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Abstract

Single-Walled Carbon Nanotube-Based Biosensors: Engineering Near-Infrared Fluorescent
Nanosensors for Oxytocin Imaging in the Brain

by
Nicole Navarro
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Markita P. Landry, Co-Chair
Professor Matthew B. Francis, Co-Chair

Oxytocin is a nonapeptide that plays an essential role in regulating our social and reproductive
behavior. Synthesized predominantly in the hypothalamus, oxytocin functions both peripherally as a
peptide hormone and centrally as a neuropeptide. Its actions in the brain and body are distinct but
complementary. When released throughout the brain, neuropeptide oxytocin regulates complex
emotions and social behaviors such as social recognition, pair and maternal bonding, and stress
mitigation. Oxytocin is also involved in the pathogenesis of various social disorders, including
generalized social anxiety disorder and autism spectrum disorder. Treatment with oxytocin has been
demonstrated to alleviate some of the social impairments associated with these disorders. Oxytocin
has thus garnered interest as both a potential therapy and therapeutic target. While neuropeptide
oxytocin is known to play a critical role in regulating our social lives, our understanding of its function
remains incomplete because we lack the tools to directly probe oxytocin signaling at the
spatiotemporal resolution requisite to elucidate oxytocinergic communication. The gold standard for
oxytocin detection involves invasive sampling via microdialysis followed by a quantification assay such
as ELISA. These methods have been used extensively to study oxytocin but suffer from poor spatial
and temporal resolution and significant variability across sample processing and quantification
method. Recently, an optogenetic platform was developed to enable labeling of oxytocin sensitive
neurons. This platform lacks specificity against oxytocin’s structural analogue, vasopressin, and is
transcription-dependent, and therefore cannot image oxytocin in real-time. Other OXTR-dependent
imaging probes continue to face challenges related to vasopressin interference.

Real-time imaging platforms are required to fully characterize oxytocin function, and toward this end,
we have developed two sensitive and reversible oxytocin nanosensors capable of imaging oxytocin in
the brain. Both probes leverage the inherent tissue-transparent fluorescence of single-walled carbon
nanotubes (SWCNT). SWCNT are biocompatible and photostable nanomaterials that can be
functionalized with molecular recognition elements to develop sensors for targets of interest. As
SWCNT photophysics is exciton-based, SWCNT fluorescence is modulated by the surrounding
dielectric environment. We leveraged this dielectric sensitive to develop probes that increase in
fluorescence upon interacting with oxytocin. In this dissertation, SWCNT, their optical properties,
and their utility in bioimaging application are introduced. The development and validation of two
SWCNT-based oxytocin imaging probes are then described. The first probe, a near-infrared oxytocin
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nanosensor (nIROx), is the first synthetic probe capable of imaging oxytocin in the brain without
interference from its structural analogue, vasopressin. It is synthesized by covalently conjugating an
oxytocin receptor peptide fragment (OXTp) to the SWCNT surface. To develop the second oxytocin
imaging probe, we leveraged an evolution-based platform, SELEC, and identified a noncovalent
nanosensor, nIROSE (near-infrared oxytocin nanosensor identified by SELEC). nIROSE
nanosensors utilize an evolved ssDNA molecular recognition moiety noncovalently adsorbed to the
surface of SWCNT. Preliminary imaging experiments in acute tissue slices suggest that nIROSE can
reversibly image electrically stimulated oxytocin release in brains. nIROSE and nIROx are
complementary tools with different limitations and advantages. Together, these imaging probes may
enable real-time imaging of oxytocin signaling throughout the brain to fully characterize oxytocin’s
function in both neurological health and disease.
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Chapter 1

Introduction
1.1 Single-Walled Carbon Nanotubes (SWCNT)

1.1.1 What are SWCNT?

Since lijima and Ichihashi reported the discovery of single-walled carbon nanotubes (SWCNTS) in
1993"?, these carbon materials have garnered interest in applications ranging from hydrogen storage
to drug delivery and chemical sensing. Microscopically, SWCNT appear as cylindrical sheets of
graphene consisting of a hexagonal, sp*-hybridized carbon matrix. SWCNT have a high aspect ratio,
with single nanometer diameters and lengths up to several micrometers, making them essentially one-
dimensional materials (Figure 1.1). Every species of SWCNT can be identified by their diameter and
their chirality. SWCNT chirality is defined by two integers (# and ), which correspond to the vectoral
direction in which the graphene sheet is rolled relative to the point of origin within the lattice (Figure
1.2). The chirality and diameter of SWCNT also determine their electronic band structure and thus

their classification as either metallic or semiconducting’.
~1 pm length
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Figure 1.1 | Schematic depiction of single-walled carbon nanotubes (SWCNT). SWCNT consist of an
sp?-hybridized hexagonal carbon lattice and are essentially one-dimensional due to their high aspect ratio.

Figure 1.2 | Schematic depiction of SWCNT nomenclature. SWCNT atre named by the vectoral direction,
indicated by the indices # and 7, in which the graphene lattice is rolled to produce them.



1.1.2 How are SWCNT made?

SWCNT are human-made materials that can be synthesized through various methods, including arc
discharge, laser-abrasion, and catalytic chemical vapor deposition (CCVD)". For all projects described
in this dissertation, SWCNT were synthesized via high pressure CO disproportionation (HiPco). The
HiPco process is a type of CCVD that produces high purity nanotubes, with minimal contamination
from amorphous carbon™°. In this synthetic method, Fe(CO)s is used as a catalyst for SWCNT growth
and injected into a stream of carbon monoxide gas at high pressure and high temperature. SWCNT
grow on the metal catalyst, reaching a final length of ~500 nm and a diameter of ~1 nm. This process
produces both metallic and semiconducting SWCNT of various chiralities. As different species of
SWCNT have different electronic properties, and are thus useful for different applications, it is
desirable to separate SWCNT by chirality and diameter. Methods such as aqueous two-phase (ATP)
separation have been used successfully to isolate various SWCNT species, but often in low yield and
with low efficiency’. Chirality-enriched SWCNT have also become commercially available but are
often cost-prohibitive in academic research settings. Additional work is needed to develop
inexpensive, efficient, and scalable methods to grow and sort individual SWCNT species®. This
exciting and active area of research will undoubtedly expand the application and improve the
performance of nanotube-based technologies.

1.1.3 Optical properties of semiconducting SWCNT

SWCNT have many outstanding thermal, mechanical, and electronic properties including high tensile
strength, flexibility, high conductivity, and thermochemical stability. SWCNT are thus ideal materials
for applications varying from reinforced conductors to field effect transistors to mechanical
electronics, as illustrated in many comprehensive reviews of nanotube-based functional materials™ .
For clarity and brevity, this dissertation will instead focus on the optical properties of semiconducting
SWCNT and their bioimaging implications.

In 2002 the band-gap fluorescence of semiconducting SWCNT was discovered, enabling the
development of SWCNT-based imaging platforms over the last 20 years'" ">, Semiconducting SWCNT
fluoresce in near-infrared wavelengths, from 800-1600 nm, which fall in the tissue transparency
window. As blood scatters and water absorbs primarily in visible and infrared wavelengths,
respectively, SWCNT can fluorescence with minimal interference from tissue and are thus ideal for 7
vivo imaging applications (Figure 1.3). Unlike most fluorophores, organic and inorganic alike, which
photobleach on the second-hour timescale, SWCNT neither blink nor photobleach even under hours
of constant illumination' . The stability of SWCNT emission suggests that SWCNT-based
nanosensors can image indefinitely. Although raw, unfunctionalized SWCNT are insoluble and toxic
to cells and tissue, noncovalent functionalization confers solubility and biocompatibility. Previous
work has shown that functionalized-SWCNT do not affect cell viability”’, and intravenous
administration of functionalized SWCNT do not affect acute or long-term health'’. SWCNT do
fluorescence with low quantum efficiency (n = 1.4x10") relative to other fluorophores'’, but their
tissue-transparent fluorescence, photostability, and biocompatibility make them ideal materials for
biological imaging probes.

Unlike most fluorophores, whose fluorescence can be understood by a single-electron depiction,
SWCNT photophysics is exciton, not electron based. Excitons are photoexcited electron-hole pairs
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which are bound by Coulombic interactions'®. Exciton effects dominate in semiconducting SWCN'T
because electron-hole attraction energies increase in one-dimensional materials. Due to their excitonic
nature, the optical transition energy of SWCNT not only depends on their chirality, which defines
their band gaps, but also the dielectric constant of the surrounding medium". In other words, the
surrounding environment can module SWCNT fluorescence, providing a mechanism for SWCNT-
based optical sensing.

SWCNT
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Figure 1.3 | Tissue-transparent fluorescence of SWCNT. SWCNT fluoresce in near-infrared wavelengths
(800-1600 nm) which falls between the wavelengths at which blood scatters (visible) and water absorbs
(infrared). Their tissue-transparent fluorescence makes SWCNT ideal for 7z vivo imaging applications. Adapted
from Boghossian et al.”’

1.1.4 SWCNT-based sensing

While SWCNT alone are insoluble, cytotoxic, and lack specificity for targets of interest, their surface
can be functionalized to impart colloidal stability, biocompatibility, and molecular recognition.
SWCNT-based sensors can thus be viewed as a two-component system containing a 1) molecular
recognition element and 2) signal transducer.

Molecular recognition elements, such as peptides or ssDNA, can be either noncovalently adsorbed to
the SWCNT surface, through probe-tip sonication" or ligand exchange®, or covalently functionalized
through triazine chemistry. In noncovalent adsorption, the hydrophobic and aromatic elements of
functionalization polymers interact with the hydrophobic, elemental carbon surface of SWCNT, while
their charged, hydrophilic, and polar elements interact with the aqueous environment to solubilize
SWCNT constructs®®. During covalent functionalization, molecular recognition elements are
conjugated to SWCNT through a triazine handle. This synthetic strategy, developed by Setaro ¢f @/, is
currently the only strategy that enables covalent attachment to SWCNT without defects to the carbon
lattice and thus maintains their inherent fluorescence® *. Covalent-SWCNT constructs often require
further noncovalent functionalization to impart solubility.

Once SWCNT are functionalized with molecular recognition elements, they can selectively bind
targets of interest. Furthermore, SWCNT can convert this binding event into a readable output
because of their exciton-based photophysics. As described in Chapter 1.1.3, SWCNT fluorescence is
sensitive to the surrounding dielectric environment. In the event of target binding, this dielectric
sensitivity can be observed as an increase/decrease or solvatochromatic shift in SWCNT
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fluorescence™. In other words, SWCNT can transduce a target binding event through observable

changes in their near-infrared fluorescence spectrum. Their unique photophysical properties thus
provide a mechanism through which functionalized SWCNT can act as near-infrared fluorescent
imaging probes.

1.2 Scope of dissertation

This dissertation contains three chapters, in addition to an introductory chapter and an appendix. In
the introductory chapter, single-walled carbon nanotubes (SWCNT), their unique optical properties,
and their application as signal transducers in nanosensors are introduced. The next chapter describes
the current landscape of neuropeptide detection and motivates the development of SWCNT-based
materials for neuropeptide imaging probes. The following two chapters focus on the development
and testing of SWCNT-based probes for oxytocin imaging in the brain. In the appendix, a SWCNT-
based nanosensor for SARS CoV-2 detection is presented.

Chapter 2 describes the current landscape of techniques for monitoring neuropeptides zz vivo, from
fast-scan cyclic voltammetry (FSCV) to microdialysis to G-protein coupled receptor (GPCR)-based
probes. While these techniques have provided valuable insight into where neuropeptides act in the
brain, they often lack the spatiotemporal resolution and/or selectivity to directly image or detect
neuropeptide signaling events. The limitations of currently available assays motivate the development
of synthetic probes for neuropeptide imaging, such as those described in Chapters 3 and 4.

Chapter 3 covers the development and validation of one SWCNT-based probe, called nIROx (near-
infrared oxytocin nanosensor). nIROx are synthesized by covalent attachment of an oxytocin receptor
peptide fragment to the SWCNT surface using a synthetic strategy that maintains the inherent
fluorescence of SWCNT. These nanosensors are sensitive, reversible, and selective against oxytocin’s
structural analogue, vasopressin. nIROx nanosensors are the first real-time synthetic probe capable of
imaging oxytocin release in the brain without vasopressin interference. Suggestions for improving
nIROx performance in brains are also described.

Chapter 4 focuses on the use of an evolution-based platform, termed SELEC, for identifying ssDNA-
SWCNT oxytocin nanosensors. For the first time, SELEC is used to evolve molecular recognition for
a neuropeptide, demonstrating that SELEC can be adapted for larger, structurally complex neuro-
targets. nIROSE (near-infrared oxytocin nanosensors identified by SELEC) are sensitive, reversible,
and compatible with oxytocin receptor-targeted pharmacology. Preliminary results indicate that
nIROSE can image oxytocin release in brain tissue, and, furthermore, suggest that nIROSE and
nIROx are complementary oxytocin imaging tools with advantages for different applications. Next
steps for nIROSE validation, both 7z vitro and ex vivo, are presented.

Appendix I introduces an ssDNA-SWCNT nanosensor for SARS CoV-2 detection. This nanosensor
is synthesized through noncovalent adsorption of a Spike protein RBD-binding aptamer to SWCNT
through a ligand-exchange strategy. These nanosensors respond optically to CoV-2 Spike RBD in a
concentration-dependent manner. Although this project was unsuccessful due to reproducibility
challenges, it provides a framework for synthesizing aptamer-SWCNT with ligand exchange and for
developing SWCNT-based nanosensors with pre-existing molecular recognition elements.



Chapter 2

Techniques for monitoring neuropeptides % vivo

2.1 Abstract

Neuropeptides are a structurally and functionally distinct class of brain signaling molecules that pose
unique challenges for detection 7z vive. These molecules mediate a variety of critical processes, from
social behavior to learning and stress response and are implicated in the pathogenesis of many
neurological disorders and diseases including autism spectrum disorder and Alzheimer’s disease.
Without imaging probes with the selectivity, sensitivity, and spatiotemporal resolution requisite to
capture endogenous signaling, our understanding of the central roles of neuropeptides remains
incomplete. Well established techniques such as FSCV, microdialysis and radioimmunoassay have
advanced our understanding of neuropeptides, and more recently developed GPCR-based probes
have enabled 77 vivo imaging. Each of these detection platforms, however, have inherent limitations
that motivate the development of synthetic probes for neuropeptide imaging. Recent advances in
synthetic imaging probes and considerations for future development are also discussed herein.

2.2 Introduction

2.2.1 Distinct characteristics of neuropeptides

over 100 mammalian
28, 29

Since the discovery of Substance P by von Euler and Gaddum in 19317
neuropeptides have been identified and studied for their collective and individual characteristics
The ubiquity of neuropeptides in all animal groups possessing nervous systems, their ability to act as
neurotransmitters, neuromodulators, and neurohormones, and the widespread central and peripheral
distribution of neuropeptides and their receptors strongly implicate neuropeptides in regulating
physiological processes™ ™.

Neuropeptides are a structurally distinct class of signaling molecules, ranging in size from a few to
dozens of amino acid residues (Figure 2.1). Neuropeptides are thus smaller and less conformationally
complex than most bio-active proteins but significantly larger than classical small molecule
neurotransmitters. Their size and chemical complexity enable 10 higher affinities for their receptors
(nanomolar Kg) compared to neurotransmitters (micromolar Kq)*>**. Evidence has emerged over the
last 40 years that neuropeptides are also functionally distinct from classical neurotransmitters. In the
standard model of neurotransmission, chemical messengers are packaged into synaptic vesicles and
released by axon terminals into the synaptic cleft where they act upon ionotropic receptors on
postsynaptic dendrites; ionotropic receptors then rapidly hyperpolarize or depolarize the postsynaptic
membrane. Alternatively, neuropeptides can be released nonsynaptically via volume transmission.
Through this transmission scheme, neuropeptides are packaged into large dense-core vesicles
(LDCVs) and released throughout the neuron, including dendritically, to bind their g-protein-coupled
receptors (GPCRs) on target neurons.

Compared to ionotropic receptors, GPCRs mediate slow and tunable neurotransmission. By
employing volume transmission, neuropeptides can function with lower spatial specificity (microns)

5



compared to neurotransmitters (nanometers). While classic neurotransmitters, such as y-aminobutyric
acid (GABA) and glutamate, demonstrate millisecond half-lives due to specific uptake and degradation
mechanisms, neuropeptides exhibit half-lives on the second to minute timescale®. For example,
oxytocin and vasopressin neuropeptides can persist for ~20 minutes in cerebrospinal fluid (CSF)>. As
a consequence of their extended lifetime and diffusion properties, neuropeptides can bind GCPRs
with high affinity on distant neurons; furthermore, expression of a neuropeptide and its receptors may
occur in mutually exclusive regions of the brain®. These characteristics hereby distinguish
neuropeptides as their own class of signaling molecules with unique structural and functional
properties.

Neuropeptide Y

Vasopressin

o
Lo

Figure 2.1 | Structures of neuropeptides. The chemical structures of neuropeptide Y, neurotensin,
somatostatin, oxytocin and vasopressin are shown to illustrate the size and sequence diversity of neuropeptides.
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Figure 2.2 | Two major modes of chemical signaling in the brain. a, In fast synaptic transmission,
neurotransmitter binds ligand-gated ion channels, allowing positively or negatively charged ions to flow into
the cell. Ion flux rapidly changes the membrane potential (millisecond time scale). b, In neuromodulation,
neuromodulators can escape the synaptic cleft and diffuse, allowing them to influence broader neural networks.
GPCRs are the main targets of neuromodulators and do not pass current. GPCRs engage intracellular second-
messenger pathways to modulate the function of pre- or postsynaptically expressed substrates through slower
mechanisms (seconds to minutes). [, is the membrane voltage. | Reprinted from Beyene et al. to illustrate key difference
between classical neurotransmitter and neuropeptide communication®”.

2.2.2 Physiological and pathological roles of neuropeptides

Below, the currently understood functions of a subset of prominent neuropeptides are summarized
to motivate the development of neuropeptide sensing technologies. While their central roles are not
fully characterized, neuropeptides have been demonstrated to mediate social and sexual behavior,
learning and memory processes, stress response, and energy homeostasis. Neuropeptides are also
implicated in the pathogenesis of various neurological disorders and diseases such as anxiety,
depression, autism spectrum disorder (ASD), posttraumatic stress disorder (PTSD), and Alzheimer’s
disease (AD).

Neuropeptide Y (NPY), the most centrally abundant neuropeptide, is widely distributed throughout
the brain and is understood to play a role in the regulation of appetite, energy homeostasis, pituitary
hormone release, and reproduction®*’. Single-nucleotide polymorphisms in NPY are associated with
alcohol dependence in humans™, and NPY and its many receptors may play a role in mood disorders,
anxiety, and depression*'. As deficits in NPY throughout the limbic brain have been shown to increase
fear, anxiety, stress response, cognitive deficits in humans, NPY is strongly implicated in the
pathophysiology of PTSD and may serve as a therapeutic for treatment of this disorder*.



Somatostatin, another widely distributed neuropeptide in the CNS, plays a crucial role in modulating
both cortical circuits and cognitive function. Multiple studies have reported a decrease in somatostatin
expression in AD patients and AD mouse models®, and changes in the expression of somatostatin
and its receptors in cortical regions have been observed in Parkinson’s disease. Attenuation of
somatostatin concentration is further associated with Huntington’s disease, major depressive disorder,
and schizophrenia*.

Oxytocin and vasopressin are small, structurally analogous neuropeptides that regulate many
complementary behaviors and processes including learning, memory, pair bonding, social recognition,
and anxiety” *. Oxytocin has been shown to regulate feeding behavior whereby exogenous
administration can reduce food intake and body weight”. Numerous mutations in the V2 vasopressin
receptor cause renal diabetes insipidus, while the vasopressin 1b receptor has been demonstrated as a
viable target for the treatment of depression® *. Aberrations in oxytocin and vasopressin systems
have been implicated in a variety social dysfunction disorders including ASD, social anxiety disorder,
bordetline personality disorder, and schizophrenia.** The therapeutic effect of oxytocin has been
widely explored with many studies demonstrating the utility of exogenous oxytocin as a treatment for
the core symptoms of ASD"".

The neuropeptide neurotensin performs a variety of functions through the body, but primarily
regulates dopaminergic and other neurotransmitter functions in the brain. Dysfunction of neurotensin
systems is implicated in the pathogenesis of schizophrenia; central administration of neurotensin and
an agonist for its NTR; receptor exhibit similar effects as antipsychotic drugs*"*.

While remarkable work has uncovered the vast and diverse functions of neuropeptides, much of our
understanding is grounded in human and animal behavioral studies rather than direct study of
neuropeptide signaling 7z wivo. Additionally, current links between neuropeptide function and
neurological diseases are largely correlated, not causal, and have been largely evaluated by changes in
neuropeptide concentration alone. Sensing technologies with the specificity and spatiotemporal
resolution requisite to capture real-time neuropeptide signaling are requisite to fully characterize the
modulations in neuropeptide function that underpin these conditions.

