would consume 20 USD per SELEX
round. Compared with conventional SELEX, on-chip affinity selection is speedy and only requires
2.5 hours per round. One day is necessary to carry out 3-4 rounds of SELEX. This is because, in
chamber SELEX, bead-based PCR is employed to directly generate the ssDNA, thus averting the
step of streptavidin bead-based ssDNA generation as in conventional SELEX. The cost of in-
chamber SELEX is estimated at 13 USD for the first round and 11.5 USD for other rounds. The
total cost for four rounds of on-chip affinity selection is 48 USD, much lower than that of
conventional SELEX (Figure 2.6c). The fastest SELEX procedure among all the three types is
Full-chip SELEX. A typical time scale for a 4-round SELEX is usually 9 hours, including setup.
Because of its integration and small scale, the full-chip SELEX is also cheaper than the
conventional SELEX. The cost for 1st round of Full-chip SELEX is about 7.1 and 5.6 USD for
other rounds. The total cost of a 4-round Full-chip SELEX is estimated at 52 USD, including the

28 USD for chip fabrication. The detailed comparisons are shown in Tables S1 and S2.
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Figure 2.6. Comparison of the three SELEX methods in terms of (a) enrichment, (b) total time, and
(c) total cost used for SELEX process. All results are from round 4 against IgE of each method.

2.3. Experimental

Materials and Chemicals. Human IgE protein was purchased from BioFront
Technologies (Tallahassee, FL). MgCI2 and molecular biology grade water were procured from
Sigma-Aldrich (St. Louis, MO). Deoxyribonucleotide triphosphates (ANTPs) and GoTaq® Flexi
DNA polymerase were obtained from Promega Corp. (Madison, WI). Dulbecco’s phosphate-
buffered saline (D-PBS), Pierce NHS-Activated Agarose Slurry, and streptavidin coupled agarose
beads (Pierce Streptavidin Agarose) were procured from ThermoFisher Pierce (Waltham, MA).
The 10 kDa amicon ultra-0.5 centrifugal filter unit was purchased from MilliporeSigma
(Burlington, MA). Dow SYLGARD™ 184 Silicone Encapsulant Clear Kit was purchased from
Ellsworth Adhesives (Germantown, WI). The starting DNA library used for the SELEX
experiment is a degenerate library adopted from Sefah et al.7 The degenerate DNA library was
labelled with fluorescein amidite (Excitation/Emission: 495 nm/520 nm) at the 5’-end and consists

of a randomized 40-nt region flanked by primer binding sites: 5 ' - 6-FAM-
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ATCCAGAGTGACGCAGCA-(N40)-TGGACACGGTGGCTTAGT-3'. The forward primer is

labeled with FAM: 5’-6-FAM-ATCCAGAGTGACGCAGCA-3’, while the reverse primer is
labeled with biotin: 5'-Biotin-ACT AAG CCA CCG TGT CCA-3'. These oligonucleotides were
purchased from Integrated DNA Technologies (Coralville, I1A).

Full-chip SELEX. Multi-round full-chip SELEX was carried out on-chip without any
offline processes or equipment. First, the appropriate beads (selection, counter selection, and
amplification) were pipetted into the three chambers (selection, counter selection, and
amplification), respectively, until the beads filled approximately half of the chamber using a
pipette. Next, 500 pL of 4 uM (2 nmoles) of the library, which had previously been heated to 95
°C for five minutes and cooled back to room temperature, was pumped into the device (10 uL/min)
using a syringe pump. The washing stage commenced once the total library volume had passed
through the selection chamber. PBSM buffer was infused (20 pL/min) through the selection
chamber to remove weakly binding oligonucleotides for 35 minutes. Buffer flow-through was
collected in five-minute intervals, amplified by PCR, and imaged with a gel electropherogram to
verify the successful removal of non-binding oligonucleotides through the washes and the
retention of strong-binding oligonucleotides.

Counter-selection. Following this wash, the valves were reconfigured to allow flow from
the selection chamber through the counter-selection chamber and into the amplification chamber.
Once in this configuration, the heater and temperature sensor near the selection chamber increased
the selection chamber temperature to 55 °C. A 20 pL/min flow over 10 minutes was used to transfer
heat-released oligonucleotides from the selection chamber through the counter-selection chamber
and finally to the amplification chamber where oligonucleotides that do not bind to the counter

target hybridize to the reverse primer functionalized beads in the amplification chamber. PCR
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reagents were then pipetted into the amplification chamber, and all the valves were closed to seal
the amplification chamber for PCR. The heater and temperature sensor located beneath the
amplification chamber were used for PCR thermal cycling with the following parameters (initial
denaturation at 95 °C followed by 26 amplification cycles of 30s denaturation at 95 °C, 30 s
annealing at 55 °C, 30 s extension at 72 °C and final extension at 72 °C for 3 min).

Regeneration of selection and counter-selection beads. While the PCR process was
taking place, the selection and counter-selection chambers were prepared for the second round of
SELEX. The beads in the selection chamber and counter-selection chamber were removed, and
the chambers were refilled with fresh beads. After the PCR amplification, the amplification
chamber was washed with PBSM buffer for 10 mins using a volumetric flow rate of 20 pL/min.
After the completion of the washing, the heater and temperature sensor were again used to increase
the amplification chamber temperature to 95 °C, which caused single-stranded DNA molecules to
be released from their bead-bound complement strands (reverse primer). At the same time, the
valves were again reconfigured to allow flow from the amplification chamber to the selection
chamber. A flow rate of 20 pL/min was used for this process. After five minutes, the amplification
chamber heater was turned off, and the chamber returned to room temperature. The washing of the
selection chamber began (20 pL/min) and lasted for 35 minutes as the second round of the SELEX
process continued. This sequence of events repeated until cycle 4, where the heat-released samples
from the amplification chamber were directly collected for sequencing.

Next Generation Sequencing of Enriched Pools. The collected enriched pool samples
from SELEX rounds were amplified again on a benchtop thermal cycler (15-20 rounds), and the
PCR product was purified with the NucleoSpin PCR cleanup Kit. The purified dsDNA was then

quantified using a spectrophotometer (Implen, USA). Sample preparation for next-generation
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sequencing was performed by following the KAPA Hyper Prep Kit protocol. MiSeq cartridge
(Mumina, CA) was thawed to room temperature (2 hours). The quantified samples were pooled
together, diluted to a final concentration of 4 nM, and reconfirmed on Qubit. First, 5 uL of the
combined 4 nM library was mixed with 5 uL of freshly prepared 0.2 N NaOH. The solution was
thoroughly mixed and spinned down. It was then incubated at room temperature for 5 min before
mixing with 990 uL of cold HT1 (hybridization) buffer. Next, 120 pL of the new 20 pM solution
was pipetted to a new tube and diluted with 480 pL of HT1 buffer to a final concentration of 4 pM.
The 4 pM sample was then spiked with 10 % PhiX standards before loaded on the cartridge.
Sequencing was performed on Illumina MiSeq next-generation sequencer.

Determination of binding affinity and specificity. A chip-selection fluorescent assay
determined the selected aptamer's equilibrium dissociation constant (KD). The FAM-labelled
aptamer candidates were diluted with PBSM buffer to several concentrations in 100 pl. These
aptamers were heated at 95 °C for 10 min, followed by cooling at -20 oC for 4 min and then
incubated for another 5 min at room temperature. IgE-coated agarose beads (20 pl) were incubated
with the folded aptamers. After 30 min of incubation, the reaction mixture was injected into the
chip-selection chip. The unbound nucleic acid molecules were removed with a syringe and washed
with 300 pl of PBSM buffer. The aptamer-protein complex remained trapped in the chamber. The
fluorescence imaging of the aptamer-IgE complex was carried out by fluorescence microscopy
(Carl Zeiss Microscopy, LLC), and the fluorescent intensities were quantified using ImagelJ
software. The KD values were then calculated by fitting to the one-site saturation equation: Y =
BmaxX/(KD+X), where Y is the fluorescence intensity, X is the aptamer concentration, and Bmax

is the maximum fluorescence intensity.
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2.4. Conclusions

In this work, we have compared aptamer isolation with different SELEX methods including
agarose bead-based conventional SELEX, microfluidic chip-selection SELEX, and full-chip
SELEX. Experimental results showed that these methods all successfully isolated aptamers against
the IgE protein. In particular, all three methods identified the aptamer IGE1, which has a high
affinity (KD = 96.2£9.4 nM) for IgE while showing negligible binding to the controls. A
comparison of the results allowed us to observe the characteristics of the three aptamer isolation
methods. Conventional SELEX is labor-intensive, time-consuming, and high in reagent use. Chip-
selection SELEX offers the highest aptamer selection efficiency in removing non-binding
molecules (compared with conventional SELEX) and high PCR effectiveness (compared with full-
chip SELEX). Full-chip SELEX, using bead-based PCR to provide a tradeoff between the efficacy
of PCR and efficiency of amplification product processing, allows on-chip extraction of sSSDNA
from dsDNA, thereby addressing the most resource and time-consuming step in the other two
methods. As such, full-chip SELEX minimizes labor-intensive manual operation, facilitates

automation, reduces reagent consumption, and allows considerably faster isolation of aptamers.
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Chapter 3: Microfluidic Isolation of Aptamers for Intracellular
Measurement of Radio-Responsive Proteins

3.1. Specific Introduction

Following a mass-casualty radiological/nuclear (R/N) incident such as a nuclear power
plant accident or detonation of an improvised nuclear device, rapid clinical triage of potentially
exposed victims for absorbed radiation dose and injury will be essential to help determine
appropriate diagnostic and therapeutic interventions. It will be necessary to assess radiation dose
quickly within the first week for accurate dose reconstruction and early triage decisions.®*

Biological dosimetry, or biodosimetry, estimates absorbed radiation dose based on
measurements of observable biological changes that occur inside the body, which are reflected in
biomarkers in accessible biofluids (i.e., peripheral blood, urine, saliva). Measuring these changes
can achieve personalized dosage determination and anticipate potential consequences, assisting in
planning suitable medical therapy.®® To date, several biodosimetry methods have been
developed®, including the dicentric chromosome assay (DCA)2°, histone 2AX (H2AX)%9,
micronuclei®®, microRNA%%  IncRNA%® and gene expression?®?’ assays. Among these
methods, the DCA is regarded as the "gold standard" reference method for cytogenetic
biodosimetry. However, this cell-culture-based assay is time-consuming and laborious, with a
long turnaround time of 72—96 h for dose estimation, and is not amenable to timely measurement
of radiation exposure in a large-scale emergency'’. Therefore, there is an important need to
develop rapid, high-throughput biodosimetry assays/methods with high radiosensitivity and
selectivity for dose assessment and triage after a large-scale radiological event.'” 7%

Previously, we developed a protein bioassay based on imaging flow cytometry102—-104 to

rapidly detect radio-responsive intracellular proteins in peripheral blood lymphocytes and estimate
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the biological absorbed dose after radiation exposure. *8* Here, commercial antibodies were used
to immunolabel the specific intracellular protein biomarkers. Aptamers are single-stranded nucleic
acids with high affinity and specificity to biological targets, which provide an alternative category
of affinity-binding probes and have been extensively developed for molecular diagnostics,
therapeutics, and other applications.®®>” Compared with antibodies, aptamers have advantageous
attributes such as reversible target-binding®, longer shelf 1ife®®, minimal batch-to-batch
variations®, low immunogenicity®?, and ease of conjugation with functional groups.®? Moreover,
aptamers are much smaller, which may be necessary when evaluating intracellular targets as they
have better intracellular delivery efficiency.’®® However, aptamer-based methods for protein
biodosimetry have seldom been explored. While aptamers have recently been used as a screening
tool for identifying new biomarkers in a manuscript by Sproull et al.'%%, they have not been used
directly as a measurement tool for biodosimetry, and the development of aptamer-based
measurement methods could provide a powerful approach for rapid biodosimetry.

Significance Claims:

Rapid and efficient aptamer selection via microfluidic device. We employ an efficient
and cost-effective microfluidic platform to develop aptamers for intracellular protein targets. The
traditional aptamer selection process, Systematic evolution of ligands by exponential enrichment
(SELEX), is time-consuming and laborious, which can be addressed by novel microfluidic
techniques®-%. In this work, we use bead-based affinity selection and amplification procedures'®?
in an integrated manner to enhance the isolation efficiency that can speed up aptamer isolation
time from two weeks to one day to facilitate the development of aptamers for radiation-responsive
biomarkers of interest. This method allows for efficient and robust development of aptamers and

applies to a broad range of intracellular targets.
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New aptamer for intracellular proteins. Here, we report the first effort to develop
aptamers against intracellular proteins for biodosimetry applications. Traditionally, aptamers have
not been developed for targeting intracellular proteins, even though such proteins are one of the
most promising classes of biodosimetry intracellular biomarkers. Aptamers that target intracellular
proteins are still scarce, possibly because intracellular targets are, in general, difficult to access
due to their localization within the cell membrane. Previously developed aptamers against
intracellular proteins are usually used as intramers (expressed inside the target cells using
molecular biology techniques). They, thus, are not suitable for intracellular measurement of
radiation-responsive proteins for triage purposes. Consequently, the engineering of aptamers
tailored to recognize intracellular proteins emerges as a novel endeavor in advancing the field of
intracellular biodosimetry.

Development of the first targeted aptamer for radiation biodosimetry. We chose BAX
protein as the first candidate intracellular target as this protein has shown promising radiation
response in previous biodosimetry studies®®+1% and no aptamer has been reported against it.
BAX protein or Bcl-2-associated X protein is part of the Bcl-2 (B-cell lymphoma 2) protein family
that regulates cell death through apoptosis.’%1% Here, we report the development of an aptamer
for the BAX protein obtained from a bead-based microfluidic SELEX method. We show that the
isolated aptamer could bind with BAX protein with high affinity in vitro. The aptamer was also
tested in vivo by examining the colocalization of the isolated aptamer with commercial antibody
to BAX protein and functionally validating the aptamer’s ability to detect increases in BAX protein
in human and mouse blood models.