2.2.3 Challenges for neuropeptide sensing

Neuropeptides pose unique challenges for assay and sensor development. Although neuropeptide
research has made important strides over the last few decades, the spatiotemporal dynamics and
central functions of neuropeptides are not fully characterized. The traditional tools for probing small
molecule neurotransmitter release are often incompatible with neuropeptides. For example,
neurotransmitter release is traditionally studied indirectly by monitoring the immediate and local
electrophysiological changes induced by synaptic transmission*’. The release-response relationship of
neuropeptides, however, is convoluted by both the mechanism of their release and actions of their
target GPCRs. Endogenous neuropeptide transmission is slower and less spatially confined, making
individual release events more challenging to quantify’”*". Many neuropeptides are also co-transmitted
with other signaling molecules in a state-dependent manner, enabling a single presynaptic neuron to
have vatiable actions on different postsynaptic neurons®"*>. Some neuropeptides, such as peptide YY,
demonstrate multiple functions or functions that are dependent on cell-type or neighboring
receptors™. The same neuropeptide may also bind multiple GPCRs to induce different responses, as

8



observed during neuropeptide Y transmission. Direct methods are thus required to fully characterize

the complicated actions and dynamics of neuropeptides.

Through quantitative assays of biological extracts, the concentrations of some neuropeptides have
been determined. It is estimated that most neuropeptides are present in large dense-core vesicles at 3-
10 mM™. Vasopressin and oxytocin are reported at 60 mM within these vesicles in the posterior
pituitary, while in the CSF, these structural analogues are present at ~5 pM. The reported
concentration of neuropeptides, however, vary significantly with both sample preparation and
quantification technique™ *". Interfering species in extracted samples and sensitivity limitations also
impede the success of these assays™.

While fast-scan cyclic voltammetry is traditionally used for rapid, real-time detection of signaling
molecules, such as dopamine and serotonin, this technique is incompatible with many neuropeptides.
Many neuropeptides either lack redox-active sites, a requisite for FSCV detection, or are present in
sub nanomolar concentrations and are thus below the limit of detection for this method™.

Direct detection of neuropeptides with optical probes offers an alternative to FSCV and ex vivo
detection of biological extracts but faces additional challenges. Optical probes based on GPCR-
neuropeptide recognition, for example, can lack specificity for their intended neuropeptide target. As
many GPCRs bind with relatively high affinity to a variety of analogous neuropeptides, GPCR-based
probes cannot differentiate between such analogues 7 vivo™” . GPCR-based probes may furthermore
underestimate neuropeptide concentrations, as many neuropeptides exist naturally in distinct
conformations and with different posttranslational modifications that demonstrate varying affinity for
their endogenous receptor® . These challenges motivate the development of probes with synthetic
molecular recognition moieties that may circumvent the limitations of receptor-based probes.

2.3 Advances in neuropeptide analytical techniques

2.3.1 Radioimmunoassay

A radioimmunoassay (RIA) is an analytical tool that has been used to analyze the concentration of
neuropeptides in animals and humans. This technique was first developed by Dr. Yalow, who was
awarded the Nobel Prize for Physiology or Medicine in 1977 for this achievement®. In neuroscience,
RIA has been used to study the functions and the distribution of neuropeptides. Despite significant
improvements and usefulness of RIA, it still has some drawbacks that need to be further addressed.
In this section, we discuss the working principles, applications, and advantages/limitations of RIA in
characterizing neuropeptides.

RIA utilizes a specific interaction between antigens and antibodies. First, a certain quantity of an
antigen is made radioactive with an isotope, such as iodine-125(**’T). Next, a known quantity of the
antibody is mixed with the isotope-labeled antigen, which leads to the specific binding of the two.
Then, a sample of interest containing an unknown quantity of the antigen is added to the above
mixture. The radiolabeled antigen is displaced from the antibody by the unlabeled counterpart, due to
competition between the two antigens. Finally, the mixture reaches an equilibrium state, where the
relative binding of radiolabeled antigen is determined. Based on the radioactivity of the unbound
antigen, the quantity of the antigen in the sample of interest can be calculated by generating a standard
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curve to quantify the relative binding as a function of known antigen quantities. All the same principles
can be used with radiolabeled antibodies instead of antigens.

RIA has been one of the most widely used techniques to study neuropeptides in tissues and biological
fluids, such as cerebrospinal fluid and plasma. For example, NPY, which plays an essential role in
mammalian nervous systems, was examined via RIA®®". While many applications of RIA to measure
neuropeptides have been performed in plasma, blood, and tissue® *®, a pioneering study by Allen et
al. showed that NPY exists in various areas in the rat brain in abundance (hundreds of picomoles per
gram of wet tissue)®’. Specifically, forebrain regions contained the highest concentration of NPY, with
NPY concentration gradually decreasing toward the brainstem.

Since the development of RIA, several strategies have been suggested to improve the technique. First,
small molecular weight peptides (molecular weight < 4,000 Da) may have low immunogenicity, which
could be resolved by coupling such peptides to a carrier protein®. Second, cross-reaction between
molecules may occur, especially when they have similar structures. The cross-reaction may lead to low
specificity of tatget antigen/antibody binding, which tesults in inaccurate concentration
measurements. To avoid cross-reaction, pre-separation of the antigens may be performed via
chromatographic methods™ ™. Lastly, separation between bound and unbound antigens requires
careful optimization, as unsuccessful separation between the two may result in erroneous final
concentration readings. Even with the above potential drawbacks, RIA is still an undoubtedly
invaluable method in characterizing neuropeptides due to its high sensitivity.

Generally immunoassay techniques are valuable tools predominately used for quantifying
neuropeptide concentrations in biological fluids such as plasma and saliva, yet it is still an active area
of research as to whether these peripheral samples can serve as biomarkers for physiology and
pathology relevant to central neuropeptide activity”. Regardless, immunoassay techniques as they
currently stand disallow understanding of 7z vivo neuropeptide dynamics at timescales relevant to
endogenous signaling in the brain and additionally have poor spatial resolution.

2.3.2 Microdialysis

Microdialysis is a method to quantify neurotransmitters, peptides, and hormones in the extracellular
fluid. Microdialysis probes have semipermeable membranes, through which molecules of interest can
flow as a function of the membrane size cutoff. Microdialysis membrane thresholds vary from
~20,000 Da, up to ~100,000 Da for large molecules such as neuropeptides”. Post-collection, several
analytical techniques can be used to quantify the collected substances, such as RIA, enzyme
immunoassays, or high-performance liquid chromatography.

Microdialysis has a few unique advantages over other techniques. First, microdialysis can be adapted
to measure neuropeptides of freely moving animals 7z vivo” ™. In this respect, the semipermeable
membrane’s direct interaction with the extracellular fluid can be used to deliver drugs and other
molecules through a process known as retrodialysis. Thus, the effects of such substances can be readily
studied™. Second, unlike fast-scan cyclic voltammetry (FSCV), samples do not need to be electroactive,
and any analysis techniques can be used after the collection based on which would be optimal for each
particular analyte. Third, multiple samples can be collected simultaneously, enabling detailed analysis

on the relationship between them’®.
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Several studies have utilized microdialysis to investigate the change of neuropeptides. For instance,
Neumann e al. studied the release of oxytocin and vasopressin in female rats before and after
parturition and showed that oxytocin is released during both parturition and lactation, which may
further promote oxytocin release”. Al-Hasani e a/. examined the release of opioid peptides that are
known to regulate motivated behaviors in behaving rodents 7z vivo™. The optogenetically-evoked
neuropeptides were quantified with a custom microdialysis probe and nanoflow liquid
chromatography-mass spectroscopy, which revealed the regional differences in the neuropeptide
release between ventral and dorsal nucleus accumbens shell.

Despite its widespread use, some limitations make microdialysis less practical. In particular, the time
resolution of microdialysis is difficult to improve beyond several minutes™. Therefore, subtle changes
in extracellular fluid within seconds or minutes are difficult to quantify. Second, the measured
concentration in dialysate is usually less than 40% of the true 7 vivo value”™. This ratio is called
extraction fraction or relative recovery. Therefore, the extraction fraction should be accurately
measured with known concentration of analytes. Also, sensitive samples may degrade rapidly after
microdialysis, which hinders their post-analysis™. Finally, microdialysis is an invasive technique
requiring removal of the bone and tissue for a microdialysis probe to access the brain's extracellular
fluid. Microdialysis has been noted for its unsuitability for human study™, whereby thinner probes are
generally preferred to reduce the tissue damage.

2.3.3 Fast-scan cyclic voltammetry

Fast-scan cyclic voltammetry (FSCV) is a technique that detects target analytes by inducing redox
reactions at implanted electrodes. Carbon-fiber microelectrodes are mostly widely used, due to their
small size, low resistor-capacitor (RC) time constant, and high biocompatibility”. A high voltage scan
rate (>100 V s) is used for FSCV, which allows for real-time measurements of neuropeptides with
high temporal resolution®. Furthermore, each electroactive analyte shows different electrical
responses depending on their unique redox potentials, so most redox-active samples can be
distinguished via FSCV. FSCV also offers a low limit of detection; for example, a well-known
neurotransmitter dopamine with nanomolar concentrations can be detected via FSCV*, however,
neuropeptides may be present at even lower concentrations™. Therefore, FSCV may require further
improvements to achieve requisite sensitivity and signal-to-noise ratios to detect neuropeptides in the
brain. To this end, several parameters such as FSCV waveform, electrochemical properties of
microelectrodes, and data processing techniques, have been optimized to enable the detection of
neuropeptides®. For example, Calhoun ¢ a/. performed real-time detection of an endogenous opioid
peptide, Met-Enkephalin (M-ENK)®, by implementing an optimized sawhorse waveform to enhance
selectivity and sensitivity for M-ENK.

Several drawbacks still limit the use of FSCV in neuroscience. Predominately, FSCV can only
characterize electroactive analytes, which restricts its versatility. Although amino acids such as tyrosine,
tryptophan, methionine, and cysteine are indeed electroactive®, widespread use of FSCV for
neuropeptide sensing necessitates that the neuropeptide of interest contain redox active amino acids.
Additionally, the neuropeptide cannot contain so many oxidizable amino acids such that the
competing signals convolute the readout™. It is possible that neuropeptides, having larger and more
complex structures, may have variable redox values that could make them more difficult to detect with
FSCV in complex biological samples. Another limitation is that FSCV has relatively low spatial
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resolution because large probe implantation is required for the readings™. As FSCV captures readings
averaged over multiple neurons surrounding the point at the tip of the probe, FSCV is currently unable
to capture zz vivo dynamics at single-cell or -synapse resolution®. While tissue damage expected from
carbon-fiber microelectrodes is usually less than that from microdialysis probes®™ *, implanted
electrodes may damage surrounding brain tissue.

2.4 Advances in neuropeptide optical sensors

In recent years, interest in neurochemical imaging has grown with the introduction of a variety of
techniques for neuropeptide sensing. These techniques have moved beyond the use of analytical
instruments and towards the development of genetically encoded fluorescent sensors and synthetic
chemical and nanomaterial-based probes. Optical approaches have the potential to interrogate central
neuropeptide activity 7z vivo with greater specificity and higher spatiotemporal resolution than the
previously discussed analytical techniques. Fluorescence-based approaches to image neurochemicals
include cell-based neurotransmitter fluorescent engineered reporters (CNIFERs)™ and neuropeptide
release reporters (NPRRs)™. Fluorescence CNIFERS are useful tools for optical detection of volume
transmission, a key facet of neuropeptide release, with high spatial resolution and the potential as a
generalizable platform for any GPCR. Similarly, NPRRs are fused from a neuropeptide precursor to
target dense core vesicles and a calcium sensor, GCaMP6s*, to provide the fluorescent readout. The
NPRRs are then taken up by dense core vesicles and released upon stimulation into the extracellular
space, where their fluorescence can be measured and correlated with neuropeptide release. GPCR-
based and NPRR-based probes are the two most common approaches for fluorescence-based
detection and imaging of neuromodulators. Lastly, as discussed previously, GPCRs for neuropeptides
can exhibit a high degree of intrinsic binding promiscuity to multiple targets®™ *, and as such,
generating selective probes based on GPCRs can be challenging. The development of synthetic
chemical or nanomaterial-based probes to image neuropeptides is therefore an attractive alternative
that could generate probes with high selectivity for a single target neuropeptide.

2.4.1 Genetically encoded fluorescent biosensors

Genetically encoded fluorescent biosensors are one potential approach to image neuropeptide
dynamics. These methods exploit intrinsic cellular machinery to express protein-based probes in which
fluorescent proteins generate a signal detectable by microscopy in response to a molecular event in
particular neuronal populations. Genetically encoded probes can be targeted with cell-specificity to
achieve highly specific and sensitive tracking of neurotransmission and neuromodulation. The basic
design principles of a genetically encoded probe include (1) a sensing domain capable of binding the
analyte of interest and (2) either one or two fluorophores, which will modulate their fluorescence in
response to analyte-binding and conformational change.

In the case of a single fluorophore, the predominant strategy of biosensing involves rearrangement of
the protein fluorophore into a circular permutant (cpFP). This rearrangement retains protein
secondary structure, but temporarily disrupts the protein structure responsible for fluorescence, which
is to be restored only upon analyte binding to the sensing domain. With two fluorophores, biosensors
are based on the concept of Forster (or fluorescence) resonance energy transfer (FRET). The analyte-
binding domain is sandwiched between two fluorophores, a donor and acceptor, and conformational
change of this domain upon analyte interaction affects the distance and orientation between the donor
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and acceptor and thus their FRET efficiency, a distance-dependent measurement of how much
excitation energy has been transferred from the donor fluorophore to the acceptor fluorophore. For
both single- and multiple-fluorophore approaches, the molecular recognition element is usually
provided by GPCR receptors or fragments thereof as the probe sensing domain. Several reviews
further detail design approaches for generic genetically encoded biosensors including ways in which
they may be used for neurochemical and neuropeptide imaging™ *"*.

Protein-based probes developed in recent years have accomplished molecular specificity and the ability
to capture transient and prolonged signals with subsecond temporal resolution and in freely moving
models such as mice and flies. However, with regards to neurochemicals, this work has primarily been
accomplished for neurotransmitters, such as glutamate” and GABA’™ *, and non-peptide
neuromodulators, such as dopamine.

GRABp+” and dLight1”, developed by Patriarchi e¢# /. and Sun ef al., respectively, demonstrated an
ability to detect dopamine zz vitro, ex vivo, and 7n vivo in multiple model organisms with excellent
performance. Both probes were developed by coupling a circular permutated EGFP (cpEGFEP) to a
human DA receptor and optimizing the chimera’s performance to attain subsecond temporal
resolution, cellular spatial resolution, and sub-micromolar affinity for dopamine with 10-fold and 70-
fold selectivity over structurally similar catecholamine norepinephrine at physiologically relevant
concentrations. Genetically encoded fluorescent probes have also been recently developed for
neurotransmitters acetylcholine™and serotonin®.

Despite these advantages of genetically encoded probes over traditional techniques such as
microdialysis and FSCV, application of GPCR-based probes to neuropeptides remains a developing
but promising area of research. Patriarchi e a/. recently published on a genetically encoded orexin
sensot, OxLight1'". For oxytocin, recent developments by Kwon e# a/. and Li et al., respectively, have
introduced OCTR-iTango2"" and GRABori0'"”. Furthermore, Li e al. have developed a suite of
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neuropeptide GRAB sensors ™.

Key considerations for genetically encoded sensors remain that the reliance on GPCR receptors as
sensing elements can be problematic if probe activity affects endogenous G protein signaling
pathways, or in cases where the endogenous GPCR has affinity for multiple neuropeptides.

2.4.2 Synthetic probes

Synthetic (non-protein-based) probes include both small molecule and chemical probes, and
nanomaterial-based probes. Unlike genetically encoded probes, synthetic probes often do not rely on
endogenous receptors for functionality. Depending on the probe design, the synthetic region can
cither serve as the recognition element for a particular analyte, can be coupled to a fluorophore for
signal transduction, or the synthetic material itself can serve as the signal transducer necessitating a
moiety which can detect the analyte of interest with appropriate selectivity.

When materials are scaled from macroscopic to microscopic, unique chemical, electrical, mechanical,

and optical properties emerge, which may be leveraged towards biosensor development. For these

reasons, nanomaterials are a highly useful platform with widespread biomedical potential for

applications in drug delivery, therapeutics, and biosensing'*'". In addition to ease of synthesis and

chemical tunability, their size scale can be similar to or smaller than above-mentioned fluorescent
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protein reporters, enabling their use in the brain microenvironment. Compared to classical
fluorophores, nanoparticles tend to promote improved fluorescence properties including higher
quantum yields, increased tissue transparency near-infrared emission wavelengths, and increased
stability against photobleaching'””. Nanoparticle-based ~ fluorescent, plasmon-based, and
electrochemical sensors have been developed using materials such as carbon nanotubes, graphene,
quantum dots, metals, and silica''"’; several of which have been developed for neurotransmitters''"”
' As with protein-based probes, few of these nanopatticle-based techniques have demonstrated
applicability for neuropeptide imaging and have been limited to classical small-molecule

neurotransmitters or non-peptide neuromodulators, such as serotonin and dopamine.

Many synthetic probes developed to study neuropeptides to-date focus on identifying and quantifying
neuropeptides in ex vivo biofluids as biomarkers''* . For instance, gold nanopatticles and zinc oxide
nanotubes, respectively, have been used to detect dopamine in biological fluids such as serum and
urine''’. There also exist chemical and nanomaterial-based sensing techniques which enable measuring
neuropeptide dynamics as well: Kim ¢ a/. prepared nanosensors from conjugated polymer dots and
magnetic nanoparticles to sense neuropeptide cathepsin L 7z vitro and in vive through a fluorescence

quenching mechanism!"’.

Carbon nanotubes (CNT), particularly the intrinsically fluorescent varietal single-walled carbon
nanotubes (SWCNT), ate increasingly being used as signal transducers in optical probes'®. SWCNT
fluoresce in the near-infrared spectrum, roughly between 1000 - 1300 nm, which is maximally
transparent to biological tissues. Due to tissue autofluorescence, photon absorption, and photon
scattering in visible wavelengths, near-infrared emitters are often preferred for the construction of
biological probes. Optical probes based on SWCNT derive their molecular selectivity towards an
analyte based on a synthetic corona phase which can be engineered via surface-adsorbed polymers to
recognize particular analytes based on modification of SWCNT brightness of fluorescence band gap.
Furthermore, this SWCNT-based sensing can be optimized for selectivity, sensitivity, and dynamic
range, and further exhibit reversibility and non-photobleaching signals unlike most conventional
fluorophores and fluorescent proteins whose signals degrade over time. The recent decade has
introduced a variety of SWCNT-based sensors for biomolecule analytes, including neurotransmitters
such as dopamine and serotonin'” '™ "%
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Another signal transducer of interest for biosensing is the quantum dot (QD). QD optical properties,
such as bright and stable fluorescence, grant them certain advantages over common organic dyes and
genetically engineered fluorescent proteins. Recently, QDs have been synthesized to self-illuminate by
coupling the QD to a mutant of bioluminescent protein, Renilla reniformis luciferase'”'. Conjugate
QD655-Luc8 further demonstrated the ability to detect bioluminescence resonance energy transfer
(BRET) emission in mice model deep tissue'”. However, QDs, like SWCNT and most other
synthetics materials, may not be intrinsically biocompatible. For instance, QDs necessitate surface
modification with proteins, peptides, or polymers to bestow biocompatibility, stability against fouling,
and functionality necessary for the potential applications in 7 vzvo imaging.
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Figure 2.3 | Current and upcoming methods for detection of neuropeptides % vivo. The design principle
is illustrated on the left of each box, and the advantages and disadvantages of each method are summarized on
the right. The upper black boxes show advantages, and the lower white boxes show disadvantages. Microdialysis
(1), fast-scan cyclic voltammetry (2), and genetically encoded fluorescent sensors (3) are shown. In the box of
(3), subtypes of fluorescent sensors and subtypes of observation methods are classified. Ratiometric sensors
(a), intensiometric sensors (b), gene induction sensors (c), fiber photometry (x), microendoscopy (y),
microscopy (z). Further details are provided in the text. FSCV, fast-scan cyclic voltammetry; GPCR, G protein-
coupled receptor; FRET, fluorescence resonance energy transfer. PMT, photomultiplier tube. | Reprinted from
Inutsukea et al. to illustrate the main contemporary techniques of nenropeptide detection®s.
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2.5 Direction of future neuropeptide probes

Analytical and optical tools for iz vivo neurotransmitter and neuromodulator study have increased in
recent decades, but neuropeptide-specific tools compatible with endogenous neuropeptide
spatiotemporal signaling remain to be realized. Distinct from more classical neurochemicals in terms
of size, structure, synthesis, release kinetics, and function, neuropeptide imaging will require significant
modifications to these approaches toward accurately measuring their central and peripheral
concentrations and signaling dynamics.