This study serves as a proof-of-principle to validate the efficacy of our advanced

microfluidic SELEX methodology in developing an intracellular aptamer that could potentially be
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used for large-scale, rapid biodosimetry. This study also highlights the suitability of our
microfluidic-enabled SELEX method for the complex demands of intracellular measurements.
This study demonstrates the utility of the BAX aptamer as an innovative biosensor. It affirms the
methodological advancements in the field of aptamer development, thus making a significant step

toward broader translational applications.
3.2. Results and Discussion

3.2.1. Microfluidic Selection of Aptamers

Aptamer selection. The DNA aptamer of BAX was selected from a library consisting of
a 40-nucleotide random region flanked by a primer region on both 5” and 3’ ends. Instead of using
the whole BAX protein, a segment of the BAX peptide was used. This 20-amino acid peptide is
the BAX BH3 domain corresponding to the residues 55 to 74 of the whole protein. The BAX BH3
peptide (STKKLSECLKRIGDELDSNM) adopts a helical structure'®”1% and can induce apoptosis
in various cell line models'®”1%, By choosing BAX BH3 as the SELEX target, we aimed to obtain
aptamers that not only bind with BAX proteins. Still, we could also potentially be used to regulate
apoptosis in future studies. Furthermore, using a peptide instead of the whole protein was believed
to increase the specificity of the isolated aptamer, as previously reported in the literature for HIV
Rev protein and Human RB protein, 00100

Microfluidic SELEX setup. The full-chip SELEX system comprises an integrated chip, a
syringe pump, a nitrogen tank, a multimeter, and a power supply. The Full-chip SELEX chip
(Figure 3.1A) is the centerpiece, while the syringe pump supplies the fluid source. The nitrogen
tank is used together with a splitter to actuate the valves on the Full-chip SELEX chip with
pneumatic control. The multimeter and power supply are controlled by LabView codes for

temperature manipulations in the chambers of the Full-chip SELEX chips.
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The workflow of Full-chip SELEX was similar to the previous description108 (Figure 3.1B
and 3.1C): the SELEX process was performed within the three chambers on a microfluidic chip,
with size-exclusion weirs to confine agarose beads in each chamber. The selection chamber is
loosely packed with agarose beads with immobilized targets (BAX BH3). In contrast, the
amplification chamber is filled with streptavidin-coated beads with reverse primers on the surface.
In later rounds, the counter-selection chamber would have the counter-targets on the agarose beads
for the non-specific binders capturing. The liquid flow was controlled by a syringe pump and
pneumatic valves, while heat control was performed by the gold electrode underneath the

chambers.
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Figure 3.1. Microfluidic SELEX Design. (A) Picture of full-chip SELEX device. (B) SELEX process
overview. Random library of oligonucleotides will go through selection, optional counter
selection, amplification and conditioning to yield the enriched library for the following round.
This iterative process will continue for 15-20 rounds for conventional SELEX that in total will take
about a month to process. (C) Schematics of full-chip SELEX device. V1-V6 indicates valves for
flow control.

Sequencing analysis of enriched pool post-SELEX. Microfluidic full-chip SELEX was
performed for nine rounds. The enriched pools from round 6 and round 9 were sent for next-
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generation sequencing (NGS). The NGS results were analyzed using Aptasuite’ and clustered.
The top 9 clusters are shown in Table 3.1. The remaining sequences needed more cluster size to
be considered significant and were thus omitted.

Table 3.1. Top 9 clusters in BAX BH3 peptide microfluidic SELEX NGS. Primer regions are
hidden. Unique sequences are color-coded and termed. Blue: Aptl, Red: Apt2, Green: Apt3

Round # Sequence Cluster Size

1 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTGTGGC 110644
2 GGGTGGGATTGGGGGACCGGTGTATITGGGGGTAGGCTTG 43605
3 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTIGTGTG 6043
4 3441

6 5 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTGTGAC 1168
6 GCAGGGGGGTGGGCGGGTGGATGGTACTGCGTGTTGTGGC 1115
7 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTGTGCC 1038
8 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTGCGGC 858
9 GCAGGGGGGTGGGTGGGTGGATGGTGCTGCGTGTTGTGGC 829
1 165995
2 GGGTGGGATTGGGGGACCGGTGTATITGGGGGTAGGCTTG 104653
3 c 6984
4 A 2200

9 5 GCAGGGGGGTGGGTGGGTGGATGGTACTGCGTGTTGTGGC 1736
6 C 1209
7 GGGTGGGATTGGGGGACCGGTGTATCTGGGGGTAGGCTTG 1110
8 G 737
9 T 465

Table 1 shows three unique sequences highly enriched in both round 6 and round 9. This
means that the pool is highly homogeneous and that it is unlikely for other unique sequences in
the pool to be enriched. Another enrichment pattern can also be observed from this NGS result:
While the red sequence (Apt2) and the green sequence (Apt3) are predominant in the respective
round 6 pool and round 9 pool, the blue sequence (Aptl) is constantly present in both pools. These
three sequences were considered leads and subsequently ordered and used for the characterization.

Bead-Based Sandwich Assay for Candidate-BAX Protein in vitro Binding Affinity
Characterization. Since the aptamers will ultimately be used for intracellular binding with the
whole BAX proteins, we performed a bead-based sandwich assay to examine the binding

capabilities of these unique sequences for the entire BAX proteins. In this assay, aptamer
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candidates were immobilized on the surface of agarose beads and subsequently incubated with
BAX protein and a fluorescent BAX antibody. (Figure 3.2A) This BAX antibody is bound with
residuals 3 to 16 of human BAX protein110, which differs from the BAX BH3 sequences the
aptamer candidates designed to bind. This eliminated the possibility of competitive binding
between anti-BAX antibodies and aptamer candidates against whole BAX protein. Suppose an
aptamer candidate is bound with BAX protein. In that case, the sequential incubation will
immobilize both the BAX protein and the fluorescent anti-BAX on the surface of the beads,

resulting in increased fluorescence.
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Figure 3.2. Sandwich assay. (A) Principle and design of the sandwich assay. (B) Fluorescent
images of the sandwich assay. (C) Quantification of the fluorescence. n=20, error bar showing the
standard deviation of data.

As seen in the fluorescence images in Figure 3.2B, beads with Aptl and Apt3 exhibited
significant fluorescence when both BAX protein and anti-BAX were present. Apt2 beads did not

exhibit significant fluorescence (data not shown), and this lead was removed from the discussion

from this point. There was minimum fluorescence when both beads were incubated with only anti-
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BAX, indicating minimum nonspecific interaction between the aptamers and anti-BAX.
Quantifying the fluorescence in these images further supports the hypothesis of minimum
nonspecific interaction (Figure 3.2C). Inspection*!! of the primary nucleic acid sequences of Aptl
and Apt3 found that these sequences are rich in guanine, suggesting they might adopt G-
quadruplex structures. Thus, they can form four-stranded G-quadruplexes, stabilized by Hoogsteen
hydrogen bonding between a tetrad of guanine bases. After the initial sandwich assay screening,
the blue (Aptl) and green (Apt3) sequences were carried over in the following experiments.
Affinity characterization of aptamer. To demonstrate quantitatively on a molecular level
that the aptamer binds to the BAX protein peptide, the dissociation constant Kp was determined
via a fluorescence polarization (FP) assay. The basic principle of the FP assay is that when a
fluorescently labeled molecule is excited by polarized light, it emits light with a degree of
polarization that is inversely proportional to the rate of molecular rotation. When a nucleic acid
ligand with a fluorescent label attached (Figure 3.3A) is excited by polarized light at the excitation
wavelength of the fluorophore, the ligand reorients significantly due to molecular tumbling during
the excited state lifetime of the fluorophore. This causes the emitted light to be primarily
depolarized. If the ligand is bound to a protein (Figure 3.3B), the resulting complex tumbles much
slower, and the emitted light retains its polarization. This fluorescence property can be used to
measure the interaction of a small labeled ligand (aptamer candidates in this case) with a larger
protein (BAX protein in this case).*? The dissociation constant Kp of Apt3 was determined to be
6.23 nM (Figure 3.3C), while Aptl did not show a conclusive titration profile in this assay. Thus,

Apt3 was carried over in the following cell studies.
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Figure 3.3. Fluorescence Polarization Assay. The design and principle of the assay are shown in
(A) for free fluorescent aptamers and (B) protein target-bound fluorescent aptamers. (C) Titration
curve for Ko quantification.

3.2.2. In vivo colocalization of anti-BAX aptamer and antibody

We performed a colocalization study to verify whether Apt3 successfully binds to BAX
protein in an in vivo cellular context for intracellular measurement. As shown in Figure 3.4A,
fixed human lymphoblastoid TK6 cells were co-labeled with both Apt3 conjugated to AF647 and
a validated commercial antibody conjugated to AF488, each designed to target different BAX
protein sites (amino acids 55-74 and 3-16, respectively). The co-labeled cells were subsequently
interrogated by Imaging Flow Cytometry. Figure 3.4B shows that the Ab-AF488 and Apt3-
AF647 signals share localization patterns within the co-labeled TK6 cells. Aptamer and antibody
colocalization were quantified by Bright Detail Similarity (BDS), a correlation metric between the
localized bright spots (see Materials and Methods). Figure 3.4C shows that the median BDS score

value of double positive cells is 1.9, a value appreciably over 0, indicating relatively successful
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co-localization of Apt3-647 and Ab-AF488 in the TK6 cell line. These data suggest that the novel
Apt3 can bind to BAX protein in a cellular, in vivo context, indicating Apt3 could be used in an
intracellular manner for BAX protein measurement.

A) B)

o

Brightfield Ab-AF488 Apt3-AF647 merged

Median: 1.9

......

Y. 4 Y sty
4 p Protein Ab-AF488
o )
S

Apt3-AF647

Normalized Frequency

12 3 4 5
BDS: Ab-AFA88 + Apt3-647

Figure 3.4. Colocalization of anti-BAX antibody and aptamer. A) Design and principle of the
colocalization assay: commercial antibody (Ab-AF488) and aptamer (Apt3-AF647) are designed
to target different amino acid regions of intracellular BAX protein. B) Representative gallery of
double-positive TK6 cells that were fixed and co-labeled with Ab-AF488 and Apt3-AF647 and
acquired by Imaging Flow Cytometry. C) Bright Detail Similarity (BDS) score of co-labeled
double positive TK6 cells.
3.2.3. Functional validation of intracellular BAX labeling in human and mouse peripheral
blood

To validate Apt3’s ability to detect biologically functional responses of intracellular BAX
protein in a cellular model, we examined radiation-induced responses of Apt3-labelled BAX
protein in human and mouse peripheral blood leukocytes 24 hours after X-irradiation. These
models for testing radiation response were previously validated using commercial antibodies®®
(Figure 3.5). Figure 3.6A shows that in Apt3-labelled leukocytes from two donors, Mean
Fluorescence Intensity (MFI) values of the irradiated samples (3 Gy, shown in red) are higher on
the intensity scale than the mock-irradiated samples (0 Gy, shown in blue), increasing to ~1.5-fold.
Unstained samples were examined to account for increases in fluorescence intensity due to

autofluorescence. These findings suggest that Apt3 may act as a molecular probe to detect

biological upregulation of BAX protein. Similar results in an in vivo C57BL/6 mouse model
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(Figure 3.6B) were also seen, suggesting that this anti-human BAX aptamer may cross-react with
BAX protein in other species with conserved homology. These early data warrant further studies
to extensively optimize staining and interrogation protocols for biomarker validation in human and

animal models for applications toward point-of-care intracellular biodosimetry on a microfluidic

platform.
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Figure 3.5. Antibody detection of intracellular BAX protein in mouse peripheral blood.
C57BL/6 mice were X-irradiated with 0 and 2.5 Gy (1 mouse at each dose) and sacrificed after 24
hours.
leukocytes at each dose was measured by Imaging Flow Cytometry. Fold changes were
calculated as 2.5 Gy MFI /0 Gy MFL
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Figure 3.6. Apt3 detection of intracellular BAX protein in human ex vivo and mouse in vivo
peripheral blood models. A) Whole blood from human donors was X-irradiated at 0 and 3 Gy
and cultured for 24 hours. B) C57BL/6 mice were X-irradiated with 0 and 2.5 Gy (1 mouse at each
dose) and sacrificed after 24 hours. MFI of Apt3-GFP in peripheral blood leukocytes at each dose
was measured by Imaging Flow Cytometry. Representative histograms from two donors tested
are shown. Peaks correspond generally to leukocyte populations of varying sizes and amount of
fluorescence. In human leukocytes, the peak on the left generally represents lymphocytes and
the peak on the right represents granulocytes. Within mouse leukocytes, granulocytes are
infrequent, and the large peak generally represents lymphocytes. MFI fold changes for human
and mouse were calculated as (2.5 Gy / 0 Gy) or (3 Gy / 0 Gy), respectively.

3.3. Experimental

3.3.1. Aptamer Selection and in vitro Characterizations

Fabrication and packaging of microfluidic SELEX chips. The full-chip SELEX chip
mold was fabricated using the same methods described previously. 1% Briefly, the mold was
fabricated with photolithography using SU8 photoresists, and the fluidic channel layer and the
control valve layer were then made with PDMS (Polydimethylsiloxane) using the molds. Heaters
and sensors were patterned with photolithography and “lift-off”” metal etching on glass slides. The
whole chip was assembled using the oxygen plasma bonding method.

Aptamer selection. A synthetic DNA library containing 40 randomized nucleotides (nts)

flanked by a 20-nt primer region on both sides was used as the initial library (5 — TTG CAG AAA
ATA ATG CAG GA-40N - GCT GTG ATT GTT GGA TCA GA —3°). In the first round, 4 nmol
(8 pM, 500 pL) of the initial library was used to mix with BAX BH3 peptide (55-74,
STKKLSECLKRIGDELDSNM) modified NHS beads. The selection buffer (PBSM) comprises
137 mM NacCl, 2.7 mM KCI, 2 mM MgCl;, 10 mM NaxHPO4, and 1.8 mM KH2PQO4 (pH 7.4). The
selection partitioning was performed using microfluidic manipulations. After nine rounds of

selection, the enriched rounds six and nine pools were sequenced with Illumina 2nd generation
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sequencing technologies. Sequences with the highest frequencies were then clustered and
synthesized by IDT (Integrated DNA Technologies) for affinity determination.