Herein several analytical and optical approaches typically used to study neurotransmitters and
neuromodulators were described. Furthermore, recent translations of these technologies to study
neuropeptides and/or considerations which must be made to refine these approaches to enable
imaging of neuropeptide signaling in the brain were highlighted. Of particular interest are the areas of
genetically encoded fluorescent sensors and synthetic probes, which have recently made progress in
demystifying endogenous neurochemical signaling. These two approaches to generating optical probes
have grown considerably in the past decade, taking vastly different approaches to sensor development
and implementation with resulting complementary strengths and benefits.

Heretofore, protein-based probes have exhibited several advantages over synthetic probes. First, the
level of specificity capable with genetically encoded probes is high and often difficult to achieve with
purely synthetic probes, such as nanoparticles, as the level of analyte specificity evolved by biological
receptors is challenging to replicate synthetically. Second, the ability to genetically encode and express
protein-based probes enables cell specificity. Expressing these probes in specific cell types enables
greater anatomical control during experimentation. Third, barring residual signaling from GPCR-
based probes, protein-based probes are biocompatible when expressed in biological systems, enabling
in vivo imaging of the target neurochemical.

Disadvantages of protein-based probes include relatively rapid photobleaching and challenges in red-
shifting the emission of these probes to the tissue transparency window. Further, the reliance on their
genetic expression can limit the study of non-model organisms, complex disease models, or young
animals since expression of protein-based probes requires several weeks for expression. Genetically
encoded probes can also interfere with endogenous GPCR signaling”, may overexpress protein to
deleterious extents and alter cellular physiology, and are often incompatible with pharmacology that
interact with the native receptors from which the protein-based probes are derived. Depending on the
evolved sensor, much work may be requisite to ensure protein expression remains orthogonal to
biological processes. Genetically encoded probes are also often not spectrally distinct from probes for
neuronal activity such as calcium dyes, posing the challenge toward simultaneous imaging of neuron
activity and neurochemical signaling. Provided these factors are accounted for, genetically encoded
fluorescent biosensors can be seamlessly integrated into existing biological toolsets and remain an
incredibly important asset to the techniques available to neuroscientists probing neuropeptide
signaling.

With characteristics complementary to protein-based probes, synthetic and nanomaterial-based
probes exhibit several advantages. Specifically, biocompatible synthetic probes can be deployed
seamlessly in non-model organisms and young animals with protocols similar to their demonstrated
use in model organisms. Additionally, synthetic probes boast the tunable fluorescence of
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nanomaterials, often intrinsic in the deep tissue near infrared region. Synthetic sensors are
advantageous in that there exist certain materials which can minimize issues such as tissue scattering
and phototoxicity, problems relevant to optical based approaches depending on the relevant excitation
and emission windows. While some synthetic probes are prone to the same issue, others such as
SWCNT-based probes and quantum dot-based probes can emit in the NIR region mitigating those
phenomena.

Despite their promise for sensor development, synthetic probes will be perceived by organisms as
foreign materials and thus can provoke adverse effects such as toxicity and immunogenicity. The
tunability of nanoparticle surfaces may facilitate improved biocompatibility; this area of study is
therefore critical to synthetic probe development. It will also be important to address issues such as
biofouling which can deteriorate sensor performance 7 vivo. Lastly, genetically encoded probes are
expressed on cell membranes and thus confined to a particular locale of activity; however, synthetic
nanoparticle-based probes are often deployed more broadly in the extracellular space of the brain.

Progress in both areas of optical probe development is key to expanding the toolkit of highly rapid
and specific approaches to 7 vivo neuropeptide imaging. We have much yet to be understood regarding
neuropeptide concentration, release, and dynamics, plenty of questions remain to be addressed, but it
is also of great interest how the landscape of contemporary tools for neuropeptide detection iz vivo
will shift and the fundamental and translational discoveries which will be made.
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Chapter 3

Near-infrared fluorescent nanosensor enables oxytocin
imaging without vasopressin interference in brain tissue

This chapter is based on the following publication: Navarro, N.*; Jeong, S.*; Ouassil, N.; Mun, J.;
Leem, E.; Landry, M. P., Near Infrared Nanosensors Enable Optical Imaging of Oxytocin with
Selectivity over Vasopressin in Acute Mouse Brain Slices. bioRxzv 2022, 2022.10.05.511026."*

3.1 Abstract

Oxytocin plays a critical role in regulating social behaviors, yet our understanding of its role in both
neurological health and disease remains incomplete. Real-time imaging probes with the spatiotemporal
resolution relevant to oxytocin endogenous signaling are required to fully elucidate oxytocin function
in the brain. Towards this end, we developed a near-infrared oxytocin nanosensor (nIROx), a synthetic
probe capable of imaging oxytocin in the brain without interference from its structural analogue,
vasopressin. nIROx leverages the inherent tissue-transparent fluorescence of single-walled carbon
nanotubes (SWCNT) and the molecular recognition capacity of an oxytocin receptor peptide fragment
(OXTp) to selectively and reversibly image oxytocin. We employ these nanosensors to monitor
electrically stimulated oxytocin release in brain tissue, revealing oxytocin release sites with a median
size of 3 pm which putatively represents the spatial diffusion of oxytocin from its point of release.
These data demonstrate that covalent SWCNT constructs such as nIROx are powerful optical tools
that can be leveraged to measure neuropeptide release in brain tissue.

3.2 Introduction
Oxytocin is a nonapeptide’ that plays essential roles in mammalian social and reproductive
e Apeb lat pay | 1ep
behavior'®. Synthesized predominantly in the hypothalamus, oxytocin acts both peripherally as a
: y P y in the hyp , OXy peripherally
peptide hormone and centrally as a neuropeptide to perform distinct but complementary functions'*.
When released throughout the brain, neuropeptide oxytocin regulates complex emotions and social
. . . g .. > Q p P y . . p . . . .
behaviors'”’, including recognition”® ' bonding™”, and anxiolysis"*" '**. Oxytocin is also implicated
in the pathogenesis of various social impairment disorders such as generalized social anxiety disorder
(GSAD)"»"* and autism spectrum disorder (ASD)"> " and has thus garnered interest as a potential

therapy and therapeutic target.

While neuropeptide oxytocin has been studied extensively, we lack the tools to directly probe oxytocin
signaling at the spatial (uM) and temporal (s) scales at which it is hypothesized to signal, precluding
elucidation of its function in oxytocinergic communication. The gold standard for central oxytocin
detection involves sampling with microdialysis followed by quantification with radioimmunoassay
(RIA) or enzyme-linked immunosorbent assays (ELISA). The limitations of microdialysis include poor
spatiotemporal resolution and significant variability in reported oxytocin concentration with different
sample processing methods and quantification assays® °> *". While fast-scan cyclic voltammetry
(FSCV) can be used to directly measure neurotransmitter release with nanomolar sensitivity and high
temporal resolution'”®, FSCV-based detection of neuropeptides has heretofore proved challenging.
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Einaga ez al. developed a boron-doped diamond electrode for oxytocin detection ™, but the method

remains limited to use in expert laboratories.

More recently, Kwon and colleagues developed a genetically-encoded oxytocin sensor, OXTR-
iTango2, which enables EGFP expression in the presence of both oxytocin and blue light'”". Utilizing
the endogenous oxytocin receptor (OXTR)' as a sensing moiety, which binds both oxytocin and
vasopressin, OXTR-iTango cannot distinguish between these two structurally analogous
neuropeptides. This optogenetic platform enables labeling of oxytocin sensitive neurons for post-
experimentation analysis of oxytocinergic cell activation but lacks the temporal resolution requisite for
real-time oxytocin imaging. Selectivity, particularly against vasopressin, and slow temporal resolution

limitations continue to pose a challenge for OXTR- and expression-dependent sensors, respectively'*'.

The selectivity and spatiotemporal limitations of current techniques motivate this study, whereby we
employ single-walled carbon nanotube (SWCNT)-based probes to image oxytocin in the brain.
SWCNT are inherently fluorescent in near-infrared tissue-transparent wavelengths, biocompatible,
photostable, and functionalizable with biopolymers to impart molecular recognition towards targets
of interest' ' In prior work using SWCNT to image neuromodulators, Beyene ¢f a/. developed a
catecholamine nanosensor non-covalently functionalized with short oligonucleotides to image
dopamine release both in striatal brain tissue'”'* and at the level of single dopamine release sites in

neuronal soma and dendrites'*,

Until recently, covalent modification of the SWCNT surface for nanosensor development remained
intractable. Such covalent modifications normally introduce defects that quench SWCNT
fluorescence, however, Setaro and colleagues developed a strategy to enable direct covalent
functionalization of SWCNT while retaining the s carbon network and ergo their fluorescence™ .
As described below, we leveraged this strategy and the recognition capacity of an oxytocin receptor
peptide fragment (OXTp)'* to develop real-time oxytocin imaging probes.

3.3 Results and discussion

3.3.1 Oxytocin nanosensor development and in vitro validation

Near-infrared oxytocin nanosensors (nIROx) were prepared from SWCNT as follows: (1) chemical
re-aromatization of pristine SWCNT followed by conjugation with glycine to generate carboxylated
triazine SWCNT (COOH-Trz-SWCNT), (2) covalent attachment of the oxytocin receptor peptide
fragment (OXTp) via amide bond formation to make OXTp-modified SWCNT (OXTp-SWCNT),
and (3) noncovalent adsorption of poly-cytosine (Ciz) to produce nIROx (Figure 3.1). Defect-free
fluorescent Trz-SWCNT were generated from pristine HIPCo SWCNT and subsequently reacted with
glycine to form COOH-Trz-SWCNT by following previously reported protocols**>'*°. This synthetic
strategy does not disrupt the sp° carbon network of SWCNT, thus retaining their near-infrared
fluorescence. COOH-Trz-SWCNT were conjugated to the oxytocin peptide by amide bond formation
between the N-terminal amine of the oxytocin peptide and the carboxyl group in COOH-Trz-
SWCNT. The oxytocin peptide contains both a spacer region (GPGSG) at the N-terminus and a
peptide sequence derived from the transmembrane VI domain of the human oxytocin receptor
MTFIIVLAFIVCWTPFFEV). Previous work demonstrates that the oxytocin peptide binds to
oxytocin with high affinity'®. Attachment of the oxytocin peptide to the SWCNT surface was verified
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through X-ray photoemission spectroscopy (XPS). The sulfur 2p/catbon 1s ratio increased from 0.05
to 0.12 after oxytocin peptide attachment to the carboxylated triazine ring due to the cysteine residue
in the oxytocin peptide, while the peak area ratio of nitrogen 1s/carbon 1s was unchanged (Figure
3.6). To impart colloidal stability to OXTp-SWCNT, we leveraged a previously established protocol
to noncovalently pin Ci» DNA to the SWCNT surface. The Ci2 sequence was selected for its stable
noncovalent adsorption to the SWCNT surface and low affinity for oxytocin (Figure 3.2d)'"".

R = GPGSGMTFIIVLAFIVCWTPFFFV R = GPGSGMTFIIVLAFIVCWTPFFFV
(0] (0]

HO)K/N NYN\)kOH R o)k/ \( \( \)ko R R-O)K/N\(NYN\)kO-R

NN NN
(1) ?\I/ (3) Y

AT

+OXTp +c DNA

Figure 3.1 | Synthesis scheme of near-infrared oxytocin nanosensors (nIROx). The first product,
COOH-Trz-SWCNT, was synthesized through covalent attachment of triazine to pristine SWCNT followed
by glycine conjugation. The oxytocin receptor peptide (OXTp) was subsequently attached via EDC coupling.
OXTp-SWCNT were noncovalently functionalized with Ci2 DNA to form colloidally stable nIROx.

The resulting nanosensor, nIROx, exhibits a chirality-dependent fluorescence response to oxytocin,
where the maximum turn-on response is observed at the center wavelength of the (9,4) SWCNT
chirality (~1126 nm) (Figure 3.22). nIROx demonstrates a maximum peak fluorescence response
(AF/F,) of 52 £ 0.10 (mean * SD) to 2 mM oxytocin iz vitro and responds to oxytocin in a
concentration-dependent manner with a 235 nM limit of detection (LOD)'* (Figure 3.2c, Chapter
3.6.1 Supporting Equations). We next calculated the nIROx kinetic parameters by fitting nIROx
tresponse versus oxytocin concentration to a cooperative binding model'”’, resulting in an equilibrium
dissociation constant (Kg) of 5.73 uM (Figure 3.2¢c, Chapter 3.6.1 Supporting Equations). As positive
controls, we constructed SWCNT-peptide conjugates from two scrambled oxytocin peptide
sequences, and one SWCNT without peptide altogether (Figure 3.2d). These negative controls, Ciz-
COOH-Trz-SWCNT, Ci2-Scrambled OXTp 1-SWCNT, and Ci2-Scrambled OXTp 2-SWCNT
responded to 50 uM oxytocin with normalized AF/F, = 0.11 + 0.02, 0.030 + 0.004, and 0.10 £ 0.02
(mean * SD), respectively, relative to nIROx. The insensitivity of these constructs to oxytocin
confirms that nIROx response to oxytocin occurs via molecular recognition between the oxytocin
peptide sensing moiety and oxytocin, and that this molecular recognition is perturbed when the
peptide is scrambled or outright omitted, as expected.

To characterize nIROx selectivity, nanosensor response was evaluated for a panel of neurochemicals
including: glutamate, y-aminobutyric acid (GABA), vasopressin, and thyrotropin-releasing hormone
(TRH), where nIROx was found to be insensitive to these analytes (Figure 3.2b). As thyrotropin-
releasing hormone is released in hypothalamus alongside oxytocin, nIROx selectivity to oxytocin over
thyrotropin-releasing hormone [AF/F, = 0.046 + 0.025 (mean + SD)] suggests that nIROx may be
used as a selective oxytocin imaging probe in hypothalamic brain tissue """,
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Figure 3.2 | nIROx #n vetro validation. a, The full fluorescence spectrum of nIROx before (black) and after
(blue) the addition of 100 pM oxytocin (OXT) in PBS. The maximum turn-on fluorescence response is
observed at the center wavelength of the (9,4) SWCNT chirality (~1126 nm). b, nIROx selectivity screening at
50 uM oxytocin (OXT), vasopressin (VP), glutamate (GLU), y-aminobutyric acid (GABA), and thyrotropin-
releasing hormone (TRH). Black bats represent the mean AF/F, at 1126 nm from n=3 replicates normalized
to OXT response, with standard deviation of these replicates shown in red. ¢, Dose response curve of nIROx
for OXT. Blue circles and error bars represent the mean of n=3 experimental measurements and the standard
deviation of these measurements, respectively. AF/F, is calculated from the normalized change in peak intensity
at 1126 nm. The black line represents the cooperative binding model fit to experimental data. The Kq value is
reported with 95% confidence intervals using the t-distribution. d, Response of various nanosensor constructs
to 50 uM OXT, demonstrating that the oxytocin peptide sequence is requisite for OXT response and Ci2 DNA
has low affinity for OXT. Black bars represent the mean AF/F, at 1126 nm from n=3 replicates normalized to
nIROx response, with standard deviation of these replicates shown in red. e, Full fluorescence spectra of nIROx
before (black) and after the addition of 100 uM atosiban (red), followed by the addition of 100 uM OXT (blue).
Atosiban reduces nIROx response to OXT by ~30% iz vitro by competitively inhibiting oxytocin analyte
binding,.

nIROx also exhibits selectivity for oxytocin over carbetocin [AF/F, = -0.059 £ 0.021 (mean + SD)]
(Figure 3.7a), a synthetic analogue with nanomolar binding affinity for the oxytocin receptor **. Most
notably, nIROx respond minimally to vasopressin with AF/F, = 0.050 £ 0.019 (mean + SD) relative
to oxytocin. Vasopressin binds the endogenous oxytocin receptor with high affinity'>’ and differs from
oxytocin by only 2 amino acid residues™*. To date, our nanosensor is the first oxytocin imaging probe
capable of distinguishing between these structurally analogous neuropeptides.
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Prior to testing our probe in brain tissue, we evaluated nIROx reversibility by immobilizing
nanosensors to the surface of a glass slide, enabling sequential oxytocin addition and removal from
surface-adsorbed nIROx. We immobilized nIROx on a glass substrate using a previously described
drop-casting method'*’ and tracked the integrated fluorescence of nIROx during multiple oxytocin
washes. Nanosensor response was immediate upon addition of 100 uM oxytocin (Figure 3.3). Washing
the glass surface with phosphate buffered saline (PBS) to remove oxytocin resulted in an immediate
decrease in integrated fluorescence, while subsequent additions of 100 uM oxytocin restored nIROx
response. Each nanosensor, represented by grey traces in Figure 3.3a, maintained its fluorescence over
continuous laser illumination over the course of the 300 second experiment without photobleaching.
These data suggest that nIROx can reversibly bind and respond to oxytocin without signal attenuation.
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Figure 3.3 | Reversible oxytocin imaging on solid substrates. a, In vitro integrated AF/F, traces from
single ROIs (gray) and the mean AF/F, trace (blue) from two washes of 100 uM OXT on glass-immobilized
nlROx (n = 12). nIROx nanosensor retains its sensitivity to oxytocin after substrate immobilization and
demonstrates a reversible turn-on fluorescence response upon repeated oxytocin washes. b, In vitro three
intensity heat maps within the same field of view from two washes of 100 pM OXT on glass-immobilized
nIROx. Four frames are represented: “+PBS” after addition of PBS, “+OXT” after addition of 100 uM OXT,
“Wash” after washing the glass with PBS, and “+OXT” after the second addition of 100 uM OXT. Scale bars
represent 10 pum.

Wash +OXT

3.3.2 Oxytocin imaging in acute brain slices

We next verified that nTROx can reversibly image oxytocin release in ex vzvo brain tissue. Acute coronal
mouse brain slices were prepared as previously described' and incubated with 2 mg/T. nIROx in
oxygen-saturated artificial cerebrospinal fluid (ACSF). Slices were then rinsed with ACSF to remove
unlocalized nanosensor and transferred to an ACSF-perfused chamber for 15 minutes prior to
imaging. This labeling protocol was previously demonstrated by Beyene ¢ a/ to enable even,
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widespread SWCNT labeling within brain tissue'” and shown by Godin e 4/ to enable SWCNT
localization in the extracellular space (ECS)"* (Figure 3.9). To image nIROx, we used a custom-built
visible (400-725 nm) and near-infrared (750-1700 nm) microscope capable of serial imaging on the
same detector. A 785-nm laser was employed to excite nanosensor fluorescence, while a mercury bulb
was used for bright-field imaging. Imaging channels were selected via sliding mirror, and both near-
infrared and brightfield images were collected serially with a Ninox VIS-SWIR broadband camera
(Raptor Photonics) with the corresponding dichroic filters and a 60x water-dipping objective (Nikon).

To confirm nIROx nanosensors are capable of responding to oxytocin in brain tissue, nIROx was
first introduced in the dorsal striatum of acute brain slices and nanosensor response was characterized
upon addition of 100 uM of exogenous oxytocin. After collecting ~30 seconds of baseline nIROx
fluorescence in slice, oxytocin was manually injected into the 3 mL recording chamber containing
ACSF. Exogenous oxytocin injection yielded an increase in nanosensor fluorescence [AF/F, = 0.36
+ 0.10 (mean * SD)] and thus validated nanosensor utility for imaging oxytocin in ex »zvo brain slices
(Figure 3.8a,b). Nanosensor response to exogenous oxytocin was not immediate and likely attributable
to slow diffusion of the oxytocin injection through the recording chamber and into the acute slice
bath. Washing of the chamber with ASCF gradually reduced nIROx fluorescence, demonstrating the
reversibility of nanosensor binding to oxytocin in brain tissue and supported by our 7 vitro reversibility
experiments.

nIROx were then introduced into the paraventricular nucleus (PVN) of mouse brain slices to evaluate
their utility as endogenous oxytocin imaging probes. Oxytocin neurons are predominantly found in
the supraoptic nucleus (SON), PVN, and accessory nuclei of the hypothalamus. Oxytocin is
synthesized by magnocellular and parvocellular neurons, which differ in size, function, projection sites,
and mode of oxytocin release’’. The PVN was selected for oxytocin nanosensor imaging expetiments
owing to its distinct, identifiable structure and relatively high concentration of oxytocin, as reported
previously in brain tissue by both microdialysis"*® and mRNA expression' studies. The imaging field
of view of our custom microscope (178 um by 142 um) was capable of imaging multiple oxytocin
release events within the PVN, where the somatic diameters of parvocellular and magnocellular
neurons are roughly 15 um and 25 pm, respectively'®”. To investigate nIROx imaging efficacy
following electrically stimulated oxytocin release, we employed a bipolar stimulating electrode and
applied a 0.5 mA, 1 millisecond single square pulse within the PVN for 2 biological replicates per
experiment. Electrical stimulation evoked an instantaneous increase in nTROx fluorescence [AF/F, =
0.41 * 0.038 (means = SD); » = 3] as shown in Figure 3.4a, Figure 3.10a, and Figure 3.13.

Upon demonstration that atosiban, a nonapeptide oxytocin analogue, decreases nanosensor response
to oxytocin zz vitro (Figure 3.2e and Figure 3.7b,c) we sought to recapitulate this effect in viable brain
tissue as a positive control. Acute brain slices containing the PVN were labeled with nIROx and
incubated in 1 uM atosiban for 15 minutes prior to repeating the above-mentioned stimulated oxytocin
release imaging across 2 biological replicates. Incubation with atosiban, followed by electrical
stimulation of acute tissue slices, yielded a lower nanosensor response relative to atosiban-free slices,
with atosiban AF/F, = 0.23 + 0.05 (means + SD) and a post-drug to pre-drug AF/F, amplitude ratio
of 0.56 £ 0.12 (means = SD) across three stimulations (Figure 3.4b-d and 3.10). These data are
consistent with 7z vitro expetiments which revealed a 28 + 7.9% decrease in peak AF/F, upon
incubation with atosiban compared to the atosiban-free control (Figure 3.7c). As atosiban attenuates
nanosensor response similarly upon both exogenous oxytocin addition iz vitro and electrical
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stimulation ex 2o, our results suggest nIROx response in brain tissue is largely attributable to
endogenous oxytocin release. These data also provide insights into the mechanism by which atosiban
reduces nIROx nanosensor response. Atosiban likely binds the oxytocin peptide sensing moiety of
nlROx to competitively inhibit analyte binding and consequently reduces nanosensor response to
oxytocin. While atosiban is known to antagonize the oxytocin receptor iz vivo'®', the oxytocin receptor
is minimally expressed within the PVN'® and atosiban has not been reported to modulate oxytocin
release within the hypothalamus. The effect of atosiban ex zivo is therefore likely due to competitive
inhibition of nIROx rather than physiological changes in oxytocin release.
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Figure 3.4 | Reversible oxytocin imaging in acute brain slices. a, I brain slkice mean AF/F, time trace
(purple) and standard deviation (gray) following a single 0.5 mA electrical pulse stimulation in standard ACSF
in the paraventricular nucleus (PVN). b, I brain slice mean AF/F, time trace (red) and standard deviation (gray)
following a single 0.5 mA electrical pulse stimulation in 1 uM atosiban in ACSF in the PVN. c, Integrated
AF/F, following 0.5 mA electrical pulse stimulations in ACSF, 1 uM atosiban (AT), and 1 uM quinpirole (Quin)
normalized to AF/F, in ACSF. Black bars represent the mean integrated AF/F, across 3 stimulations with the
standard deviations from these stimulations shown in red. dye Iz brain slice AF /F, of oxytocin nanosensor within
the same field of view following 0.5 mA electrical stimulation in standard ACSF and either 1 pM atosiban (f)
or 1 uM quinpirole (g) in the PVN. Three frames are represented for each: “pre-stimulation” is the baseline
nanosensor fluorescence before electrical stimulation, “stimulation” is immediately following electrical

stimulation, and “post-stimulation” is after nanosensor fluorescence has returned to baseline. The white scale
bars represent 10 um.
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Concurrent monitoring of multiple neurotransmitters, neuromodulators, and neuropeptides, and their
pharmacological agents often used in neurobiology research, is an important goal. To this end, coronal
slices were also incubated in quinpirole, a D2 receptor agonist that inhibits presynaptic dopamine
release' ', Quinpirole treatment was used to verify that off-target pharmacological agents have a
minimal effect on nIROx response, motivating potential future use of nIROx concurrently with other
neuromodulator probes. Upon demonstrating that quinpirole treatment does not modulate nIROx
fluorescence 7 vitro (Figure 3.7a), slices were incubated in 1 uM quinpirole for 15 minutes prior to
imaging. As expected, quinpirole had a negligible effect on nIROx AF/F, across 2 biological replicates,
yielding a post-drug to pre-drug AF/F, amplitude ratio of 1.05 + 0.220 (means * SD) across three
stimulations (Figure 3.4e, Figure 3.11, and Figure 3.12). These results indicate that nIROx do not
interact with off-target but broadly utilized pharmacological agents such as quinpirole in brain tissue.
Taken together, the results from atosiban and quinpirole treatment suggest that nIROx response in
PVN-containing brain tissue slices is attributable to oxytocin release.

3.3.4 Oxytocin release site analysis

Using image stacks from nIROx-labeled and PVN-containing brain tissue slices subject to electrical
stimulation, we employed custom MATLAB software to identify oxytocin release sites, termed regions
of interest (ROIs), where post-stimulation AF/F, is high. Overlay of ROIs with pre-stimulation images
show that AF/F, hotspots ate not correlated to nanosensor labeling density of brain tissue (Figure
3.5a), as we had previously determined for nanosensors of this class. This observation suggests that
AF/F, hotspots cotrespond to greater oxytocin release rather than greater nanosensor localization and
is consistent with the findings of Beyene ¢# 2/ upon imaging catecholamine release with DNA-SWCNT
nanosensors'". More recently, Bulumulla and colleagues utilized a SWCNT-based nanofilm to image
dopamine release with synaptic resolution and demonstrated that ROIs represent individual
neurochemical release sites with reported ROI size as a proxy for the spatial spread, or volume
transmission element, of dopamine release'*’. We conducted similar analyses with nIROx brain slice
imaging data and found that stimulations repeated in triplicate within the same field of view and across
biological replicates yielded comparable putative oxytocin release site size distributions and a median
ROI size of 3 um (Figure 3.5b). Based on the findings of Bulumulla ¢# @/, ROIs in our data likely
correspond to single oxytocin release sites in the PVN while ROI size represents the spatial diffusion
of oxytocin from these release sites. We quantified this putative oxytocin release site density by
calculating the number of release sites per unit of PVN brain tissue area. This analysis revealed a
median of 3 putative oxytocin release sites per 1000 um?* of brain tissue area.

While atosiban treatment did not significantly alter the ROI size distribution or median ROI size, as
expected, atosiban did attenuate the number and release intensity of oxytocinergic ROIs. These results
suggest that atosiban does not affect oxytocin diffusion from release sites for instances when oxytocin
is successfully released, but rather interacts with nIROx to reduce nanosensor oxytocin sensitivity.
Upon atosiban treatment, the post-drug field of view exhibits ~20% fewer ROlIs relative to drug-free
brain tissue stimulation. The total number of ROIs across all stimulations and biological replicates
decreased from 366 to 297 following atosiban treatment, and the mean number of ROIs per
stimulation decreased from 61+ 25 to 49 + 14 (means = SD) with atosiban treatment (Figure 3.5¢ and
Figure 3.14). These results suggest that atosiban “turns-off” a subpopulation of nIROx rendering
these nanosensors non-responsive to oxytocin. We also compared AF/F, values of ROIs before and
after atosiban drug treatment. As the location and number of ROIs differs across stimulations, all 500
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ROlIs in the field of view were included in this analysis. This analysis revealed a post- to pre-drug ratio
AF/F, amplitude ratio of 0.75 + 0.31 (means £ SD) across 3 stimulations (Figutre 3.5d). These analyses
provide further insight into the mechanism by which atosiban affects nanosensor response, suggesting
that atosiban reduces nIROx response to oxytocin in 2 ways: by both reducing the number of
responsive nIROx nanosensors and simultaneously reducing the sensitivity of responsive nIROx
nanosensors to oxytocin. These data in slice are consistent with 7z »izro nIROx reduction in sensitivity
and support our hypothesis that nanosensor response in slice is attributable to oxytocin release.
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Figure 3.5 | Oxytocin release site analysis of nIROx-labeled acute brain slices. a, A single frame from
an image stack acquired in the paraventricular nucleus (PVN). The field of view is overlaid with ROIs (gray)
identified programmatically by calculating AF/F, time traces of the image stack. Color bar represents
nanosensor labeling fluorescence intensity. Scale bar represents 10 um. b, Frequency histogram of ROI sizes
across 4 biological replicates and 12 stimulations of the PVN in ACSF with median ROI size of 3 um. c,
Distribution of the number of ROIs across 6 stimulations in ACSF (purple) and 1 uM AT in ASCF (red). Mean
(black) and etror bars representing standard deviation of these stimulations. d, Integrated AF/F, and standard
deviation for all 500 ROIs across all biological teplicates in ACSF and 1 uM AT in ACSF where AF/F, values
represent experimental means across 3 stimulations.
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3.4 Conclusions

Imaging oxytocin in brain tissue with form factors compatible for use with existing neurobiological
tools are needed to map the chemical activity of oxytocinergic neural circuits. In particular,
neuropeptides such as oxytocin are posited to influence broad networks of neuronal activity through
diffusion beyond the synapse during neurotransmitter release and are hypothesized to play key roles
in social and maternal behaviors. Importantly, oxytocin signaling disruption is a likely contributor to
autism spectrum disorders based on studies observing amelioration in social behavior upon
administration of oxytocin to autistic patients. However, tools to image oxytocin at spatial and
temporal scales of relevance to its endogenous signaling, and with requisite selectivity over its
vasopressin analog, remain non-existent.

As described above, we developed and utilized nIROx, an oxytocin imaging probe for use in acute
brain tissue slices containing oxytocinergic brain regions. nIROx was synthesized through covalent
attachment of an oxytocin receptor peptide fragment (OXTp) to pristine SWCNT using a strategy
that maintains SWCNT near-infrared fluorescence. Our successful nIROx synthesis demonstrates that
SWCNT re-aromatization chemistries can covalently incorporate molecular recognition elements on
the SWCNT surface, a concept that could be extended to other neuropeptide, neurohormone, and
neurotransmitter targets. The resulting nanosensor, nIROx, responds fluorescently to oxytocin in
near-infrared wavelengths with a peak AF/F, >500% iz vitro. We further show that nTROx synthesized
with scrambled OXTp sequences or without a peptide do not respond to oxytocin, confirming that
our nanosensor response occurs through molecular recognition of oxytocin via the oxytocin peptide
moiety. Response screens against physiologically relevant neurochemicals, such as thyrotropin
releasing hormone (TRH) and oxytocin’s structural analogue, vasopressin, reveal nIROx selectivity
for oxytocin. To date nIROx is the only oxytocin imaging probe developed that can distinguish
between oxytocin and vasopressin for use in brain tissue.

Reversibility experiments both on solid substrates and in brain tissue revealed that nIROx responds
reversibly to oxytocin and is capable of repeated imaging without signal attenuation and with no
photobleaching. We also introduced our nIROx nanosensor into the PVN of acute brain slices and
demonstrated that our nanosensor can image electrically stimulated release of oxytocin with an
integrated AF/F, of up to ~40%. From these imaging experiments, we identified ROIs, putative
oxytocin release sites, measuring 3 um in median diameter with a calculated density of 3 ROIs per
1000 um® in PVN tissue. Based on previous studies with SWCNT-based neuroimaging probes, it is
likely that these ROIs likely represent oxytocin release sites while their size is an approximate
measurement of oxytocin’s volume transmission upon release. To our knowledge, these data represent
the first direct visualization of oxytocin in brain tissue with frame rate temporal and micron-scale
spatial resolution. Lastly, we confirmed that nIROx nanosensor response ex vzvo is insensitive to
incubation with quinpirole, a D2 receptor agonist, but attenuated upon incubation with atosiban, a
positive control that reduced nIROx response to oxytocin 7z vitro. We thus confirmed that nIROx
response in brain tissue is attributable to oxytocin release and insensitive to off-target pharmacological
agents. Importantly, the synthetic nature of nIROx and of all SWCNT-based probes potentiates their
use in non-model organisms or young animals in which genetic manipulation is intractable or
undesirable, which is of particular relevance for oxytocin given its presumed central role in eatly-age
social development. Taken together, our results show that nIROx represents a near-infrared
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fluorescent, non-photobleaching nanosensor selective for oxytocin imaging in acute tissue slices
containing oxytocinergic regions of the brain.

3.5 Materials and methods

3.5.1 Reagents

Small diameter HiPCo™ single-walled carbon nanotubes (SWCNT) were purchased from
Nanolntegris (Batch #27-104). Oxytocin acetate salt hydrate, [Arg’]-vasopressin acetate salt,
dopamine-HCI, thyrotropin-releasing hormone (TRH), glutamate, y-aminobutyric acid, and atosiban
were purchased from Millipore Sigma. Quinpirole and carbetocin were purchased from Tocris
Bioscience. Peptide sequences were purchased from Thermo Fisher Scientific, and DNA sequences
were purchased with standard desalting purification from Integrated DNA Technologies, Inc.

3.5.2 nIROx synthesis

Nanosensors were fabricated by (1) the surface modification of SWCNT to form carboxylated
SWCNT, (2) the conjugation of oxytocin binding peptide (OXTp) to carboxylated SWCNT to
produce OXTp-conjugated SWCNT, and (3) DNA-wrapping of OXTp-conjugated SWCNT to form
colloidally stable nIROx.

(1) Carboxylated SWCN'T fabrication: Fabrication of fluorescent carboxylated SWCNT was adapted from
previous literature**. In brief, SWCNT (1 g) were dispersed in N-methyl-2-pyrrolidone (150 mL) in
a round bottom flask and bath sonicated (Branson Ultrasonic 1800) for 1 h. The dispersion was stirred
for 1 h at 25 °C and cooled to 0 °C. 2,4,6-1,3,5-trichloro-triazine (10 g, 54 mmol) was dissolved in N-
methyl-2-pyrrolidone (50 mL) and slowly added to the SWCNT dispersion at 0°C. Sodium azide (1.76
g, 27 mmol) was added to the mixture and stirred for 2 h at 0°C followed by 12 h stirring at 70°C to
yield triazine-functionalized SWCNT (Trz-SWCNT). The product was purified by centrifugation,
washed with water and organic solvents (acetone, toluene, then chloroform), and lyophilized for
storage and characterization. Trz-SWCNT (100 mg) were dispersed in dimethylformamide (DMF) (50
mL) and bath sonicated for 15 min at room temperature. Next glycine (10 mg) and a 1.5 molar excess
of triethylamine were added to the mixture and stirred at 65 °C for 2 days. The product was purified
by centrifugation and sequentially washed with DMF (2 X 4 mL) and water (2 X 4 mL). The
carboxylated SWCNT product was lyophilized for characterization and stored at room temperature.

(2) OXTp-conjugated SWCNT fabrication: Carboxylated SWCNT (21.7 mg) were dispersed in DMF (0.5
ml) and bath sonicated for 15 min at room temperature. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (1 umol) and N-hydroxysuccinimide (NHS) (2 pmol) were
added to the mixture and vortexed for 20 min. The mixture was centrifuged, the supernatant was
discarded to remove excess EDC and NHS, and the precipitate was subsequently re-dispersed in DMF
(4 mL). OXTp (GPGSGMTFIIVLAFIVCWTPFFFV) (100 nmol) and 1.5 molar excess of N,N-
diisopropylethylamine (DIPEA) were added to the mixture solution and vortexed for 12 h at room
temperature. For constructs prepared with scrambled OXTp sequences, either Scrambled OXTp 1
(GPGSGWLIFTVMCTIPAFVFFIFV) or Scrambled OXTp 2
(GPGSGITFILVMFFVWEVAICTPF) peptides were used instead of OXTp. The product was
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purified by centrifugation and subsequent re-dispersion in washes of DMF (2 X 4 mL) followed by
washes of water (2 X 4 mL). The OXTp-SWCNT product was lyophilized for characterization and
stored at room temperature.

(3) DNA-wrapping of OXTp-conjugated SWCNT for oxytocin nanosensor: OXTp-conjugated SWCNT (0.1
mg) was added to PBS (0.99 mL) and mixed with poly-cytosine (Ciz) (10 uL, 1 mM). The resulting
mixture was first bath sonicated for 2 min and then probe-tip sonicated (Cole-Parmer Ultrasonic
Processor, 3-mm tip in diameter) for 10 min at 5 W power in an ice bath. The suspension was
centrifuged for 30 min at 16,100 g to precipitate non-dispersed SWCNT, and the supernatant
containing colloidal Cix-wrapped OXTp-SWCNT (nIROx) was collected. The concentration of the
nIROx suspension was calculated by measuring absorbance at 632 nm (NanoDrop One, Thermo
Scientific) with an extinction coefficient of ¢ = 0.036 (mg/L)" cm™ '*’. Nanosensors were stored for
up to 8 days at 4°C.

3.5.3 Optical characterization and analyte screening

Near-infrared fluorescence spectra were collected using a custom built spectrometer and microscope
as described previously'”. Measurements were obtained with a 20X objective on an inverted Zeiss
microscope (Axio Observer.D1) coupled to a spectrometer (SCT 320, Princeton Instruments) and
liquid nitrogen cooled InGaAs linear array detector (PyLoN-IR, Princeton Instruments). Nanosensor
suspensions were excited with a 721 nm laser (OptoEngine LLC) inside a polypropylene 384 well-
plate (Greiner Bio-One microplate).

For analyte screening, the baseline near-infrared fluorescence spectrum of each nanosensor-containing
well was collected. Either PBS or analyte diluted in PBS was added, and post-analyte fluorescence
spectra were collected at 10-minute time points until the maximum oxytocin fluorescence response
was achieved (~60 minutes). Responses were calculated and reported as AF/F, = (F- F,)/ F,, where
F, is the peak fluorescence after PBS incubation, and F is the peak fluorescence after analyte
incubation. The peak fluorescence corresponds to the (9,4) SWCNT chirality, which has a maximum
near-infrared fluorescence at ~1126 nm.

For selectivity screening, all analytes were added at a final concentration of 50 pM. During oxytocin
screening of various nanosensor constructs, oxytocin was added at a final concentration of 50 pM.
For dose response experiments, final oxytocin concentration ranged from 50 nM to 2 mM.

For drug screening, the baseline near-infrared fluorescence spectrum of nIROx was first collected.
Atosiban was subsequently added and incubated for 10 minutes before collecting post-drug
fluorescence spectra. Finally, oxytocin was added and incubated for 10 minutes before collecting post-
neuropeptide fluorescence spectra. Responses were calculated and reported as AF/F, = (F- F,)/ F.,
where F, is the peak fluorescence after atosiban incubation, and F is the peak fluorescence after
oxytocin incubation. Both atosiban and oxytocin were added at a final concentration of 100 pM.

Fort in vitro expetiments, nIROx suspensions were prepared at 5 mg/L in PBS. All measurements were
obtained in triplicate, and reported results include the means and standard deviations of these
measurements. All nanosensor batches were validated for oxytocin response 7z vitro prior to brain
tissue imaging.
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For reversibility experiments on glass, nIROx were immobilized on MatTek glass-bottom microwell
dishes (35 mm petri dish with 10 mm microwell). To immobilize nanosensors, the dish was washed
twice with PBS (150 uL). Nanosensors (100 pL, 2.5 mg/L in PBS) wete then added, incubated for 10
minutes, and removed. The dish was washed twice again with PBS (150 uL). Surface-immobilized
nIROx were imaged on an epifluorescence microscope (100x oil immersion objective) and a Ninox
VIS-SWIR 640 camera (Raptor) and excited with a 721 nm laser. For each imaging experiment, the z-
plane was refocused and 120 pLL PBS was added prior to recording. Image stacks were collected with
a 950 ms exposure time and 1 Hz frame rate for 5 minutes. PBS was added at frame 50 and oxytocin
was added a final concentration of 100 uM at frame 100. At frame 200, the dish was washed with PBS,
and at frame 250, oxytocin was added again at a final concentration of 100 pM. Image stacks were
processed in Image] by applying a median filter (0.5-pixel radius) and rolling ball background
subtraction (300-pixel radius). ROIs were manually identified and characterized using the ROI
analyzer tool. Responses were calculated and reported as AF/F, = (F- F,)/ F., whete F, is the mean
integrated fluorescence after PBS incubation, and F is the peak fluorescence at each timepoint after
oxytocin addition. The means and standard deviation of all 12 ROI AF/F, values are reported.

3.5.4 Acute slice preparation and nanosensor labeling

The mice used for acute slice imaging experiments were male, 14-17 weeks old, C57BL/6 strain, and
purchased from Jackson Laboratory. After weaning at postnatal day 21 (P21), mice were group-housed
with nesting material on a 12:12 light cycle. All animal procedures were approved by the UC Berkeley
Animal Care and Use Committee (ACUC). Acute brain slices were prepared using established
protocols'. Mice were first anesthetized with an intraperitoneal injection of ketamine and xylazine,
followed by transcardial perfusion with cutting buffer (119 mM NaCl, 26.2 mM NaHCO;3, 2.5 mM
KCl, 1mM NaH,PO,, 3.5 mM MgCl,, 10 mM glucose). The brain was subsequently extracted, and its
connective tissues were trimmed. The brain was mounted on a vibratome cutting stage (Leica VT
1000) to prepare 300 pm thick coronal slices containing the putative paraventricular nucleus. Slices
were incubated at 37°C for 30 minutes in oxygen saturated ACSF (119 mM NaCl, 26.2 mM NaHCO:,
2.5 mM KCI, ImM NaH,PO4, 1.3 mM MgCl,, 10 mM glucose, 2 mM CaCl,) and then transferred to
room temperature for 30 minutes. Slices were maintained at room temperature for all acute slice
imaging experiments.