Next Generation Sequencing sample preparation. The collected enriched pool samples
from SELEX rounds were amplified again on a benchtop thermal cycler (15-20 rounds), and the
PCR product was purified with NucleoSpin PCR cleanup Kit. The purified dsSDNA was then
quantified using a spectrophotometer (Implen, USA). Sample preparation for next-generation
sequencing was performed by following the KAPA Hyper Prep Kit protocol. First, 250 ng of
sample in 50 pL of PCR-grade water was combined with 7 uL of End Repair & A-Tailing Buffer
and 3 pL of End Repair & A-Tailing Enzyme Mix. The mixture was gently mixed and incubated
at 20 °C for 30 min and 65 °C for another 30 min. The 60 pL of the resulting product was
immediately combined with adapter ligation mix (2.5 uL NextFlex barcode adapter, 7.5 uL PCR-
grade water, 30 pL ligation buffer, 10 uL DNA ligase) and mixed gently before brief
centrifugation. The ligation reaction mixture was incubated at 20°C for 20 min. The resulting
product was immediately mixed with 0.8X Ampure beads (110 pL product with 88 pL of beads)
to perform reaction cleanup. The cleanup suspension was vortexed vigorously before incubating
at room temperature (RT) for 15 min. The suspension was then placed atop a magnet to capture
beads. After 15 min, the clear supernatant was carefully pipetted out and discarded, and the
sediment was washed twice with 200 puL of 80% ethanol while the tube remained on the magnet.
Each time, ethanol was carefully removed without disturbing the beads. The remaining beads were
dried at RT for 5 min, removed from the magnet before thoroughly resuspended with 25 pL of
elution buffer (5 mM Tris-HCI), and incubated at RT for 2 min to elute DNA off the beads. The
tube was placed on a magnet to capture the beads. The collected 22.5 pL of the clear supernatant

was combined with 25 puL of KAPA HiFi HotStart ReadyMix (Roche Diagnostics, #07958927001)
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and 2.5 pL of primer mix and incubated on a thermal cycler with the following protocol: initial
denaturation at 98°C for 45 s; followed by six cycles of 98 °C for 15 s, 60 °C for 30 s and 72 °C
for 30 s; the final extension at 72 °C for 1 min and HOLD on 4 °C. The PCR product was loaded
onto a 3% agarose gel (80 mL) for preparatory electrophoresis. The corresponding band at the
expected size was cut from the gel and purified with NucleoSpin Gel and PCR Clean-up Kit
(Macherey-Nagel, #740611). The purified ligated dsDNA was quantified by the Qubit fluorometer
(Thermo Fisher).

Sandwich assay. 5’ - Amine BAX aptamer candidates were covalently attached to 50 pL
of NHS agarose beads before incubating with BAX protein (final concentration 1 uM in PBS) and
anti-BAX AF488 (5 ug/mL in PBS) for 1 h. The agarose beads were gently washed with 1 x PBS
twice and subjected to fluorescence microscopy analysis.

Fluorescence polarization (FP) assay. FP assay for determination of dissociation constant
(Kp) values was performed in PBSM buffer in 96-well plates. Briefly, aptamer candidates
dissolved in PBSM buffer were conditioned in the following order: 10 min at 95 °C, 10 min on
ice, and 10 min at RT. The conditioned aptamer candidates were then incubated with BAX protein
that was also dissolved in PBSM buffer in 96-well plates for 40 min before being analyzed on the
plate reader using FP mode.

3.3.2. Colocalization Studies in TK6 cells

Cell line. TK6 cell line'*® was obtained from Dr. Sally Amundson as a gift. It was
maintained in a sterile environment with >95% humidity at 37°C and 5% CO> using culture media
containing 500 mL of RPMI 1640 1x medium, with 10% fetal bovine serum, 1% of MEM non-

essential amino acids, 1% of sodium pyruvate and 1% of penicillin-streptomycin-glutamine. Cell

51



density was kept below 1x10° cells/mL at all times. All experiments were performed using cells
within 25 passages.

Cell fixation. Cell fixation was performed similarly to the previously described®. Briefly,
TKG6 cell samples (<15 mL each) were centrifuged at 200 x g for 10 min. The supernatants were
discarded. The pellets were resuspended in 250 uL of ice-cold Fixation/Permeabilization solution
(from the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit #554714) and incubated at 4°C
for 20 min. To allow cell fixation. After the addition of 700 pL of 1 x Perm/Wash™ Buffer (from
the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit, BD Biosciences, #554714), the
suspensions were centrifuged at 300 x g for 4 min. to remove supernatant. The pellets were then
washed twice with 950 pL of 1 x Perm/Wash™ Buffer) before resuspension with 1 mL of 1%
(m/v) bovine serum albumin (BSA) solution in 1 x DPBS and preserved in 4 °C.

Cell labeling. Fixed TK6 cells preserved in 1% BSA buffer were centrifuged at 300 x g
for 4 min. The supernatant was discarded. The aptamer tagged to Alexa Fluor® 647 (Apt3-AF647,
custom purchase from IDT) was diluted in 1 x Perm/Wash™ Buffer (50 pL) to the final
concentration of 500 nM and conditioned in the following order: 10 min at 95 °C; 10 min on ice;
10 min at RT. The pellets were washed with 950 pL of 1 x Perm/Wash™ Buffer). The cell pellets
were then resuspended in 50 ul of the conditioned aptamer (Apt3-AF647) and 50 pl anti-BAX
commercial antibody conjugated to Alexa Fluor® 488 (Ab-AF488, BiolLegend® #633604)
dissolved in 1 x Perm/Wash™ buffer, and incubated for 1 h at RT away from light. After
incubation, 900 pL of 1 x Perm/Wash™ Buffer was added to the suspension, and the samples were
then centrifuged at 300 x g for 4 min. After discarding the supernatant, the pellets were rewashed

with 950 pL of 1 x Perm/Wash™ puffer and twice with 950 uL of 1 x PBS. If not directly used in
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the following fluorescence analysis, the pellets were then resuspended in 1 mL of 1 x PBS and
stored at 4°C.

Imaging Flow Cytometry. Samples were concentrated to 50 ul and acquired on the
ImageStreamX MKII Imaging Flow Cytometer at Columbia University Stem Cell Initiative Flow
Cytometry core facility with 40x magnification and 488 nm and 642 nm excitation lasers, both set
at 150 mW. In each sample, 5000 focused and single cells were acquired based on the gating of
gradient root mean square (RMS) feature and Area versus Aspect Ratio features, respectively.
Colocalization analysis was performed on Image Data Exploration and Analysis Software
(IDEAS®, Luminex ver. 6.2) as follows: Focused cells were selected by visually inspecting
captured cell images and using the brightfield (BF) gradient root mean square (RMS) feature.
Single cells were gated using a bivariate plot of BF area versus BF aspect ratio, eliminating debris
and doublets. Cells that were double-positive for both anti-BAX commercial antibody (Ab-AF488)
and aptamer (Apt3+AF647) were gated using a bivariate plot of signal intensities detected on the
480-560nm versus 640-745nm channels. Images with saturated signals were excluded using the
Raw Max Pixel Feature (the most significant pixel intensity) for the 480-560nm and 640-745nm
channels. The degree of Ab-AF488 and Apt3+AF647colocalization in double-positive cells was
quantified by the Bright Detail Similarity (BDS) feature (the log-transformed Pearson’s correlation
coefficient of the localized bright spots with a radius of 3 pixels or less within the masked area of
the two input images).

3.3.3. Radiation Blood Studies

Human ex vivo. Human blood ex vivo studies were performed as previously described,

Briefly, peripheral blood was collected from healthy human donors by venipuncture (written

consent obtained, approved by Columbia University IRB AAAS7621). Mock and 3 Gy irradiation
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of the human whole blood samples were performed on X-RAD 320 Biological Irradiator (Precision
X-Ray Inc, North Brandford CT). A custom filter (1.5mmAl 0.25Cu 1.25Sn), 320 mV, 12.5 mA,
and a 40 cm Focus to skin distance (FSD) were used to achieve 1 Gy/min irradiation rate. Blood
aliquots (100 ul) were cultured in 900 pul RPMI media (with 15% FBS and 1% Pen-Strep) at 95°C,
5% CO; for 24 hours. Samples were then treated with RBC lysis buffer (Invitrogen; #00-4333-
57) fixed, and permeabilized (Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit, BD
Biosciences, #554714). Samples were then stained with pre-conditioned (95 °C 5 min, followed
by incubation on ice 5 min) 0.5 uM Apt3 for 1 hour in the dark at RT. After washing gently with
PBS twice, samples were stored in 1 ml PBS until sample acquisition.

Mouse in vivo. All animal experiments were approved by the Columbia University
Institutional Animal Care and Use Committee (IACUC; approved protocol #AABA9506) and
were conducted under all relevant federal and state guidelines. Mouse in vivo studies were
performed as previously described®. Briefly, C57BL/6 male mice, aged 15-16 weeks were
purchased from Charles River Laboratory. Mice (aged 15-16 weeks) were mock or 2.5 Gy X-
irradiated using an X-RAD biological irradiator (1.5mm Al + 0.25mm Cu + 0.75mm Sn filter, FSD
48 cm, 320 kVp, 12.5m A at 1 Gy/min dose rate. Mice were sacrificed 24 hours post-irradiation,
and peripheral blood was collected by cardiac puncture. Whole blood sample aliquots (100 pl)
were prepared for lysis, fixation, and permeabilization for the human ex vivo blood samples.
Samples were stained with pre-conditioned (95°C 5 min, followed by incubation on ice 5 min)
0.33 uM Apt3 for 1 hour in the dark at RT. After gently washing twice with PBS, samples were
stored in 1ml PBS until sample acquisition.

Imaging Flow Cytometry. Samples were concentrated to 50 ul and acquired on

ImageStreamX MKII at Columbia University Center for Radiological Research with 40x objective

54



and 488 nm excitation laser set to 35 mW and 200 mW for human and mouse samples,
respectively. Similar to previously described®! a uniform analysis template on IDEAS®,
Luminex ver. 6.2) was used to measure MFI detected on the 480-560 nm channel in focused,

single, healthy leukocytes.
3.4. Conclusion

In summary, we have used a microfluidic-based selection of DNA aptamers to design an
isolated Aptamer (Apt3) with nanomolar affinity for human BAX protein for intracellular protein
quantification. The successful isolation of Apt3 validates the efficacy of our microfluidic-based
methods for isolating aptamers targeted against intracellular, radio-responsive proteins. Notably,
the selection process utilized a 20-amino acid segment of the BAX BH3 peptide, capable of
forming an alpha-helix structure instead of the entire protein. This strategic decision likely
augmented the efficiency of the aptamer selection process. Subsequent Next-Generation
Sequencing analyses of aptamer populations from enrichment rounds 6 and 9 yielded three unique
sequences. Among these, one sequence, Apt3, exhibited significant binding affinity in both bead-
based sandwich assays and fluorescence polarization assays.

In this work, we validated the functional use of Apt3 in cell-based studies. First, we
performed colocalization studies using the isolated aptamer and a commercial fluorescent anti-
BAX antibody to demonstrate specific binding with intracellular BAX protein, and secondly, to
successfully measure the radiation-induced expression in ex vivo human blood samples and in vivo
mouse peripheral blood assays. The cross-reactivity of the human BAX aptamer in mouse
lymphocytes highlights a conserved homological sequence that will allow future validation studies

in vitro and in vivo. Given that the BAX protein plays a pivotal role in the signaling pathway of
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apoptosis, the isolated aptamer may also serve as a valuable tool in research pertaining to cellular
apoptosis mechanisms.

Overall, this proof-of-concept study provides compelling evidence for successfully
isolating the BAX aptamer for intracellularly detecting the BAX protein in blood lymphocytes.
This achievement is particularly noteworthy considering the challenges associated with the
isolation process. Additionally, the successful adaptation of the microfluidic SELEX method
signifies an advancement in its applicability, enabling it to cater to more complex and nuanced
biological environments. These findings also suggest that our methodological platform could be

used to isolate other intracellular proteins with potential applications in biodosimetry and beyond.
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Chapter 4: Screening of Aptamer Candidates Using Graphene

Nanosensors

4.1. Introduction

Aptamers are specialized single-stranded DNA (ssDNA) or RNA oligomers* that can
selectively associate with specific target molecules, ranging in size from small organic compounds
to large protein complexes. Their significance is underpinned by a high level of affinity and
specificity that can rival those of antibodies. Moreover, aptamers offer several advantages, such as
streamlined synthesis, cost-effectiveness, and elevated thermal stability. These unique
characteristics make aptamers highly attractive for applications across multiple scientific
disciplines, including therapeutics**, diagnostics*®, and environmental monitoring®.

Aptamers are isolated from a library of randomized ssDNA or RNA sequences, and this
process is called the Systematic Evolution of Ligands by Exponential Enrichment (SELEX).%25963
The SELEX process results in a pool of enriched target-binding oligomers, which is next
characterized to identify aptamer candidates. Various techniques have been used for this
purpose.*® Surface plasmon resonance!!® (SPR) offers real-time, label-free monitoring of binding
kinetics, while isothermal titration calorimetry'’ (ITC) provides insights into thermodynamic
parameters like Gibbs free energy. Fluorescence resonance energy transfer!!® (FRET) methods can
be used to elucidate the structural dynamics aptamers undergo upon target binding. Electrophoretic
mobility shift assays!!® (EMSA) and bio-layer interferometry'?° (BLI) further contribute to these
interactions' specificity and quantitative analysis. However, these methods can be labor-intensive
when screening aptamer candidates from SELEX-enriched target-binding oligomer pools,

potentially hampering the development of new aptamers.
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Graphene, a two-dimensional, one-atom-thick layer of sp2-bonded carbon atoms,
represents another frontier in molecular detection'???, Its unique electronic and thermal
properties have made it an attractive candidate for developing advanced nanosensors. Utilizing
fabrication techniques like chemical vapor deposition (CVD) and atomic layer deposition (ALD),
graphene's large surface area and high electrical conductivity enable a diverse range of sensing
applications, from gas sensing to biosensing. Notable among these is the graphene field-effect
transistor'?3-1%> (GFET), which leverages the material's quantum capacitance and Dirac points for
rapid and precise molecular detection. An analyte interacts and forms a complex with the aptamer
bound on the surface of the graphene. The complex, which is typically charged, interacts with the
surface and induces a change in the carrier concentration in the graphene. This change is reflected
by a shift in the sensor signal, such as the drain-source current or the Dirac point, which is the gate
voltage (Vg) value corresponding to the minimum drain-source current (lgs). Measurement of the
sensor signal allows the determination of the analyte concentration. Graphene nanosensors afford
a high sensitivity, which can be exploited for aptamer candidate screening.

We report a graphene-based nanosensor that can be used for aptamer candidate screening.
The aptamer candidates are reversibly modified onto the graphene surface via complementary base
pairing, and the graphene surface can potentially be regenerated to accommodate screening for the
following candidates. Our GFET-based method offers a highly sensitive approach for screening
label-free aptamer candidates, leveraging the inherent sensitivity of GFETs to changes in their
electronic environment. This sensitivity renders GFETSs particularly effective in applications like
aptamer candidate screening. A notable advantage of our graphene nanosensor design is its

independence from the need for covalent bonding of aptamer candidates to the graphene sensor.
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This eliminates the requirement for specific modifications of the aptamers, thereby facilitating a
label-free screening process.

In the nanosensor design, aptamer candidates are reversibly immobilized via hybridization
to a graphene-attached 8-nt sSDNA sequence as an anchor, which is complementary to the reverse
primer region of the aptamer candidates. After being tested with the nanosensors for affinity to
the target analyte, the aptamer candidates are thermally or chemically dissociated from the anchor
and released into the surrounding solution, allowing the sensor surface to be regenerated to screen
other aptamer candidates. This renders the graphene nanosensors reusable, potentially allowing
efficient screening of many aptamer candidates at reduced cost and overcoming a significant
limitation of existing methods such as SPR and BLI.

The graphene nanosensors have been used to screen aptamer candidates that target
immunoglobulin E (IgE), a protein primarily associated with allergic reactions and parasitic
infections. An aptamer candidate showed a significant shift (~20 mV in the presence of 150 nM
IgE) in the Dirac voltage, suggesting a strong affinity to IgE in agreement with results from bead-
based fluorescence microscopy. On the other hand, two other aptamer candidates showed weak
affinity to IgE with only a 40% Dirac voltage shift compared to the strong candidate, which also
agreed with bead-based fluorescence measurements. These findings support the promise of our
approach of using graphene nanosensors for efficient and rapid screening of aptamer candidates at

reduced cost.
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4.2 Experimental

4.2.1. Graphene Nanosensor Design

The sensor's design is based on reversible immobilization of the aptamer candidate on the
graphene surface for screening, allowing a single device to be regenerated and reused for screening
of different aptamer candidates. In this approach, aptamer candidates are immobilized on the
sensor's surface indirectly through an ssDNA anchor. The sequence of the anchor is specifically
designed to be complementary to the primer regions of the candidates. When encountered by
moderate heat (e.g., 30 °C), the hybridization is disrupted to release the candidates. The sSDNA
anchor was chosen to be 8-nt in length, which was considered sufficient for capturing aptamer
candidates while still appropriately short, allowing for a correspondingly low melting temperature
as required by thermally induced hybridization for regeneration of the graphene surface.

In the resulting sensor design, graphene (Figure 4.1A) is modified with an 8-nt DNA
anchor via 1-pyrene butanoic acid succinimidyl ester (PASE) as a linker (Figure 4.1B). PASE is
associated with graphene by n- n stacking, and the 8-nt DNA anchor is covalently attached to
PASE via an amide bond. When screening aptamer candidates, the candidate sequence is
introduced and hybridized with the 8-nt DNA anchor on the primer end, and the testing
configuration is yielded (Figure 4.1C). Subsequently, the target molecule is introduced, and the
candidate DNA sequence binds with the target to form a complex (Figure 4.1D), which may or
may not elicit a discernable response in the sensor. This response is recorded, and depending on
the level of response with respect to a reference level, the aptamer candidate will be deemed valid

or not, which completes the screening of the aptamer candidate.
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Figure 4.5 Design of the Graphene Nanosensor Detection Principle. (A) Bare Graphene. (B) PASE
and an 8-nt DNA anchor modified on the sensor surface. (C) Aptamer candidates immobilized
by complementary hybridization. (D) When testing, target molecules will be introduced, and if
the aptamer candidate can bind with the target, the binding complex will elicit changes in the
charge distribution on the sensor surface and, in turn, shift the Dirac point of the graphene. After
a round of screening, the binding complex can potentially be dissociated from the graphene
surface by heat to regenerate for the next round of screening.

4.2.2. Nanosensor Fabrication and Testing

The fabrication of the graphene nanosensors is described elsewhere!?®. Briefly, 50 nm of
Cr/Au electrodes (3 nm/47 nm) were patterned onto the SiO. substrate via lift-off
photolithography. A monolayer graphene was transferred onto the drain-source electrode as a
conducting channel using a polymethyl methacrylate (PMMA) carrier layer. The nanosensor
surfaces were then modified to enable biomarker detection using the aptamer. 1-pyrene butanoic
acid succinimidyl ester (PASE) was immobilized on the graphene through n- m stacking, which
was used as a linker to immobilize the DNA anchor and aptamer candidates. After modification,

the unreacted PASE was passivated by ethanolamine.
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Graphene functionalization was carried out at room temperature. Graphene was first
incubated for one hour in a linker solution (2 mM PASE in dimethylformamide). PASE serves as
a linker as its pyrenyl group will be attached to the basal plane of graphene via n-n stacking. The
graphene was then sequentially rinsed with methanol and phosphate buffer saline (PBS), followed
by incubation in a DNA anchor solution (1 uM in PBS) for 12 h. The amino group at the end of
the 5’ end of the DNA anchor chain was conjugated with the linker as PASE releases N-hydroxy
succinimide (NHS), forming a stable amide bond. 100 mM ethanolamine was then incubated in
the channel for 30 min to deactivate the non-reacted PASE linkers. Finally, after rinsing with PBS,
the graphene was incubated in the aptamer candidate solution (0.5 uM in PBS) for 20 min to allow
the aptamer hybridization. The graphene surface was saturated with aptamer molecules when
incubated at this concentration. Each of these steps aimed to enhance the biosensing capabilities
of the graphene surface by introducing specific molecular functionalities. A 5 mm diameter
opening was created in a 2 mm thick polydimethylsiloxane (PDMS) sheet, which was then
temporarily attached to the nanosensor chips. This opening served as a well, allowing the graphene
on the chip to be exposed to the liquid sample during experimental procedures. Nucleic acid
(aptamer and aptamer candidate) solutions in PBS with 2 mM of MgCl, were used in all
experiments.

The measurement circuits used a triple DC power supply (E3631A, Agilent) to provide the
DC drain voltage Vg, a function generator (33220A, Agilent) to supply the DC solution-gate
voltage Vg, and a digit multimeter (34410A, Agilent) to measure the drain current lgs.

Measurements were automatically controlled through a PC-based Labview program.
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4.2.3. Next-Generation Sequencing (NGS)

Details of using NGS to sequence SELEX-enriched ssDNA pools are described
elsewhere.'%2 Briefly, enriched pools collected from SELEX were amplified by polymerase chain
reaction (PCR) and purified with a NucleoSpin PCR cleanup Kit. The purified dsSDNA was then
quantified using a spectrophotometer (Implen, USA). Samples were prepared for next-generation
sequencing following the KAPA Hyper Prep Kit protocol. Sequencing was performed on Illumina

MiSeq next-generation sequencer.

4.2.4. Materials

Oxidized silicon (Si) wafers (300 nm SiO> coated) were obtained from Si-Tech (Topsfield,
MA) for the device substrates. Polydimethylsiloxane (PDMS, Sylgard-184) was purchased from
Dow Corning (Midland, MI) for microfluidic channel fabrication. PASE linker purchased from
Life Technologies (Carlsbad, CA), DNA aptamer candidates of IgE and 5'-amino group modified
DNA anchor acquired from Integrated DNA Technologies (Coralville, 1A), were used for graphene
functionalization. Target analyte IgE, polymethylmethacrylate (PMMA), ethanolamine, and PBS,
as well as other chemicals used in functionalization and experiments, were obtained from Sigma-

Aldrich (St. Louis, MO).
4.3. Results and Discussion

4.3.1. Characterization of Graphene Surface Modifications

The design of the nanosensors was validated by characterizing each serial modification
step. To characterize the signal of the serial modifications, we performed stop-point testing for
each modification step on the sensor. As a zero-bandgap semiconductor nanomaterial, the

conductance of graphene is described by the transfer characteristics equation®?”128:
w
lgs = 1 (T) CViys (Vg - VDirac) (1)
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Where C is the top-gate capacitance per unit area, p is the carrier mobility, W and L are,
respectively, the width and length of the graphene channel, and Vpirac is the voltage indicating
Dirac point or Dirac voltage (l¢s achieves the minimum at Vg = Vbpirac). A top-gate voltage Vg is
applied across an imaginary parallel plate capacitor on the graphene surface and controls the carrier
density and the electrical conductivity of graphene.

A pristine graphene surface was subjected to a series of modifications in the experiment.
These included the coating with 1-pyrene butanoic acid succinimidyl ester (PASE), followed by
introducing an 8-nucleotide (nt) DNA anchor. The nanosensors were exposed to a solution of the

aptamer candidate, and the characteristic transfer curve was measured.
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Figure 4.6 Electrical characterization of the graphene nanosensors. Transfer characteristic curves
(drain current s vs. solution-gate voltage V) were obtained at Vas = 50 mV, as bare graphene
(red) was successively functionalized with PASE (blue), DNA anchor (purple), and aptamer
candidate (yellow).

Figure 4.2 shows the evolution of the nanosensor’s electrical characteristics through these
stages of functionalization, presenting four distinct transfer characteristic curves that correspond
to each modification phase, as represented by Eqg. (1). All curves exhibited an ambipolar behavior,
a hallmark of graphene’s electronic properties, but with notable shifts in their Dirac voltages (i.e.,
the point with the lowest Igs in each characteristic transfer curve). The Dirac voltage, a critical
parameter in graphene-based devices, signifies the charge neutrality point where the electron and
hole concentration are equal. These shifts indicate alterations in the surface charge distribution of
the graphene layer, a phenomenon primarily attributed to the successive functionalization steps.
The binding of PASE, the anchoring of the 8-nt DNA, and the attachment of the DNA aptamer
each contribute uniquely to the charge environment at the graphene surface. The shift towards
more positive or negative values in the Dirac point reflects the nature of the charge introduced by
these biomolecules. From the attachment of PASE to graphene by adsorption, the Dirac voltage
increased significantly, suggesting strong p-type doping. The immobilization of the 8-nt DNA
anchor decreased the Dirac voltage significantly, indicating strong n-type doping, consistent with
DNAs being negatively charged. The hybridization of the aptamer candidate onto the 8-nt anchor
slightly shifts the Dirac voltage to the left, suggesting minor n-type doping. These shifts in the
Dirac voltage are evidence that the modification on the graphene surface is successful.

4.3.2. Aptamer Screening for SELEX Enriched Pool targeting IgE protein

Having characterized the surface modifications, the nanosensors were tested for the screen

of aptamer candidates. We employed an enriched pool derived from a microfluidic SELEX

processi®?, where the pool was obtained targeting Immunoglobulin E (IgE). IgE is a class of
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antibodies primarily associated with allergic reactions and parasitic infections and was used here
as a representative target molecule. The enriched pool obtained from this process contains an array
of aptamer sequences, each potentially exhibiting unique binding characteristics to IgE. We

employed NGS technology from this pool to identify and analyze the aptamer sequences.

Table 4.2 NGS-identified sequences with the highest occurrence frequencies in an enriched
ssDNA aptamer candidate pool from microfluidic SELEX against IgE.

Sequences CPM
IM1- ATCCAGAGTGACGCAGCACTTTATCCGTTTCTTTCAGTGGGTGCTTAGTTCCTCTTCATGGACACGGTGGCTTAGT 22.28
IM2- ATCCAGAGTGACGCAGCATTATACATITGAAACCAGTATCTTATCATTAGTITTITIGTGGACACGGTGGCTTAGT 6.96
IM3- ATCCAGAGTGACGCAGCAAAATGTCTCTCTTATATICGTATCCTATGTGTACCCAATGTGGACACGGTGGCTTAGT 6.96
IM4- ATCCAGAGTGACGCAGCAGATGTGTATAGTTCTAGTCGCAACTGTTATGATTGTGCTGTGGACACGGTGGCTTAGT 5.57
IM5- ATCCAGAGTGACGCAGCATGCTGACCTCGCCTAACGTCTCGAATCTTCCAAATGTTCCTGGACACGGTGGCTTAGT 5.57
IM6- ATCCAGAGTGACGCAGCATACGGACAGAAATAGTGTTGCGCTGTAGTAGATATTGAAATGGACACGGTGGCTTAGT 5.57
IM7- ATCCAGAGTGACGCAGCATAACTTITCGCAGTGAGTTIGTCGTCATTGTGCATATGAATGTGGACACGGTGGCTTAGT 5.57
IM8- ATCCAGAGTGACGCAGCATTACGATTGCTTATITICTITITTIACCCGTCTTGGATGTCTGGACACGGTGGCTTAGT 5.57
IM9- ATCCAGAGTGACGCAGCATTCATCCGTTTCTCTCAGTGGTGCTGGTCCATGCCCCGTTTGGACACGGTGGCTTAGT 2.78
IM10-ATCCAGAGTGACGCAGCACTITATCCGTTCTCTTCCAGTGGGTGCTGTACTGTITGCGTGGACACGGTGGCTTAGT 1.39

We then used NGS to profile the enriched pool of IgE aptamer candidates and obtained >
80,000 sequences from NGS. These sequences were each tabulated and ranked based on the
frequency of occurrence or counts per million (CPM), and the top ten sequences with the highest
frequencies are shown in Table 4.1. Based on NGS results, we chose the top three aptamer
sequences (IM1, IM2, IM3) by their frequency (see Table 4.1) for our study, aiming to test their
binding affinity to IgE on the sensor surface, evaluating our aptamer selection process.

The functionalized nanosensors were first tested with a bare graphene surface in the
absence of any aptamer candidates as a blank control, then a DNA aptamer specific to the protein
TNF-a as a negative control (5'- GCG CCA CTA CAG GGG AGC TGC CAT TCG AAT AGG

TGG GCC GC-3"), and finally the graphene candidates IM1, IM2, and IM3 for IgE (Figure 4.3).
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Figure 4.7. Representative graphene nanosensor responses with different graphene surface
modifications. (A) No aptamer (blank control), (B) TNF-alpha aptamer (negative control), (C)
sequence IM1, (D) sequence IM2, (E) sequence IM3 from the enriched pool for IgE.