For nanosensor labeling, slices were transferred into a brain slice incubation chamber (Scientific
Systems Design, Inc., AutoMate Scientific) containing 5 mL of oxygen-saturated ACSF. Slices were
incubated with nanosensor at a final concentration of 2 mg/L SWCNT for 15 minutes. To remove
unlocalized nanosensor from brain tissue, slices were rinsed for 5 seconds with oxygen-saturated
ACSF through 3 wells of a 24-well plate. Rinsed slices were transferred to the recording chamber and
perfused with ACSF for 15 minutes before imaging. All acute slice imaging experiments were
performed at 32°C.

3.5.5 Microscope construction and acute slice imaging

Ex vivo slice imaging experiments were conducted using an upright epifluorescent microscope
(Olympus, Sutter Instruments) mounted onto a motorized stage. A 785-nm continuous-wave diode-
pumped solid-state laser with a maximum power of 300 mW and a near TEMOO top hat beam profile
(Opto Engine LLC) was used for nanosensor excitation. The beam was expanded to a diameter of ~1
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cm using a Keplerian beam expander composed of two plano-convex lenses (f= 25 and 75 mm; AR
coating B, Thorlabs). The beam was passed through a fluorescence filter cube [excitation: 800 nm
shortpass (FESHO0800), dichroic: 900 longpass (DMLP990R), and emission: 900 longpass
(FELHO0900); Thotlabs] to a 60X Apo objective (numerical aperture, 1.0; working distance, 2.8 mm;
water dipping; high nIR transmission; Nikon CFI Apo 60XW nIR). Emission photons collected from
the sample were passed through the filter cube, focused onto a two-dimensional InGaAs array detector
[500 to 600 nm: 40% quantum efficiency (QE); 1000 to 1500 nm: >85% QE; Ninox 640, Raptor

Photonics], and recorded with Micro-Manager Open Source Microscopy Software'*.

3.5.6 Exogenous oxytocin and electrical stimulation evoke oxytocin imaging
with nIR microscopy

During exogenous oxytocin imaging, a total of 600 frames were acquired at nominally 4 frames per
second in the dorsal striatum. After collecting 100 frames of baseline, 100 uM oxytocin was injected
into the 3 mL recording chamber. Oxytocin was then removed with ACSF perfusion at frame 400.

To electrically stimulate oxytocin release, a bipolar stimulation electrode (MicroProbes for Life Science
Stereotrodes Platinum/Iridium Standard Tip) was positioned within the putative paraventricular
nucleus using a 4x objective (Olympus XLFluor 4x/340). The stimulation electrode was introduced
into the top of the brain slice and an imaging field of view nominally 50 um from the stimulation
electrode was chosen using a 60x objective. A total of 600 frames were acquired at nominally 4 frames
per second, where stimulations were applied after 200 frames of baseline. Each stimulation was
repeated three times within a field of view. Stimulation pulses were applied for 1 millisecond at 0.5
mA. During drug screening, imaging experiments were first conducted in drug-free ACSF. Then using
the same field of view, either quinpirole or atosiban was added to the imaging chamber through ACSF
perfusion. The slice was incubated in 1 uM of either drug for 15 minutes before imaging. Drug
screening imaging experiments were acquired in biological duplicate.

3.5.7 Image processing and data analysis of nanosensor fluorescence response

Imaging movie files were processed using a custom MATLAB  application
(https://github.com/jtdbod/Nanosensot-Brain-Imaging). ROIs were identified by first applying a
25x25 pixel grid mask to the image stack. The median pixel intensity and a median filter convolution
within each ROI was then calculated. Post-stimulation and exogenous oxytocin fluorescence
responses were calculated as AF/F, = (F- F,)/ F,, where F, is the average intensity for the first 5% of
frames and F is the dynamic fluorescence intensity. Significant AF/F, traces were identified by
thresholding with Otsu’s methods to differentiate ROIs from the background. For stimulation
experiments, decay time constants (1) were computed for significant ROIs by fitting each AF/F, trace
to a first-order decay process. Latency to peak was calculated as feax — %im, Where 4 is the time at
which maximum fluorescence occurs, and 4ein is time of stimulation. The AF/F, traces where latency
to peak is greater than 5 seconds were assumed to result from stimulation artifacts and were thus
removed from analysis. The maximum AF/F, of each significant ROI trace was identified, and the
AF/F, of a stimulation or exogenous oxytocin wash was teported as the median of these values. For
stimulation experiments, ROI size was determined by first identifying Fr.. within a significant ROL
All pixels with an intensity value >50% of Fu. were included within the boundaries of an ROIL. ROIs
with a radius <1 um were removed.
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3.6 Supporting information

3.6.1 Supporting equations

The LOD of nIROx for oxytocin is calculated as the lowest oxytocin concentration that is statistically
different from the blank using the equation below:

LOD = (rnean AF / Fo)b]ank + 3(STD AF/ Fu)blﬂnk

For the concentrations of oxytocin tested, the LOD is calculated as AF/F, = 0.161 This AF/F, value
corresponds to 235 nM oxytocin based on the cooperative binding model fit.

nIROx nanosensor kinetic parameters were quantified by fitting dose response data to the cooperative
binding model below:

F-Fo  (Kg[SD"
Fo o (Kg[SD™+1

Kinetic parameters were calculated as n=1.33%0.51, b=0.14£0.29, a=4.941+0.5, and K4=5.73+1.68
uM and are reported with 95% confidence intervals using the t-distribution.

b

3.6.2 Supporting figures

012 Z COOH-Trz-SWCNT
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Figure 3.6 | nIROx nanosensor synthesis validation. Verification of oxytocin peptide (OXTp) attachment
through x-ray photoelectron spectroscopy (XPS). The sulfur 2p/carbon 1s ratio increases from 0.05 to 0.12
after OXTp conjugation due to the cysteine residue in the oxytocin peptide sequence. The nitrogen 1s/carbon
1s ratio remains unchanged.
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Figure 3.7 | nIROx #r vitro pharmacological agent compatibility screening. a, nIROx optical response
to 50 uM oxytocin (OXT), carbetocin (Catb), and quinpirole (Quin). Black bars represent the mean AF/F, at
1126 nm from n=3 replicates normalized to OXT response, with standard deviation of these replicates shown
in red. b, Full fluorescence spectra of nIROx before (black) and after the addition of PBS (purple), followed
by the addition of 100 uM OXT (blue). ¢, nIROx optical response to 100 uM oxytocin after the addition of
either 1X PBS or 100 uM atosiban (AT), an OXT receptor antagonist. Black bars represent the mean peak
AF/F, at 1126 nm from n=3 replicates, and red error bars represent the standard deviation from these
replicates. nIROx response to OXT decreases by 28% upon incubation with atosiban.
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Figure 3.8 | nIROx nanosensor reversibility in brain tissue. a, I s/ice, mean time trace (blue) and standard
deviation (gray) of integrated AF/F, for nanosensors imbedded in an acute brain slice and exposed to an
exogenous wash of 100 uM OXT. OXT was manually injected after 100 frames of baseline, and the slice was
washed with an ACSF perfusion after 400 frames. nIROx sensitivity and reversibility upon immobilization is
recapitulated in brain tissue. b, Three images within the same field of view of integrated AF/F, of nIROx in
the dorsal striatum. Three frames are represented: “baseline” is before the addition of oxytocin, “+OXT” after
the addition of 100 uM exogenous oxytocin, and “wash” is after washing the slice with ACSF to remove
oxytocin. Scale bars represent 10 pm.
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Figure 3.9 | Imaging oxytocin release evoked by electrical stimulation. Iz s/, three images within the
same field of view of nIROx-labeled acute brain slices following a 0.5 mA single-pulse electrical stimulation in
standard ACSF in the PVN. “Pre” is the baseline before electrical stimulation, “stim” is immediately following
electrical stimulation, and “post” is after nanosensor fluorescence has returned to baseline. Scale bars represent
10 pwm.
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Figure 3.10 | Analysis of oxytocin release evoked by electrical stimulation and the effect of an oxytocin
receptor antagonist in the paraventricular nucleus. a, [z sic, mean time trace (purple) and standard
deviation (gray) of integrated nanosensor AF/F, for a single 0.5 mA electrical pulse stimulation in the PVN in
standard ACSF. b, For the same brain slice, mean time trace (red) and standard deviation (gray) of integrated
AF/F, for a single 0.5 mA electrical pulse stimulation in 1 uM atosiban in ACSF. ¢, Three images within the
same field of view of integrated AF/F, of nanosensor after 0.5 mA electrical stimulation in standard ACSF
(top) and 1 uM atosiban in ACSF (bottom). Three frames are represented: “pre” is the baseline before electrical

stimulation, “stim” is immediately following electrical stimulation, and “post” is after nanosensor fluorescence
has returned to baseline. Scale bars represent 10 pm.
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Figure 3.11 | Analysis of oxytocin release evoked by electrical stimulation and the effect of an D2/D3
receptor agonist in the paraventricular nucleus. a, I s/ice, mean time trace (purple) and standard deviation
(gray) of integrated nanosensor AF/F, for a single 0.5 mA electrical pulse stimulation in PVN in standard

ACSF. b, Mean time trace (green) and standard deviation (gray) of integrated AF/F, for a single 0.5 mA
electrical pulse stimulation in PVN with 1 uM quinpirole in ACSF.
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Figure 3.12 | Analysis of oxytocin release evoked by electrical stimulation and the effect of an D2/D3
receptor agonist in the paraventricular nucleus. a, I s/ice, mean time trace (purple) and standard deviation
(gray) of integrated nanosensor AF/F, for a single 0.5 mA electrical pulse stimulation in PVN in standard
ACSF. b, Mean time trace (green) and standard deviation (gray) of integrated AF/F, for a single 0.5 mA
electrical pulse stimulation in PVN with 1 uM quinpirole in ACSF. ¢, Three images within the same field of
view of integrated nanosensor AF/F, following a single pulse 0.5 mA electrical stimulation in standard ACSF
(top) and in 1 uM quinpirole in ACSF (bottom). Three frames are represented: “pre” is the baseline before
electrical stimulation, “stim” is immediately following electrical stimulation, and “post” is after nanosensor
fluorescence has returned to baseline. Scale bars represent 10 pm.
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Figure 3.13 | Analysis of oxytocin release evoked by electrical stimulation. The range of mean integrated
AF/F, traces for twelve 0.5 mA electrical pulse stimulations across 4 biological replicates in standard ACSF are

shown (light purple) to demonstrate variation in oxytocin release across stimulations and across acute slices in
the PVN. The mean of these traces is shown in dark purple.
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Figure 3.14 | Region of interest (ROI) analysis of acute slice images to characterize oxytocin release
site features. a, Frequency histogram of ROI sizes across 6 stimulations of the PVN in ACSF. There are 366
total ROIs with a median size of 3 um. b, Frequency histogram of ROI sizes across 6 stimulations of the PVN
in 1 uM atosiban in ACSF. There are 297 total ROIs with a median size of 3 um.
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3.7 Future directions

While near-infrared oxytocin nanosensors (nIROx), as described above, are effective probes for
imaging oxytocin release in acute brain slices, these nanosensors have two primary limitations: 1) dim
baseline fluorescence which challenges nanosensor labeling and imaging in brain tissue and 2) poor
selectivity against dopamine which limits the utility of nIROx to non-dopaminergic brain regions. It
is our contention that nIROx imaging limitations are due to the use of the Ci» ssSDNA wrapper as a
nanosensor dispersant. The recognition element of nIROx is an extremely hydrophobic peptide
fragment of the endogenous oxytocin receptor. When covalently attached to the surface of SWCNT,
this peptide alone is insufficient to disperse hydrophobic SWCNT in aqueous solutions. To impart
colloidal stability, OXTp-SWCNT are noncovalently modified with single-stranded DNA. Via probe
tip sonication, C» ssDNA is adsorbed to the surface of OXTp-SWCNT to form nIROx nanosensors.

Oxytocinergic regions of the brain, such as the paraventricular nucleus of the hypothalamus (PVN)
and supraoptic nucleus of the hypothalamus (SON), do not release large quantities of dopamine and
are thus compatible with nIROx. However there are many oxytocinergic regions of interest, such as
the nucleus accumbens'®” and hippocampus'® '] that are also dopaminergic'””'"". These regions could
be potentially imaged with nIROx in conjunction with a dopamine-repressing pharmacological agent
such as the D2 receptor agonist, quinpirole. Quinpirole treatment, however, may have unforeseen
impacts on oxytocin signaling, as interplay between dopamine and oxytocin signaling has been
previously demonstrated' ™"

Nearly all DNA wrapped SWCNT constructs respond to dopamine for reasons that are not fully
understood''" '™, and DNA is not the most effective dispersant of SWCNT'”. A high-affinity non-
DNA dispersant could potentially improve selectivity and simultaneously increase nanosensor baseline
fluorescence to enhance nanosensor performance in brains. We propose the use of a peptide to replace
the Ci» wrapper of nlROx. Unlike surfactants, such as sodium cholate and sodium dodecyl
benzenesulfonate, that are commonly used to disperse SWCNT in aqueous solutions, peptides are
biocompatible and easily customizable.

Previous work has demonstrated the utility of peptides as SWCNT dispersants in various aqueous
solutions and on solid phase. Hirano and colleagues demonstrated that poly-L-arginine can effectively
disperse SWCNT in water, even when varying the pH'”. Their molecular dynamics (MD) simulations
indicated that the guanidinium group of each arginine residue aligns itself in parallel to the SWCNT
sidewall to facilitate n- m interactions. Several phage-display studies have also been conducted to reveal
new peptides and peptide motifs that have a high affinity for SWCNT. Peptides with the motif
X THXX,PWTX,, where X, = G/H, X, = H/D/null, X; = R/null, X, = K/null, were shown to bind
SWCNT"". Within the peptide library sharing this motif, the UW-1 peptide (LLADTTHHRPWT)
and UW-4 peptide (CGIHPWTKC) were the best SWCNT dispersants in TBS buffer at 0.1% Tween-
20. MD simulations of these peptide-SWCNT constructs showed that aromatic and hydrophobic
peptide residues cluster to promote - n interactions with SWCNT. Other phase display studies
revealed that histidine- and tryptophan-containing peptides such as HWSAWWIRSNQS could
disperse SWCNT in Tris buffer/Tween-20"", and the A2 peptide IFRLSWGTYFS) could disperse
SWCNT better than both SDS and SC surfactants'”. These phage display studies along with peptide
modification studies have revealed the importance of aromatic residues, particularly tryptophan, for
binding SWCNT. Samarajeewa et. al. evaluated the SWCNT-binding affinity of constructs containing
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an amphiphilic surfactant peptide ([X(V)s5(K).] and various terminal aromatic moieties to pin the
peptide to the nanotube surface. Their finding suggest that the HOMO of the aromatic moieties acts
as an electron donor and furthermore interact with the LUMO of SWCNT to facilitate binding'™. Of
all the aromatic moieties tested, tryptophan was shown to have the highest affinity for SWCNT. By
modifying tryptophan residues to alanine in the UW-1 peptide, Su et. al. further supported these
findings and determined that the HOMO of tryptophan interacts with the LUMO of SWCNT to pin

the peptide to the nanotube surface'™!.

Based on the studies above, we evaluated the viability of tryptophan-containing peptides as dispersants
in nIROx. We prepared peptide-SWCNT constructs via probe tip sonication with the following
peptides in water: A2 IFRLSWGTYFES), UW-1 (LLADTTHHRPWT), and P1 (HWSAWWIRSNQS)
(Figure 3.15). Both the UW-1 and P1 peptides failed to disperse SWCNT in water without the addition
of surfactants, making them inviable for use in biological systems. The A2 peptide produced colloidally
stable SWCNT with high yield. The resulting A2-SWCNT construct was not responsive to 50 uM
dopamine when compared to C;o--SWCNT (Figure 3.16). Upon incorporation into nIROXx, the baseline
fluorescence was more than 500% brighter than that of nIROx prepared with the Ci» wrapper (Figure
3.17). A2-nIROx constructs were unresponsive to dopamine at 100 uM, as expected, but were also
insensitive to oxytocin at the same concentration (Figure 3.18). It is possible that the A2 peptide
interfered with binding between the OXTp recognition element and oxytocin. Additionally, A2-
SWCNT and A2-nIROx aggregated upon the addition of salt (0.1X PBS, 1X PBS, and 100 mM NaCl).

These constructs were thus unusable as oxytocin nanosensors 7 vivo.

We suggest modification of the A2 peptide with a highly soluble terminal motif such as poly-glutamate
(EEEE) to improve SWCNT dispersibility in biologically relevant ionic solutions. We also suggest the
exploration of surfactant peptides for use in nIROx such as X(V)s(K). and E(QL)sE. Identification of
a peptide that can 1) effectively disperse SWCNT in ionic solutions, 2) does not interact with
dopamine when bound to SWCNT, and 3) does not interfere with the molecular recognition of
oxytocin in nIROx, would vastly expand the utility of nIROx as an oxytocin nanosensor in brains.
With an increased baseline fluorescence and selectivity, nIROx can be leveraged to image oxytocin
release throughout the brain in oxytocinergic/dopaminergic regions such as the nucleus accumbens
and hippocampus. This would enable us to characterize oxytocin signaling throughout the brain and
understand the physiological underpinnings of oxytocin-related neurological disorders.
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Figure 3.15 | SWCNT binding peptides. Sequence and structure of the A2, UW-1, and P1 peptides
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Figure 3.16 | C>-SWCNT versus A2-SWCNT dopamine response. Nanosensor optical response to 50
uM dopamine in water. Black bars represent the mean peak AF/F, at 1126 nm from n=3 replicates, and red
error bars represent the standard deviation from these replicates. A2-SWCNT response to dopamine is

negligible.
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Figure 3.17 | Baseline fluorescence of nIROx prepared with Ci2 ssDNA or A2 peptide. Full fluorescence
spectra of nIROx prepared with C12 ssDNA in 1X PBS (black dotted) or A2 peptide in water (black solid).
nIROx prepared with A2 peptide is ~500% brighter than the original nanosensor.

42



AF/Fo

0 1
A2-nIROx C12-nIROx
+OXT  +DA +OXT +DA

Figure 3.18 | Nanosensor oxytocin and dopamine response. Nanosensor optical response to 100 uM
oxytocin and dopamine. Black bars represent the mean peak AF/F, at 1126 nm from n=3 replicates, and red
error bars represent the standard deviation from these replicates. A2-nIROx response to both oxytocin and

dopamine is negligible.
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Chapter 4

High throughput evolution of near-infrared oxytocin
nanosensors

4.1 Abstract

While the importance of neuropeptide oxytocin in mediating our social well-being is widely
understood, we currently lack effective tools for imaging oxytocin signaling in the brain. To
characterize oxytocin function and its role neurological health and disease requires real-time imaging
probes with the spatiotemporal resolution compatible with endogenous oxytocin release and reuptake
dynamics. To address this challenge, we have leveraged an evolution-based platform, SELEC, to
identify a synthetic oxytocin imagine probe, nIROSE (near-infrared oxytocin nanosensor identified
by SELEC). nIROSE nanosensors utilize an evolved ssDNA molecular recognition moiety adsorbed
to the surface of near-infrared fluorescent single-walled carbon nanotubes (SWCNT) to image
oxytocin. nIROSE nanosensors are easy to synthesize, demonstrate nanomolar sensitivity to oxytocin,
and are compatible with oxytocin receptor-targeted pharmacology. Preliminary imaging experiments
in acute tissue slices suggest that nIROSE can reversibly image electrically stimulated oxytocin release
in brains. nIROSE and nIROx (Chapter 3) nanosensors are complementary tools, and together may
enable real-time imaging of oxytocin signaling throughout the brain.

4.2 Introduction

As illustrated in Chapters 3 and 4, neuropeptide oxytocin plays a critical role in mediating our social
cognition and behaviors. In recent years, incredible progress has been made towards understanding
oxytocin function in the brain, from brain-wide mapping of oxytocin neuronal circuitry'® to solving
the crystal structure of the human oxytocin receptor'® and characterizing the therapeutics effects of
oxytocin on individuals with autism spectrum disorder (ASD)'®. Immunohistochemistry, mRNA, and
receptor binding studies of brain tissue have revealed where and when oxytocin and its receptor are
expressed over the course of development, between the sexes, and among different mammalian
species'™ '™, Even with these strides, however, fundamental questions about oxytocin signaling remain
unanswered. To fully characterize the spatiotemporal dynamics of oxytocin release and reuptake in
the brain requires an imaging platform with the selectivity, sensitivity, and resolution requisite to
capture endogenous oxytocin signaling events.