From the transfer characteristic curves shown in Figure 4.3, we can see that the blank
control group (Figure 4.3A) did not have a significant left or right shift in the Dirac point (Vpirac),
indicating that there was no significant change in the charge concentration in the graphene. This
provided a baseline for the shift on which the specific binding between IgE protein and the aptamer
could be built. Next, examining the Dirac voltage in the TNF-alpha aptamer modification group
revealed that the shift was slight and occurred towards the right side of the gate voltage (Figure
4.3B). This suggested the TNF-alpha aptamer did not bind with IgE with strong binding affinity
and that the possible non-specific interaction might have a minor p-doping effect on the graphene
surface. The isoelectric point (pl) for IgE is 5.2-5.8, meaning that in the PBS solution with a pH
of 7.4, the overall charge on the surface of IgE is negative. However, the heavy chain of IgE has a
pl of ~8, which is positively charged in PBS. The minor p-type doping effect might result from the
heavy chain of IgE non-specifically binding to the graphene surface. Out of the three aptamer
candidates, IM1 modification (Figure 4.3C) exhibited the strongest negative Dirac point shift,
indicating an n-doping on the graphene surface upon interaction. This substantial shift also
indicates a strong interaction between the aptamer candidate IM1 and IgE and that IML1 is a highly
promising IgE aptamer candidate that can be examined further for affinity validation. On the other
hand, IM2 and IM3 modifications (Figure 4.3D and E) exhibit moderate n-doping shifts, and the
shifts do not significantly increase when the concentration of IgE is increased from 100 nM to 150
nM. Quantitatively, these two candidates are not as promising as IM1. When screening for

aptamers, the candidates with the highest potential would be prioritized on the affinity validation
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list. As such, in the presence of IM1, further validation of IM2 and IM3 will be put on hold unless

IM1 is proven to be a false hope.
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Figure 4.8. Graphene nanosensor response at (A) 100 nM of IgE and (B) 150 nM of IgE. The y-axis
shows the Dirac voltage shift (AVbirac) when IgE was introduced.

We subsequently conducted quantitative analyses for each specified condition, and our
early findings are delineated in Figure 4.4. The results are consistent with the previous qualitative
interpretation. Using a Tumor Necrosis Factor-alpha (TNF-o) specific aptamer, the negative
control group showed no significant sensor response change (~3 mV shift in Dirac voltage),
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suggesting no interaction with IgE and affirming the sensor's specificity. In contrast, all three
chosen IgE-specific aptamer candidates exhibited varied sensor responses, especially IM1. Among
the tested candidates, aptamer IM1 demonstrated the most pronounced response. This was
evidenced by a significant shift in Dirac voltage (Vbirac) required for the sensor response. At a
concentration of 100 nM IgE, IML1 elicited a response at 13 mV, which increased to 20 mV at a
higher concentration of 150 nM IgE. This dose-dependent nature of the shift signal suggested that
the interaction between IM1 and IgE is most likely specific as the non-specific signals usually will
not change with dose as saturation of associated happens early in low concentrations. This
confirms our qualitative observation on transfer characteristic curves that IM1 is a great aptamer
candidate for IgE, and further validation is needed.

Alternatively, these values distinctly surpass the responses of the other two candidates,
IM2 and IM3, which exhibited considerably lower shifts in Vpirac 5 mV and 4 mV at 100 nM and
9mV and 6 mV at 150 nM IgE, respectively. The magnitude of these shifts in \Vg directly correlates
with the binding affinity of the aptamers to IgE. Consequently, the pronounced response of IM1
at both concentrations of IgE, which suggests a potential dose-responsive behavior, is also a
desirable characteristic for quantitative sensing applications. In contrast, the more modest
responses of IM2 and IM3, while indicative of some level of binding to IgE, suggest a lesser
affinity than IM1. This relative binding affinity is critical in selecting the most effective aptamer
for IgE detection.

To corroborate the binding affinity data obtained from the graphene nanosensor-based
testing, we employed a bead-based method, as mentioned elsewhere!®?, to validate the affinity
interactions of the aptamer candidates with IgE. This bead-based method, a well-established

technique in molecular biology, involves immobilizing one of the interacting partners, in this case,
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the IgE protein, onto the surface of microscopic beads. The aptamers are then introduced to this
system, and their binding affinity is measured based on the extent of interaction with the
immobilized target.

In this validation process, aptamer IM1 demonstrated an exceptionally high affinity for the
IgE protein. The dissociation constant (Kp) was determined to be 96.2 + 9.4 nanomolar (nM) for
IM1. This value indicates a strong binding affinity, as a lower Kp value corresponds to a stronger
interaction between the aptamer and its target. The relatively tight binding of IM1 to IgE, as
suggested by this Kp value, corroborates the findings from the sensor-based tests and reinforces
IM1's potential as a highly effective aptamer for IgE detection.

The other two candidates, IM2 and IM3, did not exhibit significant binding in the bead-
based assay. The lack of substantial interaction between these aptamers and the IgE protein, as
evidenced by this method, aligns with the previous sensor-based results, where IM2 and 1IM3
demonstrated a lesser binding affinity than IM1. This consistency across different experimental
methodologies enhances the reliability of the findings and confirms the superior binding capability
of IML1.

The identification of IM1 as a strong binder in the pool of aptamer candidates for IgE
demonstrates the promise of the graphene nanosensor-based method for screening for aptamers
targeting biomarkers. The method is potentially advantageous over traditional screening
techniques for efficient and rapid screening of aptamer candidates. For example, while SPR and
BLI are more quantitative and suited for determining detailed binding affinities, they often lack
the necessary throughput for efficiency when used for aptamer candidate screening. In both SPR
and BLI, aptamer sequences must be irreversibly attached to the sensor surface, leading to single-

use chips and the need for aptamers with free amine functionalities. In contrast, the graphene-
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based approach allows for label-free aptamer candidates, eliminating the need for irreversible
attachment to the sensor surface. This flexibility means that chips or tips do not require
replacement when switching between candidates, significantly enhancing efficiency—a crucial
aspect of any screening method. This ability to transition between aptamer sequences without the
need for extensive preparation or sensor replacement underlines the efficiency and practicality of

our screening approach, making it a valuable tool in the rapid identification of aptamer candidates.

4.4. Conclusion

In this study, we developed an approach that uses graphene-based microfluidic nanosensors
to analyze the binding interactions between aptamer candidates and their target molecules for
aptamer candidate screening. The sensor design was based on the reversible binding of aptamers,
allowing for rapid analysis under controlled conditions. The primary application of this sensor is
to evaluate the binding capabilities of various aptamer candidates selected from an enriched pool.

To demonstrate the screening capabilities of the approach, aptamer candidates from an
ssDNA pool enriched against the protein IgE were tested with the nanosensors. Of three aptamer
candidates tested, the sequence IM1 exhibited discernibly stronger Dirac voltage shifts (~20 mV
in the presence of 150 nM IgE) on the sensor. In contrast, the sequences IM2 and IM3, with weaker
binding affinities, exhibited only ~40% of the Dirac voltage shifts. This finding is significant in
that it validates the effectiveness of the nanosensors in differentiating between varying degrees of
aptamer binding affinities. The identification of IM1 as a strong binder in the pool of aptamer
candidates for IgE demonstrates the promise of the graphene nanosensor-based method for
screening for aptamers targeting biomarkers in practical applications.

Further research is necessary to confirm the regenerative capacity of the graphene-based

microfluidic nanosensor, which is advantageous for its quick and efficient surface regeneration,
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enabling rapid screening of numerous aptamer candidates. Additionally, exploring the cut-off
response in screening tests is essential, as understanding the threshold for significant binding
affinity of aptamers like IM2 and IM3, compared to 1M1, is crucial for accurately evaluating
potential candidates. This will ensure high-affinity binders are prioritized without disregarding
weaker yet useful aptamers, thus refining the screening process and enhancing its applicability in
biomedical and analytical applications.

In conclusion, the preliminary development of the graphene-based nanosensors shows
promise by reversibly binding and effectively differentiating aptamer candidates, potentially
expediting the aptamer candidate screening process and speeding up the development of aptamer-

based diagnostics and therapeutics.
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Chapter 5: Microfluidic Measurement of Intracellular mMRNA with
a Molecular Beacon Probe towards Point-of-Care Radiation Triage

5.1. Specific Introduction

In a large-scale radiation exposure event, hundreds of people may be exposed to varying
doses of radiation. It will be crucial to identify the doses received by each individual promptly to
triage victims of radiation and guide medical decisions. Biodosimetry refers to the determination
of radiation dosage received by an individual based on observable biological changes that occur
inside the biological system. These changes are reflected in specific biomarkers, which can be used
to assess the magnitude of the biological absorbed dose and inform potential consequences of the
radiation exposure to the individual, thereby allowing for the administration of suitable medical
therapy®. The dicentric chromosome assay (DCA)®" 8 has been most used and is considered the
“gold standard” for dose reconstruction accuracy. However, like all cytogenetics-based assays,
DCA is time-consuming and laborious and does not allow timely measurement of radiation
exposure in a large-scale emergency. ® Thus, there is a strong need for biodosimetry assays that
are more rapid and of higher throughput in events of mass radiation exposure.

As an alternative method for radiation biodosimetry, additional methods such as y-
H2AX%0%1 ‘micronuclei®®?, microRNA%%, IncRNA®%, and protein®¥8412% and gene expression
signatures!3%-132 in peripheral blood cells are being developed for this purpose. 8 Gene expression
assays have been particularly promising and typically measure the mRNA content in a certain
simulated scenario with reference to normal expression levels. Unlike DCA, gene expression can
be easily assessed with advanced molecular assays and does not require cell division. Various
techniques, such as real-time polymerase chain reaction (PCR)® and sequencing®®3, have been
proposed for gene expression analysis. However, these methods, which require RNA to be purified
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from the cells for real-time PCR and sequencing, are unsuitable for translation to a rapid point-of-
care (POC) assay. 2 In comparison, analysis of gene expression at the mRNA level in whole blood
cells can be highly promising for biodosimetry measurements, 134135

When implemented in field triage or POC scenarios, biodosimetry can potentially guide
medical decisions. POC devices have been widely reported for applications in disease diagnosis
and monitoring®®®1% based on detecting and measuring diverse types of analytes, such as
proteins'4®1%2  bacterial**1%4, and, in particular, nucleic acids.*>!4 For POC analysis of nucleic
acids, loop-mediated isothermal amplification (LAMP)**, surface acoustic wave (SAW)*, or
CRISPR/Casl12a-based electrochemical DNA detection!*® methods have been employed to
evaluate extracellular or cell lysate samples. However, these nucleic acid analysis methods are not
amenable to implementation for intracellular biodosimetry in situ, i.e., examining the analytes at
the exact location where they reside. For POC biodosimetry, Balog et al. reported a protein panel-
based assay in non-human primate plasma samples'*®, Brengues et al. reported an RNA signature
using a quantitative Nuclease Protection Assay (qNPA)?’, and Huang et al. reported an approach
for quantifying mRNAs using integrated CMOS detectors.'® Studies on POC biodosimetry
methods have otherwise been scarce.?*

Theme: We report the design and use of molecular beacons for microfluidic in situ
measurement of radiation-responsive intracellular mRNA to ultimately enable POC radiation
biodosimetry.

In situ measurement enabled by molecular beacons (MB). Gene expression-based
methods that require isolation and purification of target sequences, while quantitatively accurate,
are generally time-consuming and labor-intensive. In contrast, measurements using molecular

beacons (MBs) 3! do not require the purification of the target sequence and can be more readily
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performed in situ. ¥ MBs are hairpin-shaped oligonucleotide-based probes with a fluorescent
reporter and a quencher on each end, and would be strongly fluorescent when hybridizing to
complementary target sequences.'>3!> This self-quenching is achieved through Forster resonance
energy transfer (FRET). FRET is a distance-dependent interaction between two light-sensitive
molecules, where energy is transferred non-radiatively from an excited donor fluorophore to a
nearby acceptor fluorophore via dipole-dipole coupling. The efficiency of this energy transfer is
highly dependent on the inverse sixth power of the distance between the donor and acceptor,
making FRET particularly sensitive to changes in molecular proximity within the range of 1-10
nm. This process requires significant overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor, enabling studies of molecular interactions, conformational
changes, and dynamics at the nanoscale level.®® The fluorescence resulting from the hairpin
structure possesses a low background, which is ideal for in situ measurements.® We, for the first
time, use MBs for in situ measurement of radio-induced changes of mMRNA level by introducing
the MB into fixed and permeabilized cells. This method would enable low-background in situ
measurement of MRNA in TK6 cells and, for biodosimetry, can be used for in situ hybridization
of target sequences in peripheral blood cells without isolation or purification.

POC potential by microfluidic technology. Microfluidic technology can enable POC
processing and analysis of large numbers of samples.® Toward POC biodosimetry, we have
designed a microfluidic device for single-cell fluorescence measurements. This device can isolate
and retain fixed and labeled cells as single cells in microscale traps to quantify the intracellular
fluorescence of individual cells. The single-cell device can resolve complex fluorescent signals
instigated by multilayered and overlapping cells to improve the accuracy of fluorescence

quantification and be used as the measurement module in POC biodosimetry.
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As a proof of principle for a biodosimetry POC, we have developed MBs for a known
radiation-responsive biomarker BAX that will be integrated into the microfluidics system. Using
the MBs, fluorescence intensities measured for TK6 cells 6 h post-exposure to radiation doses at
1 Gy and 2 Gy were 1.33-fold and 1.79-fold, respectively, compared with those of unirradiated
samples. In 24 h post-exposure samples, the comparisons correspondingly became 1.45-fold for
radiation at 1 Gy and 2.32-fold for radiation at 2 Gy, respectively. These changes were confirmed
by experiments with NH32 p53-null control groups and were consistent with results from RT-
gPCR quantification. Fluorescent quantification from the microfluidic device was also consistent
with results obtained off-chip, suggesting the potential of the MB-based microfluidic approach for

POC biodosimetry.
5.2. Results and Discussion

5.2.1. Design and Characterization of BAX MBs

Design of BAX MBs. Two potential BAX MBs were designed based on two regions of the
predicted structure of their intended target, BAX mRNA. First, the secondary structure of the full-
length BAX mRNA was predicted by mFOLD.*’ the one with the lowest Gibbs free energy was
chosen with the predicted secondary structures. From this structure, two regions with appropriate-
sized (10-20 nts) loop sub-structures were identified and used as the initial template for MB
sequence design (Figure 5.1A). The reverse complements were generated as the core sequences
of the BAX MBs using the sequences of these two regions. The stem sequences were also designed
using the peripheral sequences of the target loop regions to increase the specificity of the MBs.
The designed stem has 6 base pairs, making them fairly easy to open when targets are present but
remain closed when the target is absent. The reporter fluorophore carboxyfluorescein (FAM) was

then modified to the 5” end and its quencher Black Hole Quencher 1 (BHQ-1) to the 3” end (Figure
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5.1B) to ensure the closed MB is maintained in a quenched state to minimize background signal.