Towards this end, we have developed a near-infrared oxytocin nanosensor (nIROx) as described in
Chapter 3'%. This covalent peptide-SWCNT conjugate is the first real-time synthetic imaging probes
capable of distinguishing between vasopressin and oxytocin in the brain. Unlike currently available
GPCR-based sensors, nIROx can image oxytocin release events with selectivity over neuropeptides
that also bind its receptor. The strategy used to develop nIROx, however, does not easily translate to
other neuropeptide targets. To synthesize nIROx, we covalently conjugated a previously identified
oxytocin receptor peptide fragment that binds oxytocin with high affinity. Such neuropeptide-binding
peptides have not been identified for all neuropeptide targets. nIROx also requires a complicated
multi-day synthesis and is only stable for 8 days after synthesis. nIROx synthesis may therefore be
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intractable for users without synthetic organic chemistry expertise and tools, and nanosensors would
be difficult to synthesize and share across labs within its viability window.

To address these challenges, we have leveraged an evolution-based strategy to identify ssDNA-
SWCNT constructs with high affinity for oxytocin. These nanosensors are easy to synthesize, stable
for months, and perform comparably to the nIROx nanosensors described in Chapter 3. Furthermore,
we demonstrate that our evolution-based strategy can be easily modified and translated to structurally
complex targets to enable the identification of nanosensors for any neurochemical of interest.

4.3 Results and discussion

4.3.1 SELEC enables high-throughput screening of ssDNA-SWCNT for
neuropeptide oxytocin sensitivity

Prior work has demonstrated the utility of noncovalent ssDNA-SWCNT as nanosensors for
neurochemical imaging applications'®. Traditionally, constructs with optical sensitivity to
neurochemicals of interest have been identified through a low-throughput screening approach, where
a library of ssDNA aptamer-SWCNT constructs are individually synthesized and subsequently
screened for fluorescence response to the analyte'*> ™. This strategy has yielded nanosensors for
analytes such as catecholamines. (GT)s-SWCNT (nIRCats) can image dopamine release in striatal brain
tissue'” ¥ and, more recently, at single dopamine release sites in neuronal soma and dendrites'*.
Structurally complex targets, such as neuropeptides, have heretofore eluded heuristic, guess-and-test

approaches.

More recently, our lab has developed a high-throughput screening approach, termed SELEC, that
enables co-evolution of molecular recognition ssDNA sequences with signal-transducing SWCNT'™.
This approach has been employed successfully to develop ssDNA-SWCNT nanosensors for selective
and reversible serotonin imaging in brain slices. Machine learning strategies, using the sequencing and
optical screening data from SELEC, have yielded nanosensors with even higher sensitivity towards
serotonin'®. To show SELEC can be applied to large biopolymer targets that have eluded low-
throughput screening approaches, we adapted our original SELEC protocol to evolve ssDNA-
SWCNT for neuropeptide oxytocin sensing (Figure 4.1).

Systematic evolution of ssDNA ligands by exponential enrichment following adsorption to carbon
nanotubes (SELEC) was inspited by the SELEX protocols developed in 1990'" ', We implemented
SELEC to identify ssDNA-SWCNT constructs that both bind and optically respond to oxytocin. We
designed our initial library with 6.9x10" unique and random 18-mer DNA aptamers flanked by
polycytosine (Cg) and PCR primers. The 6-mer polycytosine region was introduced to pin ssDNA
aptamers to the SWCNT surface; this sequence was previously demonstrated to have a high affinity
for carbon nanotubes'’. The PCR primers were included to enable enzymatic amplification and
enrichment of oxytocin- and SWCNT-binding ssDNA aptamers.
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Figure 4.1 | SELEC schematic and ssDNA library composition. In one round of SELEC, ssDNA is
mixed with SWCNT and oxytocin. The mixture is probe-tip sonicated to competitively complex ssDNA to the
SWCNT surface. Unbound ssDNA is removed, and bound ssDNA is isolated for PCR amplification. ssDNA
is isolated from the dsSDNA PCR product and prepared for the next round of SELEC. ssDNA sequences from
rounds 3-6 are prepared and submitted for deep sequencing,
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Figure 4.2 | Principal component analysis of experimental and control libraries. Plot of principal
component 2 versus principal component 1 of experimental and control library ssDNA sequences from rounds
3 (left) and 6 (right) of SELEC. Each circle represents a single ssDNA sequence. In round 3, the sequence
composition between the experimental and control libraries is similar, but by round 0, these libraries begin to
diverge. This divergence is likely due to the presence of oxytocin and is indicative of successful library evolution.
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Using an excess of ssDNA, the aptamer library was adsorbed onto SWCNT via sonication in the
presence of oxytocin. This protocol was designed to both 1) promote competitive complexation of
aptamers to SWCNT and 2) enrich ssDNA aptamers with a high affinity for oxytocin when bound to
the SWCNT surface. Following competitive complexation, unbound ssDNA sequences were
removed. Bound ssDNA sequences were subsequently desorbed, amplified by PCR, and isolated
before use in subsequent rounds of SELEC. We found that six rounds of SELEC were sufficient to
enable divergence between the control and experimental libraries (Figure 4.2) and to identify oxytocin
nanosensor candidates. ssDNA sequences from rounds 3-6 of SELEC were prepared and submitted
for deep sequencing with an Illumin HiSeq 4000. Previous work was conducted to produce and
sequence a control library, wherein SELEC was conducted in the absence of a target analyte. Control
SELEC was used to identify ssDNA aptamers that only have a high affinity for the SWCNT surface,

not the target analyte, or are subject to PCR biases'®.
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Figure 4.3 | Nucleotide frequency by position. a-d, The percent frequency of each nucleotide, A
(adenosine), C (cytosine), G (guanine), and T (thymine), was calculated as a function of position along the 18-
mer in the top 500 most enriched sequences in SELEC rounds 3 and 6 in both experimental and control
libraries. This analysis provides insight into the aptamer characteristics that enable binding of oxytocin versus
the carbon nanotube surface.
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The most enriched 500 sequences from each round of SELEC were identified after filtering sequences
that did not contain the expected 18-mer, polycytosine, and PCR primer regions. The top 50 sequences
from both experimental and control rounds 3-6 and can be found in Tables 4.1, 4.2, 4.3, and 4.4; the
polycytosine and PCR primer regions have been excluded for clarity. Comparative analyses between
control and experimental ssSDNA sequences were conducted to identify nucleotides and nucleotide
motifs that may be important for oxytocin molecular recognition.

We first calculated nucleotide frequency as a function of position along the 18-mer (Figure 4.3) to
understand the aptamer characteristics associated with oxytocin versus SWCNT binding.
Furthermore, this type of analysis may facilitate the intelligent design of a ssDNA-SWCNT oxytocin
nanosensor, as discussed in Chapter 4.7 Future Directions. Across all rounds and libraries, a few trends
were observed in the top 500 ssDNA sequences, namely a strong preference for adenosine at position
1 and guanosine at position 18 and a low occurrence of cytosine at positions 1 and 18. As these trends
are agnostic to the presence of oxytocin, they provide insight into the aptamer characteristics that
facilitate SWCNT-binding, not oxytocin affinity. While guanosine frequency is high at positions 3 and
4 in round 3 of both libraries, this trend is diminished by round 6 of the control library and sustained
by round 6 of the experimental library. It is likely that the presence of guanosine at these positions is
critical to oxytocin binding.

We conducted additional analyses in which we identified high frequency 3-mer motifs and tracked
their frequency, enrichment, and position across rounds of evolution. The incidence of trimer motifs
in the top 500 ssDNA sequences is summarized in Tables 4.5-4.6 and their percent enrichment
between rounds of SELEC is summarized in Tables 4.7-4.8. From this analysis, a few notable trends
emerge. Polycytosine was selected as a flanking sequence and aptamer anchor due to its high affinity
for SWCNT but was not present at high frequency in either experimental or control libraries. The
CAC motif was present in the control libraries at high frequency and was greatly enriched across
rounds of control SELEC. This motif likely has a high affinity for the SWCNT surface, but not
oxytocin. Across all rounds of SELEC in the experimental library, GTG is the most prevalent trimer.
This motif is also among the top 10 most prevalent motifs in the control library across SELEC rounds
3, 4,and 6. Many high frequency trimers are shared across control and experimental libraries, including
ACG and GCA, suggesting their importance for both SWCNT and oxytocin binding.

Trimer motifs such as GGC and AGG, however, are enriched in all rounds of the experimental library,
but are not present in top 25 most frequent motifs after round 3 in the control library. The increase
in enrichment of GGC and AGG trimers throughout experimental SELEC rounds and decrease in
enrichment in control SELEC rounds, indicate the importance of these trimers for oxytocin molecular
recognition. As shown in Figure 4.4, the frequency of GGC and AGG is position dependent. The
GGC and AGG motifs are most enriched at positions 1-3 of the 18-mer, with a frequency greater
than 1% at these positions. The frequencies of a subset of 3-mer motifs as a function of position in
control and experimental ssDNA libraries are summarized in Tables 4.9-4.16. These analyses have
enabled identification of high frequency trimer motifs, and furthermore, may facilitate the intelligent
design of ssDNA-SWCNT oxytocin nanosensors with higher oxytocin sensitivity than that of the
nanosensors identified by SELEC and described herein.
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Figure 4.4 | Frequency versus position for 3-mer motifs. The percent frequency of the AGG motif (left)
and GGC motif (right) across rounds of SELEC in the experimental libraries. Both motifs are observed at high
frequency in the experimental libraries, but not the control libraries. These motifs likely have a high affinity for
the target analyte, oxytocin, when adsorbed to the SWCNT surface.

4.3.2 In vitro characterization of oxytocin nanosensors

We then evaluated the sensitivity of evolved ssDNA aptamers towards oxytocin when adsorbed to
the SWCNT surface. The sequences from experimental rounds are denoted as EN#M and those from
control rounds are denoted as CN#M where N is the round of evolution (3-6) and M is the order of
frequency (1-10). The sequence E6#4 is therefore the 4™ most enriched ssDNA aptamer in the
experimental libraty from the 6™ round of evolution with SELEC. ssDNA-SWCNT nanosensor
candidates were synthesized with C3-6#1-5, E3-4#1-5, and E5-6#1-10 sequences. The top 10 ssDNA
sequences from rounds 5 and 6 of experimental SELEC were used for nanosensor synthesis as
sequences from these rounds were expended to have higher affinity for oxytocin than those from
rounds 3 and 4. Nanosensor candidates were synthesized with the 18-mer and polycytosine sequences
but without the PCR primer region to increase the density of molecular recognition moieties on the
SWCNT surface. Previous work demonstrated that nanosensors synthesized with C¢-N18-Cg have a
higher sensitivity for the target analyte than those synthesized with primer-Cs-N18-Cg-primer

sequenceslzo.

ssDNA-SWCNT nanosensor candidates were prepared by mixing ssDNA aptamer (100 uM, Cs-N18-
Cs) with SWCNT (0.2 mg) in 1X PBS and adsorbing aptamers to the SWCNT surface via probe-tip
sonication. All ssDNA sequences successfully suspended SWCNT in high yield. The nanosensors
wete then diluted to 5 mg/L SWCNT in PBS before use in fluorescence expetiments. Nanosensor
optical response is reported as AF/F, = (F- F,)/ F,, where F, is the peak fluotescence after PBS
incubation, and F is the peak fluorescence after analyte incubation. Nanosensor response to oxytocin
was wavelength-dependent (Figure 4.5), where the highest sensitivity to oxytocin was observed at the
1195 nm peak. This wavelength corresponds to the (8,6) SWCNT chirality'” and was used for all
AF/F, calculations for consistency.
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The response of nanosensor candidates as a function of SELEC round in both experimental and
control libraries is summarized in Figure 4.6. Nanosensors prepared with control library sequences
responded to oxytocin with a mean AF/F,= 0.15 + 0.05 and a maximum AF/F, = 0.28 *+ 0.05, while
those prepared with experimental library sequences responded to oxytocin with a mean AF/F, = 0.41
+ 0.19 and a maximum AF/F, = 1.05 £ 0.04. The high responsivity of nanosensors prepared with
sequences from the experimental library compared to those from the control library indicate that these
sequences were successfully evolved via SELEC to bind oxytocin. All ssDNA-SWCNT constructs
with a AF/F, > 50% wete identified through SELEC rounds 5 and 6, with E6#4-SWCNT
demonstrating the largest optical response to oxytocin. These data show that across rounds of SELEC,
experimental sequences evolve a stronger affinity for and a larger optical response to oxytocin.
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Figure 4.5 | Nanosensor fluorescence spectra and oxytocin optical response. The full fluorescence
specttum of E6H#4-SWCNT (left) and C5#1-SWCNT (right) before (black) and after (blue) the addition of 100
puM oxytocin (OXT) in PBS. E6#4-SWCNT and C5#1-SWCNT are the two most responsive ssDNA-SWCNT
constructs from the experimental and control libraries, respectively. The maximum turn-on fluorescence
response is observed at the center wavelength of the (8,6) SWCNT chirality (~1195 nm).
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Figure 4.6 | Initial screening of nanosensor candidates. Nanosensors were prepared with the most
enriched sequences from SELEC round 3 (red), round 4 (purple), round 5 (orange), and round 6 (green) of the
expetimental (left) and control (right) libraries. Circles represent the mean AF/F, at 1195 nm from n=3
replicates with standard deviation of these teplicates shown. AF/F, is reported 20 minutes after incubation with
100 uM oxytocin (OXT). Seven nanosensor candidates, all from experimental SELEC rounds 5 and 0,
responded with AF/F, > 50%.
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As the most responsive nanosensor candidate, E6#4-SWCNT was used for all subsequent optical
characterization and renamed nIROSE (near-infrared oxytocin nanosensor identified by SELEC).
nIROSE nanosensors respond to oxytocin in a concentration-dependent manner with nanomolar
sensitivity (Figure 4.7a). We next calculated nanosensor kinetic parameters by fitting nIROSE
tresponse versus oxytocin concentration to a cooperative binding model'”’, resulting in an equilibrium
dissociation constant (Kg) of 4.93 uM (Chapter 4.6.1 Supporting Equations). These data suggest that
nIROSE bind to oxytocin with even higher affinity than nIROx (described in Chapter 3).

To characterize nanosensor selectivity, nIROSE optical response was evaluated for a panel of
neurochemicals including: vasopressin, dopamine, y-aminobutyric acid (GABA), glutamate, and
thyrotropin-releasing hormone (TRH) (Figure 4.7b, Figure 4.12). As expected, nIROSE responded
significantly to dopamine relative to oxytocin [AF/F, = 1.17 % 0.07 (mean + SD)]. Neatly all ssDNA-
SWCNT constructs demonstrate optical sensitivity to dopamine, which limits nIROSE use to either
nondopaminergic brain regions or requires dopamine-suppressing pharmacology when probing
dopaminergic regions. nIROSE is moderately sensitive to the oxytocin analogue vasopressin AF/F,
= 0.30 % 0.21 (mean * SD), giving this probe comparable neuropeptide selectivity to all currently
developed endogenous oxytocin imaging platforms but with the real-time temporal resolution offered
by SWCNT-based neuroimaging probes. nIROSE is selective against thyrotropin-releasing hormone
[AF/F, = 0.056 £ 0.018 (mean * SD)], which is co-released in hypothalamus alongside oxytocin™"

151

To explore nIROSE compatibility with pharmacology, nanosensor optical response was tested for
four oxytocin receptor-targeted drugs (Figure 4.7b, Figure 4.12). While nIROSE fluorescence was
quenched upon incubation with TC-OT 39, an oxytocin receptor agonist [AF/F, = -0.48 £ 0.02
(mean * SD)|, quenching was diminished over time (Figure 4.10). These data suggest that nIROSE
may be compatible with longer incubation of TC-OT 39 (>60 minutes). nIROSE fluorescence
modulation was negligible upon treatment with atosiban, an oxytocin receptor antagonist, carbetocin,
an oxytocin analogue and receptor agonist, and L.-368,899, an oxytocin receptor antagonist, with a
mean AF/F, < 10%. These data suggest that our nanosensor can be leveraged to explore potential
oxytocin signaling changing induced by these pharmacological agents.
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Figure 4.7 | Characterization of nIROSE nanosensors. a, Dose response curve of nIROSE for OXT. Blue
circles and error bars represent the mean of n=3 experimental measurements and the standard deviation of
these measurements, respectively. AF/F, is calculated from the normalized change in peak intensity at 1195 nm
after 20 minutes. The black line represents the cooperative binding model fit to experimental data. The Kq4 value
is reported with 95% confidence intervals using the t-distribution. b, nIROSE selectivity screening at 50 uM
oxytocin (OXT), vasopressin (VP), dopamine (DA), glutamate (GLU), y-aminobutyric acid (GABA),
thyrotropin-releasing hormone (TRH), atosiban (AT), TC OT 39, L-368,899, and carbetocin (CARB). Black
bars represent the mean AF/F, at 1195 nm from n=3 replicates normalized to OXT response after 20 minutes,
with standard deviation of these replicates shown in red.

4.3.3 Nanosensor immobilization on glass and acute brain slices

Before introducing nIROSE into brain slices, nanosensors were immobilized on glass using a
previously described drop-casting method'*’ to evaluate their utility as oxytocin imaging probes on
solid substrates. We tracked the integrated fluorescence of nIROSE during an initial wash with 1X
phosphate buffered saline (PBS), followed by addition of 50 uM oxytocin (Figure 4.8). As expected,
PBS had a negligible effect on nIROSE fluorescence, while the addition of oxytocin resulted in an
immediate and sustained increase in integrated fluorescence [AF/F, = 0.45 + 0.11 (mean + SD)].
Each nanosensor, represented by grey traces in Figure 4.8a, maintained its fluorescence over
continuous laser illumination over the course of the 300 second experiment without photobleaching.
These data suggest that nIROSE can bind and optically respond to oxytocin without signal attenuation
on solid substrates.

nIROSE were then introduced into the paraventricular nucleus (PVN) of mouse brain slices. The PVN
was selected for imaging experiments due its high density of oxytocinergic neurons as detailed in
Chapter 3.3.2. Acute coronal mouse brain slices were prepared and imaged as described in Chapter
3.3.2. nIROSE nanosensors successfully and evenly labeled the PVN and maintained a baseline
fluorescence nearly 500% brighter than that achieved with nIROx (Figure 4.9a). While nIROx
demonstrates superior selectivity towards oxytocin, nIROSE has a stronger fluorescence signal in
tissue. These SWCNT-based nanosensors can thus be used as complimentary tools with advantages
for different applications. nIROx nanosensors may be advantageous in regions of the brain where
oxytocin release, and thus fluorescence modulation, is expected to be high, whereas nIROSE might
be preferable in regions where oxytocin is released in smaller quantities and are therefore signal limited.
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To investigate nIROSE imaging efficacy following electrically stimulated oxytocin release, we
employed a bipolar stimulating electrode and applied a 0.5 mA, 1 millisecond single square pulse within
the PVN for 1 technical replicate. Electrical stimulation evoked an instantaneous increase in nIROSE
fluorescence [AF/F, = 0.16 £ 0.19 (means + SD); » = 58] as shown in Figure 4.9b. While nIROSE
response to oxytocin in slice was lower than that observed with nIROx nanosensors, the stimulating
electrode used during nIROSE experiments was likely damaged, providing a weaker electrical pulse
than expected. These slice data also demonstrate that nIROSE binding and response to oxytocin is
reversible, which can enable imaging of multiple oxytocin release events. This single replicate serves
as a proof of concept that nIROSE can image electrically stimulated oxytocin release in slice but is
not representative of nIROSE performance under normal experimental conditions. Further technical
and biological replicates are needed to fully characterize nIROSE performance in acute brain slices.
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Figure 4.8 | Oxytocin imaging on solid substrates. a, I vitro integrated AF/F, traces from single ROIs
(gray) and the mean AF/F, trace (blue) from two washes of 50 uM OXT on glass-immobilized nIROx (n =
13). nIROSE nanosensors retains their sensitivity to oxytocin after substrate immobilization. b, Iz vitro three
intensity heat maps within the same field of view from one wash of PBS and one of 50 uM OXT on glass-
immobilized nIROx. Three frames are represented: “Baseline” before PBS addition, “+PBS” after addition of
1X PBS, “+OXT” after the addition of 50 uM OXT. Scale bars represent 10 um.

53



— ACSF
0.5 mA stim
v

0.3f
5.5x10°

0.2}

0.1}

Intensity (a.u.)
Integrated AF/Fo

0 1 1 1 L L
-10 0 10 20 30 40
Time (seconds)

Figure 4.9 | Imaging oxytocin release evoked by electrical stimulation in the paraventricular nucleus
(PVN) of acute mouse brain slices. a, I s/ice, field of view of nIROSE-labeled acute brain slices in standard
ACSF in the PVN. Scale bar represents 10 um. b, I s/ce, mean time trace (purple) and standard deviation (gray)
of integrated nanosensor AF/F, for a single 0.5 mA electrical pulse stimulation in PVN in standard ACSF.