FAM has an emission max of 520 nm. When in proximity, the emission energy of FAM can be

absorbed by BHQ-1 and emitted in the form of heat. This interaction between FAM and BHQ-1

would drastically decrease the background fluorescence of the MB when it’s in the closed form.

In target-free conditions, the stem-loop configuration is stable, and the quencher is located close

to the reporter dye, thus quenching the reporter fluorescent signals. However, when BAX mRNA

is present, the stem-loop configuration opens, and the MB hybridizes with the target, as shown in

Figure 5.1C, restoring the reporter fluorescent signals. The specificity of these sequences was

ensured by running through BLAST*®® within the species genome.

5’- /FAM/ CCGCTGTCTTCATGATCTGCTCAGAGCTCAGCGG /BHQ-1/-3’

BAX mRNA c

N

Fluorescent hybrid

Quenched MB

Figure 5.1. Design of BAX mRNA molecular beacons. (A) BAX mRNA secondary structure
predicted by mFOLD47 and the two stem-loop regions selected for MB design. (B) BAX MB
designs and sequences. (C) BAX MB working principle. The fluorescence of folded BAX MB is
unquenched when it binds with the target complementary sequence.
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In vitro characterization of BAX MB. To assess the ability of the MB to switch off and
on, an in vitro hybridization experiment was designed to evaluate two of our MBs. In this
experiment, the two designed MBs were incubated with their respective target sequences in the
DNA form in vitro. In doing so, if the fluorescence is increased at FAM’s intended emission
spectra, it can be concluded that the self-quenched MBs are indeed switching on when
encountering their target. As results in Figure 5.2 suggest, MB1 shows a significant increase in
fluorescence, especially at 520 nm, which is FAM’s emission max. This result indicated that the
design of BAX MB1 for its switching function is successful. The on/off fluorescence ratio for MB1
was also calculated to be ~200 fold, indicating our MB1 design was successful.**® However, MB2
does not pass the in vitro characterization with an on/off fluorescence ratio of ~8 fold. Because of
the difference in the MB behaviors of MB1 and MB2, it is suggested that MB1 would have a better
intracellular performance. We then exclusively used MBL1 as the probe for the following studies.
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Figure 5.2. In vitro characterization of BAX MB1. Two different binding states are compared
using fluorescence emission spectra. With the addition of the target sequence in DNA form, MB1
unfolds and hybridizes with the complementary sequence and a significant increase in the
fluorescence spectra is present on the fluorescence spectra. The experiments were performed in
triplicates for both binding states and all six fluorescence spectra were superimposed in this single

figure.
5.2.2. Intracellular Studies of BAX MB

Post-irradiation Time-lapse Study of MB Fluorescence. The potential utility of the MBs
in biodosimetry via measurement of radio-induced change in the abundance of intracellular nRNA
was then demonstrated. To this end, the dose dependence of MB fluorescence in TK6 cells was
examined. TK6 cells were cultured to log phase and then subjected to X-ray irradiation. Samples
were acquired by imaging flow cytometry and performed in triplicate on cells at 6 h after exposure
to X-ray irradiation at 0, 1, and 2 Gy (Figure 3A) to access the fluorescence intensities that reflect
the amount of BAX mRNA within the cells. It was observed that compared to the unirradiated
group, the average fluorescent intensity per cell increased almost linearly to 1.33-fold in the 1 Gy
group and 1.79-fold in the 2 Gy group, suggesting that the amount of BAX mRNA increases
linearly with radiation dosage. Our findings of BAX mRNA abundance increase are consistent with

previous work. 8
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Figure 5.3. Dose-dependence of MB1 labeling with 6 h or 24 h post-exposure incubation time.
All measurements were performed in triplicate and the data were shown as the mean + SD.

Similarly, flow cytometry analysis of BAX mRNA levels in TK6 cells was performed in
triplicate at 24 h post-exposure to X-ray, and the same three irradiation doses (0, 1, and 2 Gy) were
used (Figure 5.3). Compared to unirradiated samples, the 1 Gy group showed an increased
fluorescence of 1.45-fold, while the 2 Gy group had an increased fluorescence of 2.32-fold. The
24 h post-exposure fluorescence changes were consistent with the 6 h post-exposure samples at 1
Gy and slightly higher at 2 Gy. Irradiation at 0.5 Gy was tested in a separate batch of samples
(Figure S5.1). Significant changes in fluorescence were detected (1.23-fold compared to that for
unirradiated cells) in TK6 cells 24 h post-exposure, suggesting that this method can detect doses
as low as 0.5 Gy.

The observed upregulated BAX gene response may be mainly due to activation of the p53

signal pathway, as this is one of the main responses to radiation, and BAX is a known p53-regulated
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gene.®® BAX is considered an apoptosis regulator, and the upregulation of BAX might indicate a
possible apoptosis response to radiation. To further investigate the source of the increase, MB1
labeling in NH32 cells was performed. NH32 is a TK6-derived, p53 double-knockout cell line. 6
If the radiation-induced intracellular p53 increase is the main contributor to the increased levels of
BAX, then the irradiated group of NH32 cells would not have such a significant increase in
fluorescence. To this end, NH32 cells were cultured and irradiated at 0.5 and 2 Gy and cultured
for 24 h before cell fixation. 1% After permeabilization, the cells were stained with MB1, and
imaging flow cytometry was performed on the stained cells. The results with NH32 show that
compared with the control group, the 0.5 Gy-irradiated cells have a signal of 1.01-fold. In contrast,
the 2 Gy group has a signal of 1.25-fold, indicating that our hypothesis regarding p53 is valid.
(Figure S5.2) The signal in the 0.5 Gy group is essentially unchanged, suggesting that the changes
in TK6 cells at 0.5 Gy are coming from the p53 pathway. The 2 Gy has a slight increase in the
signal. However, compared to the 1.73-fold change in TK®6 cells, it can still be concluded that most
of the increase in TK6 cells results from the p53 pathway.

Radiation Dose-Response Comparison with RT-qPCR. Next, a comparison experiment
was performed to assess the validity of the MB labeling signal and its correlation with actual
MRNA concentration. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is
the gold standard for mRNA measurement,*®?, and was used here to compare the relative
expression levels of the RNA of interest. Compared with in situ fluorescence measurement, RT-
gPCR requires the purification of total RNA in cell lysate. The total RNA is then converted to
cDNA via reverse transcription before quantitative PCR uses specific BAX primers and a
fluorescent DNA dye. Compared with RT-gPCR results, the flow cytometry analysis showed

similar fold changes at 2 Gy and 6 Gy (Figure 5.4). The difference at 4 Gy can be explained by
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the variance of signals between the two methods. However, the results reported here are still within
the previously reported range of radiation response variations.'®® The comparison suggested that
the analysis of MB fluorescent labeling by flow cytometry is valid for BAX mRNA detection and

can be used in future experiments.
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Figure 5.4. Comparison between MB labeling (flow cytometry) with RT-qPCR for intracellular
BAX mRNA biodosimetry.

5.2.3. Microfluidic Measurement of Intracellular BAX mRNA Radiation Response

Microfluidic Device Design and Characterization. The irradiated and labeled cell samples were
analyzed using a microfluidic detection device to further develop the utility of MB labeling in a
POC setting. The microfluidic device, fabricated from polydimethylsiloxane via standard

microfabrication techniques, consists of a cell-dispersion section and a cell-trapping section inside
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amicrochamber (Figure 5.5A). Cell samples are flowed through the microchamber, first becoming
dispersed in the dispersion section and then trapped as single cells in the trapping section. The
dispersion unit consists of a symmetric microchannel network about the streamwise vertical center
plane of the microchamber. Cells introduced through the inlet channel are guided through the
microchannel network with minimal velocity losses and emerge from the exit of the dispersion
section as uniformly distributed single cells. These cells then enter the trapping section, which
consists of an array of pairs of microposts. Each micropost pair forms a microstructure having the
shape of a cup with a slit at the downstream side. By the design of the cup placement, single cells
are directed evenly into the individual cups. As the media flows through the slit, the cells are

trapped in the cups.
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Figure 5.5. Microfluidic cell detection chamber design and cell trapping. (A) The design of cell
detection chamber with blowups of the dispersion section and trapping section. (B) Image of cell-
trapping units with a blowup of a trapped cell. (C) Number of cells trapped in each unit.

The ability of the microfluidic device to trap individual cells was then tested. A suspension
of live cells from the CCRF-CEM leukemia cell line at a concentration of 1x10° cells/mL was
flowed through the device at 5 uL/min for 5 min. The device was washed with PBS buffer at 10
uL/min for 2 min. Images of the cell-trapping unit were finally taken to examine the trapped cells
(Figure 5.5B) and used to determine the fraction of cups trapping n cells, with n = 1 corresponding
to trapped single cells (Figure 5.5C). It was observed that the cups each trapped n = 04 cells,
with 80% of the cups each trapping a single cell (n = 1). Meanwhile, we observed that multiplying
trapped cells allowed reliable fluorescence quantification per cell (below), making our
measurement method less dependent on single-cell trapping.

Microfluidic Measurement of Intracellular BAX mRNA Dose Response in TK6 cells.
We then tested our MB probes to measure intracellular mRNA in the microfluidic device.
Following the same cell preparation procedure described above, TK6 cells were first exposed to
X-ray radiation at 0, 1, and 2 Gy, respectively. After fixation and permeabilization at 6 h post-
exposure, these cells were incubated with the BAX mRNA-targeting probe MB1. The cells were
introduced into the microfluidic device, and the trapped cells were imaged to obtain the average
fluorescence intensity (Figure. 5.6A). The flow cytometry measurement results from Figure 5.6A,
while not to be quantitatively compared to the microfluidic imaging data, are included in Figure
5.6B for qualitative comparison. The fluorescence intensity determined from the microfluidic
device increased linearly with the irradiation dose, exhibiting the same trend as that observed from

flow cytometry above and reflecting radiation-induced upregulation of intracellular BAX. Thus,
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we have successfully demonstrated that our microfluidic approach is a potentially viable method

for intracellular biomarker measurements in POC radiation biodosimetry.
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Figure 5.6. Microfluidic detection of in situ intracellular BAX mRNA dose response. (A) Bright
field and fluorescence images of irradiated cell samples trapped in the microfluidic detection
chamber. (B) Dose-dependence comparison of flow cytometry and microfluidic detection
chamber analysis. All measurements were performed in triplicate and the data were shown as
the mean + SD.

5.3. Experimental

TK6 and NH32 cells are gifts from Dr. Sally Amundson. CCRF-CEM cells are purchased
from ATCC. Nucleic acids are purchased from Integrated DNA Technologies. Unless otherwise
specified, all other reagents are purchased from BD Biosciences.

In vitro folding assay. The assay was performed in 96-well plates and detected with
Molecular Devices SpectraMax M5 plate reader. In 250 pL microtubes, the molecular beacons (2
UM in PBSM, 50 pL) were mixed with their intended target sequence in DNA form (2 uM in
PBSM, 50 pL) to reach a final concentration of 1 uM of each species. The mixture was then
conditioned (10 min at 95 °C, 10 min at 0 °C, and 10 min at RT) before being transferred into a

96-well plate and analyzed in a plate reader.

86



Cell culture. TK6, NH32, and CCRF-CEM cell lines were maintained using culture media
consisting of RPMI 1640 1x medium, 10% fetal bovine serum, 1% MEM non-essential amino
acids, 1 mM sodium pyruvate and 1% penicillin-streptomycin-glutamine in a humidified 37°C
incubator with 5% CO,. Cell density was kept below 1x10° cells/mL at all times. Once the cells
approached 1x10° cells/mL, a 1:50 dilution was performed. All cell-related experiments were
performed using cells within 25 passages.

Irradiation. Mock and the irradiation of the cell line samples was performed on an X-
RAD 320 Biological Irradiator (Precision X-Ray Inc.) at 320 mV, 12.5 mA, with a custom filter34
and a 40 cm sample distance to achieve 1 Gy/min of irradiation rate. All samples were irradiated
under the same conditions with various irradiation times.

Cell fixation. Cell fixation was performed using our previously published method.*® TK6
cell samples (<15 mL each) were centrifuged at 200 x g for 10 min and the supernatants were
discarded. The pellets were resuspended in 250 pL of ice-cold Fixation/Permeabilization solution
(Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit, BD Biosciences; #554714) and
incubated at 4°C for 20 min to allow cell fixation. After adding 700 pL of 1 x Perm/Wash buffer
(BD Biosciences; #554723), the suspensions were centrifuged at 300 x g for 4 min, and the
supernatant was removed. The pellet was washed twice with 950 puL of 1 x Perm/Wash buffer
before being resuspended with 1 mL of 1% (m/v) bovine serum albumin solution in 1 x DPBS and
preserved at 4°C.

Cell labeling. Cell labeling with MB1 was adapted from our earlier work. 3% Briefly,
fixed TK6 cells preserved in 1% BSA buffer were first centrifuged at 300 x g for 4 min, and the
supernatant was discarded. The pellet was washed with 950 pL of 1 x Perm/Wash buffer. The MBs

were diluted in 1 x Perm/Wash buffer and conditioned in the following order: 10 min at 95°C, 10
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min on ice, 10 min at RT. The pellet is then resuspended in 50 yL of the conditioned aptamer
solution and incubated for 1 h at RT away from light. After incubation, 900 uL of 1 x Perm/Wash
buffer was added to the suspension, and the sample was then centrifuged at 300 x g for 4 min.
After discarding the supernatant, the pellet was washed again with 950 pL of 1 x Perm/Wash buffer
and twice with 950 pL of 1 x PBS. If not directly used in the following fluorescence analysis, the
pellet was then resuspended in 1 mL of 1 x PBS and stored at 4°C.

Imaging Flow Cytometry. Samples were concentrated to 50 pL and acquired on
ImageStreamX MKkl at Columbia University Center for Radiological Research with 40x objective
and 488 nm excitation laser set to 200 mW. Similar to previously described®, a uniform analysis
template on Image Data Exploration and Analysis Software (IDEAS®, Luminex ver. 6.2) was
used to measure Mean Fluorescence Intensity detected on the 480-560 nm channel in focused,
single, healthy cells.