4.4 Conclusions

While ssDNA-SWCNT nanosensors have been successfully developed and utilized for neurochemical
imaging in brains, the traditional heuristic approaches for identifying these constructs have heretofore
proved unsuccessful for structurally complex targets such as oxytocin. Our lab recently developed
SELEC, an evolution-based platform inspired by SELEX, which enables co-evolution of ssDNA-
based molecular recognition moieties with near-infrared fluorescent SWCNT to identify
neurochemical nanosensors. We modified and leveraged SELEC to identify sensitive, easily
synthesizable ssDNA-SWCNT nanosensors for neuropeptide oxytocin. This work also serves to
demonstrate that SELEC is an adaptive strategy for potentially any neuro-target of interest regardless
of size or structural complexity. Through SELEC, we identified nIROSE, the 4™ most entiched
nanosensor candidate from the final round of evolution, which responds optically to oxytocin with
nanomolar sensitivity. nIROSE is compatible with oxytocin receptor-targeted pharmacological agents,
and preliminary experiments in slice suggest that our nanosensor can reversibly image electrically
stimulated oxytocin release in brain tissue. nIROSE demonstrates neuropeptide selectivity that is on
par with receptor-based oxytocin imaging probes, but with the real-time temporal resolution requisite
to capture endogenous oxytocin release. In comparison to nIROx, the peptide-SWCNT oxytocin
nanosensor described in Chapter 3, nNIROSE is easier and faster to synthesize and nearly 500% brighter
when immobilized in brain tissue. While more work is required to fully characterize nIROSE, as
described in Chapter 4.7 Future Directions, our data suggest that nIROx and nIROSE imaging probes
are complementary tools. Either oxytocin imaging probe can be selected based on the application and
whether maximum selectivity, pharmacological compatibility, or signal-to-noise is required. Together
these tools can be leveraged to elucidate oxytocin signaling in the brain and provide insight into the
physiological mechanisms that underpin oxytocin-associated neurological disorders.
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4.5 Materials and methods

4.5.1 Reagents

Small diameter HiPCo™ single-walled carbon nanotubes (SWCNT) were purchased from
Nanolntegris. Oxytocin acetate salt hydrate, [Arg®]-vasopressin acetate salt, dopamine-HCI,
thyrotropin-releasing hormone (TRH), glutamate, y-aminobutyric acid, and atosiban were purchased
from Millipore Sigma. Quinpirole and carbetocin were purchased from Tocris Bioscience. All ssDNA
sequences, including the random library used for SELEC, were purchased from Integrated DNA
Technologies, Inc.

4.5.2 Systematic evolution of ligands by exponential enrichment on single-
walled carbon nanotubes (SELEC)

The SELEC protocol described hetein was adapted from Jeong e# /.. The control sequence library
from Jeong ez al. was preserved. A new control sequence library (evolved in the absence of a target
analyte) was thus not developed in this study. The initial ssSDNA library used for aptamer evolution
consisted of 18 random nucleotides flanked by 1) two 6-mer polycytosines and 2) two 18-mer PCR
primer regions: AGCGTCGAATACCACTAC-CCCCCC-N18-CCccecce-
GACCACGAGCTCCATTAG. During the first round of evolution, 100 nmoles of the ssSDNA library
(200 uL, 0.5 mM) were mixed with acetate buffer pH 5 (200 uL, 20 mM) and SWCNT (10 ug). The
mixture was bath sonicated for 5 minutes and subsequently heated at 95°C for 5 minutes to denature
the ssDNA. The mixture was then cooled to room temperature for 20 minutes. Oxytocin was added
(100 puL, 1 mM) and to bring the final volume to 500 pl. The mixture was incubated at room
temperature for 10 minutes and then probe-tip sonicated (Cole-Parmer Ultrasonic Processor, 3-mm
tip) for 20 minutes in an ice bath (30% amplitude, 2 W). The resulting suspension was centrifuged for
60 minutes at 16,000, and the supernatant containing ssDNA-SWNCT complexes was collected. The
suspension was spin-filtered (Amicon Ultra 100K MWCO 0.5 mL centrifugal filter) six times with
nuclease-free water to remove free, unbound ssDNA. The suspension was then mixed with 0.1 %
(w/v) SDBS in 1X PBS (200 ul) and heated at 95°C for 5 minutes to detach bound ssDNA from the
SWCNT surface. The mixture was centrifuged for 60 minutes at 16,000g to pellet SWCNT, and the
supernatant containing ssDNA was collected. The mixture was spin-filtered (Amicon Ultra 3K
MWCO 0.5 mL) four times with nuclease-free water to remove SDBS. The filtered solution was then
stored at -20°C.

The collected ssDNA was amplified by PCR, using a previously described protocol”', with a FAM-
modified forward primer (FAM-AGCGTCGAATACCACTAC) and biotinylated backward primer
(biotin- CTAATGGAGCTCGTGGTC). The following PCR mixture was prepared for both
preliminary and preparative PCR: Hot Start Taqg DNA polymerase (2.75 units , New England Biolabs),
1X Hot Start Taq reaction buffer, forward primer (1 pM), backward primer (1 uM), dNTP (500 uM),
ssDNA library template (~10 ng/mL). The total PCR mixture volume for each preliminary PCR
reaction tube and preparative PCR well was 100 uL.. DNAse-free water was used to dilute the PCR
mixture to the desired volume. The following standard cycling conditions were used: initial
denaturation for 900 s at 95°C; N cycles of denaturation for 30 s at 95°C and annealing for 30 s at
50°C and extension for 30 s at 72°C; final extension for 180 s at 72°C; hold at 4°C.
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The number of PCR cycles was identified through preliminary PCR to maximize dsDNA yield without
producing non-specific amplicons. Two PCR reaction tubes, with and without ssDNA library
template, was collected at the following cycles: 10, 15, 20, 25 and 30. A 4% agarose gel was prepared
by heating 1X TBE buffer (30 mL) and low range ultra agarose (1.2 g, Bio-Rad) in a microwave oven.
Electrophoresis was performed on all 10 preliminary PCR samples (100 V, 18 minutes). The gel was
stained with SYBR gold, and the DNA bands were observed under UV. The cycle number that yielded
the brightest DNA band without nonspecific amplicons was selected for preparative PCR.

For preparative PCR, a total of 10 mL. PCR mixture was prepared. Preparative PCR was used to
produce a large quantity of DNA for use in the subsequent round of evolution. 100 pL of PCR
mixture was added to 95 of 96 reaction wells, and a negative control well was prepared without ssDNA
library template.

The preparative PCR product from a single reaction well was collected, purified with a GeneJet PCR
putification kit (Thermo Scientific), and stored at -20°C for sequencing preparation. The remaining
preparative PCR product was spin-filtered (Amicon Ultra 10K MWCO 15 mL centrifugal filter).
ssDNA was extracted from the PCR product using the following protocol: Streptavidin Sepharose
beads (2.5 mL, GE Healthcare) was added to a mounted sintered Buchner funnel (<10 pm pore size);
beads were washed with PBS (10 mL); PCR product was incubated with beads for 30 minutes, passed
through the funnel (3 times); the beads were washed with PBS (10 mL). To elute and collect FAM-
labeled ssDNA, NaOH solution (8 mL, 0.2 M) was added slowly.

To desalt the ssDNA, a NAP10 desalting column (GE Healthcare) was washed with deionized water
(20 mL). ssDNA solution (1 mL) was added and drained. DN Ase-free water was added (1.5 mL) and
the eluate was collected. Desalted ssDNA was spin-filtered (Amicon Ultra 3K MWCO 15 mL
centrifugal filter) to concentrate and dried using a DNA Speedvac.

For subsequent rounds of SELEC, the dried ssDNA was reconstituted in acetate buffer pH 5, and
the concentration was determined by measuring the UV /Vis absorbance at 260 nm.

4.5.3 High-throughput sequencing and analysis

To prepare sequencing libraties from ssDNA, two sequencing PCR steps were used'” to add Illumina
TruSeq universal adapter sequences and sequencing indices. Libraries from SELEC rounds 3 to 6 were
sequenced with an Illumina HiSeq 4000 at the Genomic Sequencing Laboratory at the University of
California, Berkeley. From the ~20 million raw sequences generated from each round, we removed
sequences that did not contain the correct fixed regions (flanking 18-mer PCR primers and 6-mer

polycytosine). The FASTAptamer toolkit was used to filter and count sequence frequencies'”.

4.5.4 Nanosensor synthesis

To prepate aptamer-SWCNT, SWCNT slurry (900 pL, 0.22 mg/mL in 1X PBS) and aptamer (100 L,
1 mM in DNAse-free water) were mixed. The mixture was vortexed for 3 seconds, bath sonicated for
10 minutes, and probe-tip sonicated (Cole-Parmer Ultrasonic Processor, 3-mm tip) for 10 minutes
(50% amplitude, 5 W) in an ice bath. The resulting suspensions were centrifuged at 16,000g for 60
minutes to pellet unsuspending SWCNT. The supernatant (900 pL) was centrifuged again at 16,000
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for 30 minutes, and the supernatant (850 uL) was used transferred to a new tube. The concentration
of nanosensors was calculated by measuring absorbance at 632 nm (NanoDrop One, Thermo
Scientific) with an extinction coefficient of e = 0.036 (mg/L)" cm™ '**. Nanosensors were then diluted
to 5 mg/L SWCNT in 1X PBS and stored at 4°C for further use. Nanosensors were not used in
experiments for at least 24 hours after dilution. Nanosensor suspensions are were stable for at least 6
months after synthesis if stored at 4°C. The SWCNT slurry was prepared by mixing hydrated SWCNT
(500 mg, 1 ¢ SWCNT/50 mL water) with 1X PBS (50 mL). The mixtute was bath-sonicated for 60
minutes and then probe-tip sonicated (Cole-Parmer Ultrasonic Processor, 6-mm tip) for 20 minutes
(25% amplitude) in an ice bath. The SWCNT slurry was stored at room temperature. Prior to use in
nanosensor synthesis, SWCNT slurry was vortexed for 3 seconds and bath sonicated for 10 minutes
prior to use. Aptamers were heated at 55°C for 5 minutes and cooled to room temperature before use.

4.5.5 Optical characterization and analyte screening

Near-infrared fluorescence spectra were collected using a custom built spectrometer and microscope
as described previously'”. Measurements were obtained with a 20X objective on an inverted Zeiss
microscope (Axio Observer.D1) coupled to a spectrometer (SCT 320, Princeton Instruments) and
liquid nitrogen cooled InGaAs linear array detector (PyLoN-IR, Princeton Instruments). Nanosensor
suspensions were excited with a 721 nm laser (OptoEngine LLC) inside a polypropylene 384 well-
plate (Greiner Bio-One microplate).

For analyte screening, the baseline near-infrared fluorescence spectrum of each nanosensor-containing
well was collected. Either PBS or analyte diluted in PBS was added, and post-analyte fluorescence
spectra were collected at 5-minute time points until the maximum oxytocin fluorescence response was
achieved (~20 minutes). Responses wete calculated and reported as AF/F, = (F- F,)/ F., where F, is
the peak fluorescence after PBS incubation, and F is the peak fluorescence after analyte incubation.
The peak fluorescence corresponds to the (8,6) SWCNT chirality, which has a maximum near-infrared
fluorescence at ~1195 nm.

For selectivity screening, all analytes were added at a final concentration of 50 pM. During oxytocin
screening of various nanosensor constructs, oxytocin was added at a final concentration of 50 puM.
For dose response experiments, final oxytocin concentration ranged from 1 uM to 100 uM.

Fort in vitro expetiments, nanosensor suspensions were prepared at 5 mg/L in PBS. All measurements
were obtained in triplicate, and reported results include the means and standard deviations of these
measurements.

For immobilization experiments on glass, nanosensors were immobilized on MatTek glass-bottom
microwell dishes (35 mm petri dish with 10 mm microwell). To immobilize nanosensors, the dish was
washed twice with PBS (150 uL). Nanosensors (100 pL, 2.5 mg/L in PBS) wete then added, incubated
for 10 minutes, and removed. The dish was washed twice again with PBS (150 pL). Surface-
immobilized nanosensors were imaged on an epifluorescence microscope (100x oil immersion
objective) and a Ninox VIS-SWIR 640 camera (Raptor) and excited with a 721 nm laser. For each
imaging experiment, the z-plane was refocused and 120 pLL PBS was added prior to recording. Image
stacks were collected with a 950 ms exposure time and 1 Hz frame rate for 5 minutes. PBS was added
at frame 60 and oxytocin was added a final concentration of 50 pM at frame 120. Image stacks were
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processed in Image] by applying a median filter (0.5-pixel radius) and rolling ball background
subtraction (300-pixel radius). ROIs were manually identified and characterized using the ROI
analyzer tool. Responses were calculated and reported as AF/F, = (F- F,)/ F., whete F, is the mean
integrated fluorescence after PBS incubation, and F is the peak fluorescence at each timepoint after
oxytocin addition. The means and standard deviation of all 13 ROI AF/F, values are reported.

4.5.6 Imaging electrically stimulated oxytocin release in acute brain slices

To electrically stimulate oxytocin release, a bipolar stimulation electrode (MicroProbes for Life Science
Stereotrodes Platinum/Iridium Standard Tip) was positioned within the putative paraventricular
nucleus using a 4x objective (Olympus XLFluor 4x/340). The stimulation electrode was introduced
into the top of the brain slice and an imaging field of view nominally 50 um from the stimulation
electrode was chosen using a 60x objective. A total of 600 frames were acquired at nominally 4 frames
per second, where stimulations were applied after 200 frames of baseline. Stimulation pulses were
applied for 1 millisecond at 0.5 mA.

4.5.7 Image processing and data analysis of nanosensor fluorescence response
in acute brain slices

Imaging movie files were processed using a custom MATLAB  application
(https://github.com/jtdbod/Nanosensor-Brain-Imaging). ROIs were identified by first applying a
25x25 pixel grid mask to the image stack. The median pixel intensity and a median filter convolution
within each ROI was then calculated. Post-stimulation and exogenous oxytocin fluorescence
responses were calculated as AF/F, = (F- F,)/ F,, where F, is the average intensity for the first 5% of
frames and F is the dynamic fluorescence intensity. Significant AF/F, traces were identified by
thresholding with Otsu’s methods to differentiate ROIs from the background. For stimulation
experiments, decay time constants (1) were computed for significant ROIs by fitting each AF/F, trace
to a first-order decay process. Latency to peak was calculated as feax — %im, Where 4 is the time at
which maximum fluorescence occurs, and 4ein is time of stimulation. The AF/F, traces where latency
to peak is greater than 5 seconds were assumed to result from stimulation artifacts and were thus
removed from analysis. The maximum AF/F, of each significant ROI trace was identified, and the
AF/F, of a stimulation ot exogenous oxytocin wash was reported as the median of these values.
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4.6 Supporting information

4.6.1 Supporting equations

nIROSE (E6#4-SWCNT) nanosensor kinetic parameters were quantified by fitting dose response

data to the cooperative binding model below:

Kinetic parameters were calculated as n=1.63%£0.976, b=0.087%£0.092, a=1.77£0.483, and
Kq=4.93%3.19 uM and are reported with 95% confidence intervals using the t-distribution.

F'Fo _

(Kq[SD"

b

4.6.2 Supporting tables

Fo o (Kg[SD™+1

Table 4.1 | ssDNA sequences from SELEC round 3.

ER3 (Experimental SELEC Round 3)

CR3 (Control SELEC Round 3)

Ran
k Sequence # of Sequence # of
Reads Reads

1 GGGGTTACTATATGACA 20 ACAGACCGACGTGTGCT 5
T G

2 CCCcccceceececeecccececccececce 12 TGGGAGCCéTCTTGTGC 5

3 AGGGGAGCC}STGCGGAG 12 GTTCAGCCTTTTCGTTCG 5

4 GACTTGGGCTCATGCTG 10 GGAATCTCCGGCGTCTA 5
T T

5 TAGACAGGGCTGACTGT 10 TAGCACAGGTCGTCTAT 5
G T

6 GGCGGACAGACTCTAAT 10 GCCAATATAGCCCTTCC 5
G G

7 GGGGGCACAGGGCGAT 9 AATCACTGCAATGGTCG 5
AC T

8 TGACGTCCTGACATGTTC 9 AACACATT(;ACGTGCAC 5

9 GTGTAGTACATGGCGGC 9 GGGCTGTGCCGTCATGC 5
G G

10 CAGGAATCCGACATGGC 9 GATGGGGAATCATGCGT 5
T G

11 CAAGCTGGAGTGGCAAG 9 AATGATACGGTGACGGT 4
G G
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12 AACGATACAGTGGGGTG GGAGGTAAAAGGACAT
C GT
13 | ACGTGCTCTATGTTTCTA AGCTGCAG((}:CGCACTGT
14 TGGTGCGCCAGGGCCGT GGCAGCGGGATGACAC
G GG
15 GGGGCAAGGAGACAGC GCTGGACCTCGTACATG
AT T
16 GATCGGGCGGTGGGAT GGGGCATGATACTTGGT
CG C
17 TGTGCGGCCCTGGTCGT TAGGGCTTAGATGACGG
C T
18 TGGCGTGCS;TGTTTGGA GACCCGTACTCTTCCATA
19 GGAGCAGTGGCGGAGA GGAGTTTCCACGTGCGA
GA T
20 ATTAGACGTTTAAGAGT GTAGTGGGCATCACTTC
G G
71 AGGGATGCGCCCCCGTG AAGCGGAAGGACATTGT
T G
2 AGGGGATACGCGTCGTC TTGGACTCTCTAGTGTG
G C
93 TCGTGAGGTTTCATCGA CTGGAACTCGCTCTCGT
T T
GACGTGGGGAGGCGGT AAGCGGGCTGGGAGTG
24 CC CG
25 GGGAGTAGTAGTCATCA GATCACGTAATGCGCGC
T T
26 ATCAAGGCTATATCGTG ACATGACGTATGCTCCT
C C
27 ATAGGTGTGTGCATTCG GACAAGGGTCACGGAT
G GG
3 TTGACTGCTCGCGATAT CATAGGGACATGACGGC
A G
29 AGGCAGGAAACGACGA GGCGGCCGCTATTGCTT
GG T
30 ATTGGACGGACTACGTA ATACGCGTGCTACATGT
T G
31 GCGTGGCGTGATATATC AGTGGGTTATACGTGTT
G C
3 GGGTTAGAGTTGCGAAA GATGGCGTCAGCTGGC
T GT
33 AACGGGCTAACAGATAG TCAGCGGAGGATGTGTT
G A
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CAAGCAGGACGGGACTA GGAGTGCGTGCCGTGT
34 G 7 AG 4
35 GTGGTGGTACCGGCCCG 7 GCTGCTGCTCGATGTGC 4
A G
36 GTACATGGGGAGAACAG 7 AGGCATCTTCGTGCGGT 4
T G
37 ACGTTGCGGGTATCTGA 7 AGACGAGAGCTCCATCC 4
T G
38 GGGCGGGCACCCACGAC 7 ATGCCAACGTGGACTGT 4
A G
39 TGGGTAGGTACGGTCAT 7 AGCGGTGATCAACGTGT 4
G G
40 AGGGCTAAGATCGAGGT 7 ACTGACCAGCGTTGTGT 4
T G
41 | TGTGCCGATCCTTACACA 7 GTTGGGTAS: CAGTATAC 4
GACAGTGGCTAGTGCGT GACTACGCGGATGACTG
42 G 7 G 4
43 GCCGTGTCCGCTGATAT 7 ACTGCCCACTCTGGTGC 4
A T
44 GTTCTCAT(;GGACTAGG 7 TCACCAGTTCATCGTGTC 4
45 TGGTTAGATGAGGCGTG 7 AGCCATGGTACCGTGTG 4
G G
AACAGGGCGTCGGCCGT GGGGCGACACAGCATG
46 G 7 CA 4
47 AGCTATGCCGCCGCCGT 7 AACCAGGAGTCATCCGT 4
T T
GGAGGCGAATTTGGTG TGCACCGGACTTCCGAC
48 GA 7 T 4
49 TCGATGTCAGCCGCGCG 7 AATGATGCAGATGACGT 4
T G
AGCAGAGGAGGCGGCG AGGGTGTCCAACTCGCC
50 GA 7 T 4

Table 4.2 | ssDNA sequences from SELEC round 4.