RNA Isolation and Real-Time PCR. At 24 hours after irradiation, whole-cell RNA was
isolated from aliquots of at least 1 x 10° exponentially growing cells per point using the Qiagen
RNeasy Mini kit (cat#74106) and quantified using a Nanodrop One spectrophotometer
(Thermofisher). The Azsors0 ratios for all samples ranged from 1.97-2.03. For each sample, cDNA
was prepared from 1 mg of total MRNA using the High-Capacity® cDNA Kit (Life Technologies,
Foster City, CA). Quantitative real-time RT-PCR (QRT-PCR) was then performed using 15 ng of
cDNA per reaction and Tagman® assays (Life Technologies) for BAX (Hs00180269_m1) and the
housekeeping gene ACTB (Hs99999903_m1). Using standard PCR conditions, all reactions were
duplicated on a QuantStudio™ 7 Flex System. Expression Suite software ver 1.3 (Thermofisher)

was used to calculate relative fold-induction with the 2722¢T method.
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Microfluidic device fabrication and packaging. The PDMS mold was fabricated with
various SU-8 photoresists. 33 mL of PDMS (10:1 base: curing agent by weight) was poured onto
the flow layer wafer and placed in a vacuum desiccator for 30 minutes to remove bubbles.
Following bubble removal, the flow layer wafer was placed on a hotplate set at 72 °C for 30
minutes. The PDMS was then peeled off, cut into separate microfluidic chambers, and had inlets
and outlets punched with an autopsy punch. The PDMS microfluidic chambers and glass slides
were then placed in an oxygen plasma etcher (Diener Plasma Etch) and exposed to oxygen plasma
for 45 seconds at 100% power. Immediately after exposure, the PDMS devices were bonded with

the glass slide on the reactive interface and gently pressed to put their surfaces in contact.

5.4. Conclusion

In summary, we described the development of a DNA molecular beacon that can bind
specifically with intracellular human BAX mRNA toward POC radiation triage application. The
design is based on a step-loop region of the predicted secondary structure of human BAX mRNA,
and the sequence specificity is verified through BLAST. We demonstrated the unfolding of the
MB probe in the presence of the target sequence in vitro. The MB fluorescence signal shows dose-
dependence at 6 h and 24 h post-exposure time and up to 6 Gy irradiation in fixed TK6 cells. The
MB labeling is comparable with RT-gPCR quantification in terms of fold change. A microfluidic
intracellular biodosimetry device was designed and fabricated to trap single fixed cells. We
compared the on-chip quantification with flow cytometry analysis, and the results are comparable.
It can be concluded that the MB probe for BAX mRNA is suitable for microfluidic intracellular
biodosimetry.

We envision the prototype device developed in this manuscript as a pivotal component of

a prospective point-of-care device for integrated intracellular biodosimetry. Integrating the MB
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probe into a point-of-care device would enable real-time, on-site assessment of radiation exposure,
making biodosimetric assessments more accessible and timelier. This could be especially
invaluable in emergency scenarios where rapid evaluation and immediate medical intervention are

critical for optimizing patient outcomes.

5.5. Supplementary Information
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Figure S5.1. Dose-dependence of MBI labeling with 24-h post-exposure incubation time.
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Chapter 6: Preliminary Development of Molecular Beacons for
Intracellular FDXR mRNA

6.1. Background

Transcriptome or gene expression analyses are one of the most accurate and fast methods
for ionizing radiation (IR) assessment towards biodosimetry purposes. Currently, a large number
of genes have been identified via transcriptomic arrays as well as sequencing efforts'®*. These
genes have expression level change responses that can qualify as reliable biomarkers of
exposure?6:165166 A pOC biodosimetry device can be developed to quantify IR exposure dosage
by harnessing gene expression analyses. However, Current transcriptional analysis methods rely
on bulky instruments in the lab setting, and alternative methods for analyzing intracellular mMRNA
levels are needed.

Molecular beacons are single-stranded oligonucleotides that are designed as hybridization
probes!®. They are complimentary and specific to the target sequences and thus would be great
probes for mMRNA detection and quantification. From the previous chapter, molecular beacons
have proven great potential for intracellular applications. Expanding our current repertoire to other
radiation-responsive mRNAs is of great importance for multiplex measurement!®” in the later
scheme of realizing POC biodosimetry. FDXR is among other DNA repair genes that show
responses in transcription levels upon ionization radiation exposure, which makes its mMRNA a
great candidate for molecular beacon development. According to previous studies®+18-10 FDXR
gene expression level has been identified and used for biodosimetry applications. One study shows
that FDXR has a remarkable response to radiation in vivo and ex vivo'®®, FDXR gene expression
analysis can give precise dose estimates in blood samples from irradiated radiotherapy patients,
aiding precision medicine in radiotherapy’.
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This chapter looks into the potential of developing FDXR molecular beacons for
intracellular measurement of MRNA levels towards biodosimetry applications. In this chapter, two
molecular beacons are designed and developed to measure intracellular FDXR mRNA. Their
molecular beacon behaviors are demonstrated, and dose-sensitive fluorescence was observed in

FDXR molecular beacon labeled TK®6 cells.
6.2. Results and Discussion

6.2.1. Design of FDXR MBs

Design of FDXR MBs. Similar to the previous chapter, the designs of the FDXR MBs are
based on the predicted structure of their intended target, FDXR mRNAs. First, the secondary
structures of the full-length BAX mRNA were predicted by mFOLD.*” Because FDXR has eight
different transcripts, variants 8 and 2 that have better responses to IR were selected*®*. According
to a study by Cruz-Garcia et al.*%4, variant 8 (FDXR-206) showed about a 40-fold increase in gene
expression level, while variant 2 (FDXR-214) showed a 20-fold increase ex vivo. We also
examined the endogenous expression levels of these variants, and both variants 8 and 2 have
relatively low endogenous levels, which make them ideal targets with low background signals, but

not too low so that the dynamic range is too narrow to be measured accurately. To facilitate the

selection of FDXR variants for MB design, We consider the ratio of radiation responsivity ta
variants 8 and 2, respectively, far exceeding that of the next best candidate (~200). We thus

concluded that variants 8 and 2 were appropriate choices for MB design. With the predicted
secondary structures of each variant, the one with the lowest Gibbs free energy was chosen. From

this structure, regions with appropriate-sized (10-20 nts) loop sub-structures were identified and
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used as the initial template for MB sequence design (Figure 6.1). The reverse complements were
generated as the core sequences of the FDXR MBs using the sequences of these two regions. The
stem sequences were also designed using the peripheral sequences of the target loop regions to
increase the specificity of the MBs. The designed stem has 6 base pairs, making them fairly easy
to open when targets are present but remain closed when the target is absent. The fluorophore pair
at the end of the stem is FAM-BHQ-1. The specificity of these sequences was ensured by running
through BLAST®® within the species genome. The obtained FDXR MBs were then termed FMB1

and FMB2.
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Figure 6.1. Design of FDXR molecular beacons. FDXR molecular beacons are designed according
to FDXR mRNA variant 8 and variant 2. FDXR MB1 (FMBI1) is complementary to a stem-loop
structure on the secondary structure of FDXR mRNA variant 8; FDXR MB2 (FMB2) is
complementary to a stem-loop structure on the secondary structure of FDXR mRNA variant 2.

6.2.2. Characterization of FDXR MBs
Molecular Beacon Behavior Characterization. To assess the ability of the MB to switch

off and on, an in vitro hybridization experiment was designed. In this experiment, the two designed
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MBs were incubated with their respective target sequences in the DNA form in vitro. In doing so,
if the fluorescence is increased at FAM’s intended emission spectra, it can be concluded that the
MBs are indeed switching on when encountering their target. As results in Figures 2C and 2D
suggest, both FMB1 and FMB2 show a significant increase in fluorescence, especially at 520 nm,
which is FAM’s emission max. This result indicated that the design of FDXR MBs for their
intended switching function is successful. The on/off fluorescence ratio for FMB1 was calculated
to be ~9 fold, while that ratio was calculated to be ~200 fold for FMB2.1%°. Although FMB2 has a

higher on/off ratio, both MBs passed the threshold test.
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Figure 6.2. Molecular beacon behavior characterization of FDXR MBs. Secondary structure of
FMB1 (A) and FMB2 (B). Fluorescence spectra of FMB1 (C) and FMB2 (D) in both folded and
hybridized states.
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6.2.3. Intracellular Studies of FDXR MB in TKG6 cells

The potential utility of the MBs in biodosimetry via measurement of radio-induced change
in the abundance of intracellular MRNA was then demonstrated. To this end, the dose-dependence
of MB fluorescence in TK6 cells was examined. TK6 cells were cultured to log phase and then
subjected to X-ray irradiation. Flow cytometry was performed in triplicate on cells at 24 h after
exposure to X-ray irradiation at 0, 2, 4, and 6 Gy (Figure 3) to access the fluorescence intensities
that reflect the amount of FDXR mRNA within the cells. For FMBL1 labeling (Figure 3A), it was
observed that compared to the un-irradiated group, the average fluorescent intensity per cell almost
linearly increased to 2.45-fold in the 2 Gy group, 3.14-fold in the 4 Gy group, and 3.35-fold in the
6 Gy group. For FMB2 (Figure 3B), these changes are 2.17-fold at 2 Gy, 2.28-fold at 4 Gy, and
1.76-fold at 6 Gy. These quantification results show that both MB labeling shows dose-dependent
fluorescence, which is strong evidence of both FMBs’ potential in radiation biodosimetry

applications, pending further investigations.

98



A 50000

3.35x

45000 |

40000 |

35000 r

30000 (-

25000

20000 r

15000 |

Fluorescence Intensity (a.u.)

10000 |

5000 |

0 2 4 6
Radiation Dose (Gy)

350000

217 x 2.28x

%

250000 [

:

150000 [

Fluorescence Intensity (a.u.)

50000 |

0 2 4 6
Radiation Dose (Gy)

Figure 6.3. Dose-dependent fluorescence of FDXR MBs labeled TK6 cells. TK6 cells were exposed
to X-ray irradiation before fixed and labeled with FMBs. The labeled cells were then analyzed by
flow cytometry and the fluorescence of FMB1 (A) and FMB2 (B) labeling was quantified.
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6.3. Experimental

TKG6 cells are gifts from Dr. Sally Amundson. Nucleic acids are purchased from Integrated
DNA Technologies. Unless otherwise specified, all other reagents are purchased from BD
Biosciences.

In vitro folding assay. The assay was performed in 96-well plates and detected with
Molecular Devices SpectraMax M5 plate reader. In 250 uL microtubes, the molecular beacons (2
uM in PBSM, 50 uL) were mixed with their intended target sequence in DNA form (2 uM in
PBSM, 50 uL) to reach a final concentration of 1 uM of each species. The mixture was then
conditioned (10 min @ 95°C, 10 min @ 0°C, and 10 min @ RT) before being transferred into a
96-well plate and analyzed in a plate reader.

Cell culture. TK6, NH32, and CCRF-CEM cell lines were maintained using culture media
consisting of RPMI 1640 1x medium, 10% fetal bovine serum, 1% MEM non-essential amino
acids, 1 mM sodium pyruvate and 1% penicillin-streptomycin-glutamine in a humidified 37°C
incubator with 5% CO,. Cell density was kept below 1x10° cells/mL at all times. Once the cells
approached 1x10° cells/mL, a 1:50 dilution was performed. All cell-related experiments were
performed using cells within 25 passages.

Irradiation. The cell line samples were irradiated on an X-RAD 320 Biological Irradiator
at 320 mV, 12.5 mA, with a custom filter® and a 40 cm sample distance to achieve 1 Gy/min
irradiation rate. All samples were irradiated under the same conditions with various irradiation
times.

Cell fixation. Cell fixation was performed according to the established FAST-DOSE
protocol.®® TK6 cell samples (<15 mL each) were centrifuged @ 200 x g for 10 min and the

supernatants were discarded. The pellets were resuspended in 250 uL of ice-cold
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Fixation/Permeabilization solution (BD Biosciences) and incubated @ 4°C for 20 min to allow
cell fixation. After adding 700 uL of 1 x Perm/Wash buffer (BD Biosciences), the suspensions
were centrifuged @ 300 x g for 4 min, and the supernatant was removed. The pellet was then
washed twice with 950 uL of 1 x Perm/Wash buffer (BD Biosciences) before being resuspended
with 1 mL of 1% (m/v) bovine serum albumin (BSA) solution in 1 x DPBS and preserved at 4°C.

Cell labeling. Cell labeling with aptamer was performed with adaptation to the FAST-
DOSE protocol®®. Fixed TK6 cells preserved in 1% BSA buffer were first centrifuged @ 300 x g
for 4 min, and the supernatant was discarded. The pellet was washed with 950 uL of 1 x Perm/Wash
buffer (BD Biosciences). The MBs were diluted in 1 x Perm/Wash buffer (BD Biosciences) and
conditioned in the following order: 10 min @ 95°C, 10 min on ice, 10 min @ RT. The pellet is
then resuspended in 50 uL of the conditioned aptamer solution and incubated for 1 h @ RT away
from light. After incubation, 900 uL of 1 x Perm/Wash buffer (BD Biosciences) was added to the
suspension, and the sample was then centrifuged @ 300 x g for 4 min. After discarding the
supernatant, the pellet was washed again with 950 uL of 1 x Perm/Wash buffer (BD Biosciences)
and twice with 950 uL of 1 x PBS. If not directly used in the following fluorescence analysis, the

pellet was then resuspended in 1 mL of 1 x PBS and stored at 4°C.

6.4. Conclusion

In this chapter, we presented the initial stages of development concerning molecular
beacons targeted at FDXR mRNA. Specifically, two distinct FDXR molecular beacons—termed
FMB1 and FMB2—were conceptualized and provisionally engineered. Their design was
predicated on the secondary structural features of those FDXR transcript variants that exhibited
the most pronounced radiation-induced responses among the eight currently identified variants.

The functional behavior of these FMBs was empirically substantiated through fluorescence
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spectroscopy. Dose-dependent relationships were manifested in TK6 cell lines when labeled with
either FMB1 or FMB2. These preliminary findings indicate the promising applicability of both
FMB1 and FMB2 in the domain of radiation biodosimetry. Nonetheless, additional investigation
is imperative for validating their biodosimetric efficacy and ascertaining their potential utility in

point-of-care (POC) applications.
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Chapter 7: Concluding Remarks

7.1. Thesis Summary

This thesis discusses the development of molecular probes for intracellular labeling
towards radiation biodosimetry applications. The work presented in this thesis includes a
comparative study of aptamer isolation strategies, the development of aptamers for intracellular
radiation-responsive proteins, the development of a graphene-based nanosensor platform for
aptamer candidate screening, and the microfluidic measurement of intracellular radiation-
responsive mRNASs with molecular beacons.

A Comparative Study of Aptamer Isolation on Conventional and Microfluidic
Strategies. In this work, we have compared aptamer isolation with different SELEX methods
including agarose bead-based conventional SELEX, microfluidic chip-selection SELEX, and full-
chip SELEX. Experimental results showed that these methods all successfully isolated aptamers
against the IgE protein. In particular, all three ways identified the aptamer IGE1, which has a high
affinity (Kp = 96.2 + 9.4 nM) for IgE while showing negligible binding to the controls. A
comparison of the results allowed us to observe the characteristics of the three aptamer isolation
methods. Conventional SELEX is labor-intensive, time-consuming, and high in reagent use. Chip-
selection SELEX offers the highest aptamer selection efficiency in removing non-binding
molecules (compared with conventional SELEX) and high PCR effectiveness (compared with full-
chip SELEX). Full-chip SELEX, using bead-based PCR to provide a tradeoff between the efficacy
of PCR and efficiency of amplification product processing, allows on-chip extraction of sSDNA
from dsDNA, thereby addressing the most resource and time-consuming step in the other two
methods. As such, full-chip SELEX minimizes labor-intensive manual operation, facilitates

automation, reduces reagent consumption, and allows considerably faster isolation of aptamers.
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Microfluidic Isolation of Aptamers for Intracellular Measurement of Radio-
Responsive Proteins. In summary, we have used a microfluidic-based selection of DNA aptamers
to design an isolated Aptamer (Apt3) with nanomolar affinity for human BAX protein for
intracellular protein quantification. The successful isolation of Apt3 validates the efficacy of our
microfluidic-based methods for isolating aptamers targeted against intracellular, radio-responsive
proteins. Notably, the selection process utilized a 20-amino acid segment of the BAX BH3 peptide,
capable of forming an alpha-helix structure instead of the entire protein. This strategic decision
likely augmented the efficiency of the aptamer selection process. Subsequent Next-Generation
Sequencing analyses of aptamer populations from enrichment rounds 6 and 9 yielded three unique
sequences. Among these, one sequence, Apt3, exhibited significant binding affinity in both bead-
based sandwich assays and fluorescence polarization assays. We also validated the functional use
of Apt3in cell-based studies. First, we performed colocalization studies using the isolated aptamer
and a commercial fluorescent anti-BAX antibody to demonstrate specific binding with intracellular
BAX protein, and secondly, to successfully measure the radiation-induced expression in ex vivo
human blood samples and in vivo mouse peripheral blood assays. The cross-reactivity of the human
BAX aptamer in mouse lymphocytes highlights a conserved homological sequence that will allow
future validation studies in vitro and in vivo. Given that the BAX protein plays a pivotal role in the
signaling pathway of apoptosis, the isolated aptamer may also serve as a valuable tool in research
pertaining to cellular apoptosis mechanisms.

Graphene-based Aptamer Candidate Screening. In this study, a graphene-based
microfluidic nanosensor platform is designed and developed to analyze the binding of aptamer
candidates and their intended targets. The platform is designed to have aptamer candidates

transiently bounded to the surface and tested in the buffer condition at which the aptamer selection
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process is carried out. This ensures the optimal match for the binding condition. Furthermore, the
screening ability of this platform is tested with an enriched pool of IgE aptamer selection. With
this platform, we showed that aptamer candidates that have good Kp against IgE have discernable
stronger signals than weak binders. This platform has the potential of easy regeneration, expediting
the aptamer candidate screening process even further.

Microfluidic Measurement of Intracellular mRNA with a Molecular Beacon Probe
towards Point-of-Care Radiation Triage. In summary, we described the development of a DNA
molecular beacon that can bind specifically with intracellular human BAX mRNA toward POC
radiation triage application. The design is based on a step-loop region of the predicted secondary
structure of human BAX mRNA, and the sequence specificity is verified through BLAST. We
demonstrated the unfolding of the MB probe in the presence of the target sequence in vitro. The
MB fluorescence signal shows dose-dependence at 6 h and 24 h post-exposure time and up to 6
Gy irradiation in fixed TK6 cells. The MB labeling is comparable with RT-qPCR quantification
in terms of fold change. A microfluidic intracellular biodosimetry device was designed and
fabricated to trap single fixed cells, and we compared the on-chip quantification with flow
cytometry analysis, and the results are comparable. It can be concluded that the MB probe for BAX
MRNA is suitable for microfluidic intracellular biodosimetry.

Preliminary Development of FDXR Molecular Beacons. This work expanded our
molecular beacon repertoire to target FDXR mRNA. The designed molecular beacons FMB1 and
FMB2 are characterized to have sequence specificity against FDXR mRNA variant 8 and variant
2 via BLAST. We have demonstrated that both FMB1 and FMB2 have molecular beacon
properties that unfold upon recognition of target sequences. The dose-dependent signals of

fluorescent labeling with both MBs are also investigated with TKG6 cell lines. The signals at higher
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doses are significantly higher than the un-irradiated control group, indicating significant dose

dependency. Further investigation is needed for the use of FMBs in biodosimetry.
7.2. Contributions and Publications

7.2.1 Contributions to Molecular Probes Development and Point-of-Care Biodosimetry

This thesis contributes to intracellular biodosimetry by developing aptamers for radiation-
responsive proteins. First, microfluidic aptamer isolation methods were compared with
conventional approaches to understand a more efficient way of isolating aptamers. Second,
aptamers against radiation-responsive proteins were isolated using the aforementioned
microfluidic method. Finally, a new aptamer candidate screening approach using graphene-based
nanosensors will be discussed to improve the whole aptamer isolation process. Furthermore, this
thesis contributes to point-of-care biodosimetry by demonstrating a dose-dependency of molecular
probes on a prototype microfluidic measurement device.

Comparative studies of microfluidic vs. conventional aptamer isolation. Three methods of
aptamer isolation are compared to investigate the efficiency and robustness of aptamer isolation
strategies. These methods include conventional benchtop SELEX using agarose beads, full-chip
SELEX integrating all processes into a single microfluidic device, and a chip-selection SELEX
that only implements a microfluidic affinity selection process. We show that, for the first time,
microfluidic aptamer isolation methods are superior to conventional methods in terms of time
efficiency and cost.

Microfluidic development of aptamers towards biodosimetry. In biodosimetry, an in-field
method for triaging many suspected victims is needed. An aptamer isolated against radiation-

responsive protein BAX using a microfluidic approach was demonstrated in a dose-sensitivity
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study. The isolated aptamer is intended for intracellular BAX detection and can potentially be used
in a POC device for biodosimetry.

Development of an aptamer candidate screening approach with a graphene-based
nanosensor. Analyzing aptamer candidates from a sequencing pool is not always straightforward,
and can be cumbersome and time-consuming. A graphene-based nanosensor was developed to
address this purpose, aiding the aptamer development process.

Development of molecular beacons toward POC biodosimetry applications. Molecular
beacons against radiation-responsive mRNAs (BAX and FDXR mRNAS) are rationally designed
and developed to expand the molecular probe repertoire. Together with the previously mentioned
aptamers, these molecular beacons can complement each other and potentially aid the development
of a multiplex/multi-level measurement device toward dose prediction in POC settings. To
demonstrate the POC use of our developed molecular probes, we designed and fabricated a
microfluidic measurement device for in-field biodosimetry as a prototype POC device. A dose-
dependency study was performed on this device using the BAX molecular beacon we developed,

and the result was validated with RT-qPCR.

7.2.2 Publications
This thesis has yielded the following papers and drafts:
(1) Meng, X.*; Wen, K.*; Citartan, M.; Lin, Q. A Comparative Study of Aptamer Isolation on
Conventional and Microfluidic Strategies. Analyst 2023, 148, 787-798.
(2) Meng, X.; Nemzow, L.; Wen, K.; Brenner, D.; Amundson, S.; Turner, H.; Lin, Q.
Microfluidic Isolation of Aptamers for Intracellular Measurement of Radio-Responsive

Proteins. Analyst, in revision.
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(3) Meng, X.; Wen, K.; Zhao, J.; Han, Y.; Ghandhi, S.; Kaur, S.; Brenner, D.; Turner, H.;
Amundson, S.; Lin, Q. Microfluidic Measurement of Intracellular MRNA with a Molecular
Beacon Probe towards Point-of-Care Radiation Triage. Sensors & Diagnostics, accepted.

(4) Meng, X.; Dai, W.; Wen, K.; Lin, Q.; Screening of Aptamer Candidates Using Graphene
Nanosensors. Sensors & Diagnostics, in revision

(5) Bai, C.; Meng, X.; Wen, K.; Citartan, M.; Wang, C.; Yu, S.; Lin, Q. Surface Acoustic
Wave-Assisted Microfluidic Isolation of Aptamers. Microfluid Nanofluid 2022, 26 (6), 43.

(6) Thevendran, R.; Navien, T. N.; Meng, X.; Wen, K.; Lin, Q.; Sarah, S.; Tang, T.-H.;
Citartan, M. Mathematical Approaches in Estimating Aptamer-Target Binding

Affinity. Anal Biochem 2020, 600, 113742.
7.3. Opportunities for Future Research

7.3.1. Molecular Probes for Additional Biomarkers and Multiplexed Measurements
Employing multiplexed measurements that leverage a comprehensive panel of radiation
biomarkers is strongly recommended to enhance the precision of radiation dose prediction. A
promising avenue for further investigation lies in the ongoing efforts surrounding the molecular
beacon for FDXR mRNA. This molecular beacon has undergone preliminary testing in dose-
dependent assays using TK6 cell lines. The subsequent phase of the research plan involves the
utilization of authentic human blood specimens for the conduct of ex-vivo dose-dependent
evaluations. These blood samples will be irradiated before processing as delineated by the FAST-
DOSE protocol®®. Following this, leukocytes will be isolated, fixed, and permeabilized to prepare
them for labeling with the FDXR molecular beacon. In addition, the feasibility of developing

molecular beacons for alternative radiation-responsive mRNA targets should be explored.
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Dose prediction studies could be synergistically undertaken with dual molecular labeling
techniques upon successfully validating multiple molecular beacons using human blood samples.
Calibration curves will be generated for each probe, each conjugated with a specific fluorescent
dye, by methodologies previously articulated in dose-dependent studies. Dose prediction
assessments will subsequently be executed on irradiated samples, commencing with established
cell lines such as TK6 and transitioning to human blood specimens. The estimated radiation
dosages will then be benchmarked against standard methodologies to validate their accuracy. This
approach is amenable to multiplex labeling and may be integrated into a composite predictive

model to considerably enhance the precision of radiation dose estimations.

7.3.2. Microfluidic Measurement of Radiation Responses of Cells

In this thesis, we used a protocol® developed in the labs of our collaborators, Drs. Helen
Turner and Leah Nemzow, for cell permeabilization and labeling with molecular probes. With this
protocol, we successfully demonstrated our probes’ efficacy on a microfluidic measurement device
with fixed cells. For future work on intracellular labeling, two approaches can be explored: one
approach is to continue with fixed cells and implement on-chip fixation/mixing on top of the
measurement functionality that we currently have, and the other is to use live cells and implement
on-chip permeabilization/mixing functions.

Live cells offer the potential for RNA dynamics studies, while fixed cell handling has a
standardized protocol, which might make microfluidic implementation easy. However, each
approach also has its unique challenges. For fixed cells, aggregation with other cells and adhesion
with the surface of the chip might hinder the measurement since multi-layered cells tend to give
higher fluorescence signals and interfere with the data interpretation of single-layered cells

assumption. Two ways of handling the cells can be considered to mitigate this potential risk: 1)
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using a modified surface to minimize adhesion and 2) situating the cells individually before
fixation. On the other hand, live cells tend to be very fragile and must be handled carefully so that
most cells can survive when running fluorescence measurements. Moreover, the current design of
our molecular probes might also be prone to degradation inside live cells, so chemically modified
enzyme-resistant nucleic acids might be of necessity.

A salient distinction between the two methodologies under consideration lies in the
requisite preparatory processes: fixation for preserved cells and permeabilization for viable cells.
In the context of benchtop fixation, cells must be submerged in specialized fixative solutions for
an extended duration exceeding 20 minutes, maintained at 4 degrees Celsius. This specific
temperature parameter decelerates cellular metabolic activities, thereby minimizing the likelihood
of cell lysis during the fixation phase. Concurrently, the fixation duration is meticulously calibrated
about the temperature setting to ensure comprehensive and uniform cellular fixation.

Based on these considerations, one possible strategy might be a modified fixed-cell
approach co-located with cell-trapping, fixation/washing, and fluorescence measurement. This
would mitigate the aggregation/adhesion issue because the cells introduced into the chip would be
live cells. It also brings challenges to the current measurement module design to accommodate
fixation, mixing, and labeling, which is not yet covered by the current device. The cell traps and
the fluid channel leading to the trap would need to be resigned for better hydrodynamics and to
enable sufficient mass exchange process for mixing/washing and probe internalization.

An integrated processing device for live cells could also be designed and developed,
primarily consisting of two modules. The cell trapping and measurement module has been
completed with a demonstration in the BAX molecular beacon chapter. The cell permeabilization

and intracellular delivery module would be designed to have three functional regions. After the
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initial introduction, the cells and reagents would be first mixed by hydrodynamics created by
microstructures. The cells in the well-mixed suspension would then be transiently permeabilized
by pressure before flowing through a series of serpentine channels to allow intracellular delivery

of probes.

7.3.3. Integrated POC device for Biodosimetry

Building upon the arsenal of molecular probes and the comprehensive cellular processing
devices developed in the preceding tasks, developing a point-of-care (POC) device for
biodosimetry is now within reach. This envisioned system includes a portable reader and a
disposable cartridge. Inside the cartridge, a microfluidic module efficiently separates blood into
leukocyte and plasma fractions, discarding non-essential components. Following leukocyte
isolation, specialized fluorescent probes sensitive to radiation exposure biomarkers label the cells.
The intracellular levels of these biomarkers are then quantitatively analyzed to estimate the
received radiation dose using a model honed through extensive calibration with multiplex
measurements. The plasma fraction undergoes analysis through various methods tailored to
specific biomarkers.

This multi-faceted approach leverages cellular and plasma biomarkers, enabling cross-
validation of radiation dose estimates. This enhances the assessment's accuracy and reliability.
Integrating these components and analytical techniques is poised to transform biodosimetry,
offering a rapid, precise, and easily deployable method for assessing radiation exposure in the

field.
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