ER4 (Experimental SELEC Round 4)

CR4 (Control SELEC Round 4)

Ran
k Sequence # of Sequence # of
Reads Reads
| | ATCATCATCATCATCATC 14 ACACAGCA?ATTCCGC 7
5 GTGGGTGCATTTGCTGT 12 GCACCAACCAGCCGTCT 6
A G
3 GACGGCATTCAGGCACG 12 TCACCACATTCGACGGC 5
T G
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4 TGTAGTGCECGGCTGCC 10 ACCACAAG%GACTGTCC
5 AGGCTGCG%”AAGTCTGC 10 GCCGACAT’;}ACTCCTCC
6 ATGTAGTG;FTCTAGTCG 9 ACACACCAéTGACCTGT
7 GGGGCGAGGCCATATCGT 9 TACCCACAgCACACACT
3 TCGGGCAGSTTTCACGG 9 ACTGCACA’E}CGACGCGC
9 ATGTGGGGA?}AGGGACA 9 ATTGCCGCéATCCTCAT
10 GACGATGGETGTACGGT 9 AGGCCACCgTCGCACGT
11 GGGAATAGEGTCGTGCG 3 GCACAGCA’;IGCTCCCGA
12 CGGGCAAGé}ATTACAGC 3 ACAGTACCéACACGTGC
13 CAGCATGG[éGGGTTGTA 3 GCACACACgAGCCGTCT
14 GTTACGA(é((}}GAGGAGG 3 AACACCACATCACGGCGC
15 TGCACCAAgCATCAGCG 3 GCACACAG%GAGATGCC
16 GGCGGGGTPZ}ACCACTGC 3 ATCCACCA%CACCGTGC
17 | ATACTCGCCCATACGCCG 8 TTAATGACEGACGTTGT
18 CATTCGGTCC}}CGGCCCGG 3 ATCCGACAgTCTCCGGT
19 TAAGGCGAéGTACCAGT 3 AACAGCAC’(;ATCACGTG
20 CCccceeeeeeeeceeeecece 8 AGCACCATgCATCCTGT
21 TGGGTATC[;CGGGAAAG 3 ACACCCAC?CACTGTGC
2 AGTTGGTT%CGGCTGGA 3 GCGGCATA’(;CAGTGTGC
23 GATACTGC(%GTTGACGG 3 GCACACCC%AACTCCGC
o4 CTATGGAG%AACAGTGA 3 GATCCGGTgGTGCATCC
25 TAGCGTAA?GTCCATGT 3 ACAGTACG’?CCTGTGCC
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2% GCAGGGCAAGTGAAGG TCGCGTGACTGGCCTGT
TG A
27 | AATCCACCACCTGCTGCT GGCACACCXTATACGCCA
3 GCATCAGCEGGCTTAGC AGGCACAG'ZI}CCGCATGC
29 AATGGAAGgAGTGAGAT GCACACTCCTGCCTTCCT
30 GGCTAGTAéGGTGTCCT TACACGACéTGCCGCTC
31 ATGAGGCCETGAGGAGT ACCACGCA;CATCCGTG
30 ATAGGGCG}?ACCACTCC TGGACTCA?ATCCCGTG
33 GCGGTAGT;}CATGCTCC ACCATGTC?CACACGTG
34 GACGGGGESACGCGGT ACACGATA%GAGCTGCC
35 ATGGCCGGéCTCTTGGC GAGGAGT%(C}}ACGCACG
36 AACCGGTG’%:GCTGCGGA GGACGGTACSTCTCCAGT
37 TACGGAGQXCACGGCGA ACACCGTCéTACATCGT
38 GGCGACAGTT GCCTAATG AGCCGCTCCATCCTTCCT
39 GGTGATGTgCCCGATCT ACGGCACAEAGGACGCT
40 AGGATCCGECGGGAGCC ACGAACGGéTAGTGTGT
41 GACTGTGGgTGACGCTG AACACTCG?TGTCGCTC
42 AGAGGTGGé&AACGTGCT AAGCTGCCEAAGCGACT
43 TCCCCGAGiGCCGACTT GGGAGGT(?SCAATATC
44 ACGGGTGéngTCGGCT AACCGATC[(;TTGCCGCT
45 GCCGGGTTgCCACTAAC ATCGGGCig‘rAGGACAG
46 GGATGCT%(&GATGAGG GCCGTGATgGTTCCGAT
47 GGTGCTGG;TCGGTGAA GCACACCAéTACTCGAT
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48 GGGCGGACACTTTGCGA 7 ACCACCACTGTCCATGT 4
C G
GGCGATACGGTGAGAG AGCACACATCGACGTCC
49 GT 7 G 4
50 GGTGAACGAGACAAGCT 7 AACAAACCACGACGCGT 4
C A

Table 4.3 | ssDNA sequences from SELEC round 5.

ERS5 (Experimental SELEC Round 5)

CR5 (Control SELEC Round 5)

C

Ran
k Sequence # of Sequence # of
Reads Reads

AAGATGTATCGTGTGCT AACACCACACACGGCGC

1 G 9 T 264

2 Ccccceeeeececeeeceeceee 9 AGCACACT%CACTCCGC 232
GGGTAAGGGCACAACA GCACACACCAGCCGTCT

3 GT 9 G 216
AATACAGCGGTGTTTCT AACCACACACCGTCCGC

4 A 9 T 209
TATTACACTAGTGGATG ACCACACCATCGACGCG

5 G 8 T 159
AGTTTGGTACTACTTCC AGCCACACGACGCGCTC

6 G 8 T 157
TTGAGCGTAACGACAGT ACGGCACACACCATCGC

7 G 8 T 145
AGGGTATAACGTCCTTT ACGACACTGCACGACGC

8 G 8 G 139
ATAAACAGTCTAGCTGT ACGGCAACTCCCATTCC

9 G 8 G 120
AGGAACTACGATCGTGA ACGACACCACACTGCTC

10 A 8 T 119

11 TAACGGGT;ATCCATAA 8 AACCACCTCCACTCCGCT 115
TGGGTCACATATAGAGC ACACAGCATCATTCCGC

12 T 8 T 115

13 GGCCAATGEATTCGTGT 8 ACACCTCACACATCGCCT 114
TTATGAGAAGTACGAGC AACACGGCACACTCACA

14 T 8 T 113
AAGCAGAAAGTGTTGGC ACCACTAGCCATTCCGC

15 A 7 T 113

16 ATTAGACC;GTCGCCCG 7 ACACACACACTCTCCGCT 111

17 ACTTCGCGGTTGATAGG 7 AACACCTCACACTCCGCT 102

64




13 GGGAACAAGTTGATCGG ACACAGCCATGCCGCTC 08
T G
19 ATACTAATGGCGAGACG AGCACACATCGACGTCC 08
A G
20 AGATGACTTAGTGACAT GCAGCCACACGTCGCTC 97
T G
71 ACAAGTATACCGTTAGC AACACCACCATCACGCC 97
T G
22 | ATCATCATCATCATCATC TCACACCAECACCGTGC 92
93 AAGCAGTTATACTGGGT AGCACAACACGGCATCC 38
A T
ACGAGGGCGTAAGTGG ACACACCGACTGCCTGT
24 CA G 87
)5 TGAAGAGGTGAACTGTA ACGACATCCTGCACTCC 35
A G
26 TAGACGGTAAACTGTGA ACACCACAACACGCTGT 35
T G
27 | AGGTATCCCCATAGTCCT ACCGCACA%CACTCCGA 85
23 CTTACGGTCATACTGTG ACACCACACCGACGACT a4
T G
99 GAATGGCGTTGGTGGTA AACACACACCGCGCCGA 33
A T
30 TAGCACCATGGGGTTAA ACACGAACGCCACTTCC g2
T G
TGGAGAGAGACGGTGT ACCACACGACAGACTGC
31 81
AC G
32 CAAGGGATg GAATTATA ACACCACACCACTCCGCT 81
CAGGAGGAAGGGATAC ACACCACCACAGACGCG
33 GA T 80
34 ATGATATATGGCAGTGC ACACGTCCAGACCATGC 30
T G
GTGTGCAAGAAGACATG GGCACACGAACGACGC
35 . GG 80
36 AATAGGCAACCTACCGA ACCGCACCATACTCCGC 30
T T
37 GGAGGTGATTTTGCTTG AGCACCGTCACACCTGC 79
G G
38 | GACATTGTCTCTTCCGTA ACACAGCAiACGGCGCC 79
39 AGGGTCATGAGTTCTGG ACACACAGTCGACGCGT 79
T A
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AGGTAGCGACTTTACAA ATGCCACTACACTCCGC

40 \ 6 T 78
AGATGGTGATACATGGT ACTGCACATCGACGCGC

41 \ 6 G 78
AGAGAGATGGATGATG ACCACACACCACCGTGC

42 GA 6 T 77
GACGATCGTGATTCTGA AGCACATACCGCTCTCC

43 C 6 c 77
AAAGGGTAAGCCGTTAT ACGCAACACTGCCTTCC

44 T 6 C 77
CTTCAACCGCTAGTACG AACACACCATGCCGCTC

45 i 6 T 76
AAGTCCGTGTACATTGC AATGCCACACACGACGC

46 o 6 c 75
AGGATAACTGCTCTTCA GCACCAACCAGCCGTCT

47 \ 6 o 73
ATCGGGAAAACTGCCTG AGCAGCAGCCAGCACAC

48 T 6 N 73
TGGTAAAGACTGTGCAC ACCATGACACCGTGCGC

49 T 6 T 73
AGGTCTATATGGTGGCG AACACCACACGACGTGC

50 T 6 c 72

Table 4.4 | ssDNA sequences from SELEC round 6.

ER6 (Experimental SELEC Round 6)

CR6 (Control SELEC Round 6)

Ran
k Sequence # of Sequence # of
Reads Reads

1 ccceceeeeceeeeceececee 25 ACCGCATC(;ACATGTGC 572
AGGGCCTAGGGATGAC ACCGCACGAGCCAGTGT

2 GT 12 G 480
GAGCAACGGGTCAGCAT TCACCACATTCCGCTGT

3 - 11 G 381
ACGGGACCGCAGATCGA ACCGAGAGCAGACGAT

4 G 11 T 336
AAGTAGGGACAGAATAC AACACCACACACGGCGC

5 G 9 T 335
GGGATTCGGTCATGTCC GCAGCGTGACTTGACGT

6 . 9 G 293
TGCATCGCAACAGCAGT AACACGGCCCTCATGTC

7 T 9 G 289
GGGGCATTCACTGAGCT AGCCGTATGCACACCTC

8 G 9 A 284
GTAGAATGGGCATCGTC ACACACCGTTCATCCGC

9 G 9 G 283
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AGCGGCGGCGACGGCG GCTGATCGACGACACGT
10 AA G 267
11 ACACTGCGGGTAGCTTG AACACGACATGCAGTGT 257
C G
TTAGACTGCACTTCACG GGCCACATACATACGGT
12 A G 254
GTAGGGTCATGACCAAG TGCAGCCCACGACATGC
13 G G 243
TACGTAGCTCAAGGGTA ATGCGGAGTCCGACTGC
14 C G 238
TGGGCAGTGCAACTGTT GCGGCATACCAGTGTGC
15 A T 234
GAGGCAGTGACAGTGG AGCGACCAATGACCGGT
16 AG G 234
GCGCTGCCAGCATGCGG ACGGCAAGGTGAACGG
17 G TG 232
GGTTGGGAGCGGCACA AGGATGGCTTACGTGCT
18 CT G 232
TGCATACGTGACGGCGC GACCTCATCCGTGCACG
19 " T 227
TGGGATCCATCTCAGGA GTGCCGAATGCAGTGTG
20 A C 227
CTATCGCGCGTGGACCT AGGCAGACCGCACCGTG
21 A T 226
GCGACGATCATGACTGT GGCCAAGACCAGACGG
22 223
T CG
23 ACGGGCAAEGAATTAGC ACTGCTCCTCATCCTGTG 222
GTGGGATCGACACTGCC AGGACACAGTGACATGC
24 T T 219
TGCGGGCAGACGCGGC GCCAAGCCGCGACGTGT
25 AA A 217
ATGGCAGGCCCACAGGT ATGCAGACAGCCAGTGC
26 G G 215
AAGCAGGAGACTTGCGT GGCCAAGACAACGTGTC
27 G G 214
GCAGTGACACAGACAGC ACAGATGCGCCATCCGA
28 T T 213
ATATCGGACCGTGGCGC GAGCAGCACCAGACATG
29 T T 209
ATGCAATGGTTCAGCGA AACGACCGGATGTGTGC
30 . T 209
AGGCAAAGAGTGTCGTC TCGACACACATCCGCGT
31 " G 209
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GATGGTAACGGTACATG ACGTGCGCCACTCCTCC
32 G 7 T 208
GGTAGGCGCGATGAGG AGCCATGTGCCTCCATC
33 CT 7 G 207
34 ACGGACTG((}:TGTCAGTG 7 TCCACACCATTGCGCTCT 207
TCATCCGCGTGACGTGC GCACGATGGTAGACGT
35 G 7 T 207
AGCAGAAACGGAGGCA AGCCGACTCCACACGTG
36 GT 7 G 204
GACTCAATCAGAAGACT ATGCACCAACCACGTGC
37 A 7 G 201
CGCGGGGCACAGGCGC GACGGCATACGTCCCGC
38 GA 7 T 200
GTATTAGTGGCGTCTTG AAGCCGCCACACGCATT
39 . 7 G 197
ACGGTGGCAGGTAGGT ATCCTCACCCAATGTGC
40 AT 7 G 197
ACGGGTTAGGAGGATTA ACGGACACGTGACTGCA
41 " 7 G 195
ATCGACGTGTGAGGACT TGTACATGACGCCGTGC
42 A 7 A 193
AAAGCGAGTCGGCAAGA AATGGCCAACTGTGCGC
43 G 7 T 193
GTGTGCGAAGAGTCTTG GCGTACGGGAAGTGCT
44 = 7 GT 192
AGACACATGCATCGACT AACGCGTCATACCCTGT
45 - 7 G 191
TACGGTGTGCTCCAGCT AGCACACATCGACGTCC
46 G 7 G 190
TGACCGGGAGAGGGCG ACGCATCATCGACCTGT
47 7 190
TT G
48 | ACACAGCACACATCCCCT 7 AGGGACAC? CACACCGA 189
AACAGGCGGTACTGGAG ACTGCCCTCACCATGTC
49 C 7 G 187
ACGGGAATACAGCAGAT GCACAGACGACGTGTAC
50 A 7 T 187

Table 4.5 | Top 25 3-mer ssDNA motifs in rounds 3-6 of experimental SELEC libraries.

Ran ER3 ER3 ER4 ER4 ER5 ER5 ERG6 ERG6
k Motif Reads Motif Reads Motif Reads Motif Reads
1 GTG 1439 GTG 1423 GTG 1121 GTG 1217
2 GGC 1280 GGA 1314 GTA 1063 ACG 1159
3 GGG 1259 CGG 1266 ATG 1024 GCA 1153
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4 CGG 1230 GGG 1247 TGG 970 GGC 1153
5 GCG 1181 AGG 1185 GGT 962 AGG 1125
6 GGT 1159 GGC 1158 TGT 936 GGA 1084
7 TGG 1143 GGT 1153 AGT 907 GAC 1064
8 AGG 1136 TGG 1144 TAT 904 CGG 1043
9 GGA 1093 GCG 1142 GGA 858 GGG 991

10 ACG 1000 ACG 1123 ATA 846 CAG 978
11 GAG 984 GAG 1028 AGG 838 TGG 968
12 GCA 937 GCA 1008 TAG 830 GGT 962
13 GAC 896 TGC 985 GGG 762 GCG 911
14 ATG 875 ATG 966 GAT 760 AGC 840
15 CGT 863 CGT 966 GTT 742 ATG 828
16 CAG 857 GAC 936 GAG 732 GAG 805
17 TGC 854 GTA 878 TAC 726 GTA 778
18 GCT 841 AGT 859 CAT 725 AAG 762
19 AGC 797 GCT 831 ACG 722 TGT 757
20 TGT 788 CAG 810 ACA 703 CGT 749
21 CGA 758 TGT 787 CGT 0688 GAT 724
22 CTG 729 CTG 763 AAG 084 GCT 718
23 GAT 721 AAG 753 AAT 0683 AGA 705
24 AGT 720 AGC 733 TAA 674 CGA 095
25 TCG 709 TAG 717 ATT 065 CAT 084

Table 4.6| Top 25 3-mer ssDNA motifs in rounds 3-6 of control SELEC libraries.

Ran CR3 CR3 CR4 CR4 CR5 CR5 CRO6 CRO6
k Motif Reads Motif Reads Motif Reads Motif Reads
1 GTG 975 GTG 826 CAC 22691 GTG 40745
2 TGG 671 ACG 726 ACA 20172 ACG 38591
3 TGT 671 CAC 685 CCA 16624 GAC 36418
4 GGT 656 CGT 0653 ACC 16318 CAC 35346
5 GGA 601 GAC 652 CGC 13714 CGT 31042
6 ATG 582 ACA 614 CCG 13418 ACA 30430
7 CGT 566 GCA 611 ACG 13058 CCG 30150
8 ACG 553 ACC 597 GCA 11533 ACC 29376
9 CGG 518 TGC 587 CGA 8850 GCA 28770
10 GAC 516 CCA 555 CAT 8739 TGC 27752
11 GCG 509 CCG 543 GAC 8455 CCA 26797
12 TGC 509 TGT 539 TCC 8354 CGC 26010
13 GGC 502 CGA 518 ACT 7765 CGA 25779
14 AGG 501 CAT 498 AGC 7679 TGT 24469
15 GGG 471 CGC 498 AAC 7661 CAT 24237
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16 GAT 450 TCC 484 ATC 7496 CAG 23758
17 GCT 450 CTG 468 GCT 7422 ATG 22980
18 GTA 441 CAG 462 GCC 7352 GCG 22393
19 AGT 438 GCT 439 CGT 7288 TCC 21720
20 CTG 432 ATC 419 CTC 7054 GCT 21555
21 TCG 423 CCT 411 GCG 6361 GCC 19349
22 TAG 417 GCG 407 CAG 6342 ATC 19290
23 CAT 414 ATG 401 CAA 5493 ACT 18612
24 CAG 405 ACT 400 TCG 5092 CTG 18500
25 ACA 382 AGC 396 CTG 4948 AGC 17524

Table 4.7 | Enrichment of 3-mer ssDNA motifs between rounds 3-6 of experimental SELEC
libraries.

Ra | ER3-ER4 ER3-ER4 % ER5-ER5 ER4-ER5 % ER5-ERG6 ER5-ERG6 %
nk | Enriched Enrichment Enriched Enrichment Enriched Enrichment
1 AAT 55.2 TAT 162.0 CGC 238.0
2 TAA 52.4 TTT 126.5 GCG 134.8
3 AAA 46.1 TTA 119.2 GGC 129.7
4 ACC 41.2 ATA 107.9 GCC 127.9
5 AAC 39.9 ATT 90.0 CGG 121.9
6 GAA 39.6 CTA 48.9 CCC 98.3
7 ATC 32.2 AAT 47.2 GCA 90.3
8 GTA 26.1 AAA 41.4 CCG 72.9
9 TCT 24.5 CTT 40.6 CGA 71.6
10 TAG 21.5 TAC 34.9 CAG 67.5
11 GTT 20.5 TAA 34.8 GAC 63.2
12 GGA 20.2 TTC 34.6 CAC 61.9
13 AGT 19.3 GTA 21.1 ACG 60.5
14 CGC 19.0 TGT 18.9 AGC 46.6
15 CAA 18.2 TTG 18.9 ACC 41.0
16 TTC 17.2 ACT 17.8 CCT 36.4
17 TCC 15.6 ATC 16.7 AGG 34.2
18 TGC 15.3 TAG 15.8 TCG 34.0
19 TCA 12.4 GTT 15.6 CCA 32.2
20 ACG 12.3 TCT 15.5 GAA 31.5
21 ATA 12.1 ACA 13.0 GGG 30.1
22 CGT 11.9 CAT 12.6 GGA 26.3
23 CTC 11.5 GAT 9.2 CTG 25.6
24 AAG 11.1 TCA 8.1 GTC 15.1
25 ATG 10.4 ATG 6.0 AGA 13.9
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Table 4.8 | Enrichment of 3-mer ssDNA motifs between rounds 3-6 of control SELEC

libraries.
Ra | CR3-CR4 CR3-CR4 % CR5-CR5 CR4-CR5 % CR5-CR6 CR5-CR6 %
nk | Enriched Enrichment Enriched Enrichment Enriched Enrichment
1 CAC 186.6108787 CAC 3212.555 TGG 8494.828
2 ACC 139.7590361 ACA 3185.342 GGT 4768.148
3 CCA 120.2380952 CCA 2895.315 GTT 2308.333
4 AAC 78.40375587 CGC 2653.815 GGA 2248.705
5 CGC 75.35211268 ACC 2633.333 TTA 2155.556
6 TCC 71.02473498 CCG 2371.087 TAT 2002.273
7 GCA 64.69002695 CTC 2050.61 GGG 1787.805
8 CCT 63.74501992 AAC 1916.053 TTG 1516.803
9 ACA 60.73298429 CAA 1912.088 AGT 1407.235
10 CCC 56.71641791 ACT 1841.25 AGG 1400.5
11 CGA 54.16666667 AGC 1839.141 TAA 1315.484
12 CCG 53.82436261 GCC 1824.607 TAG 1287.845
13 ACT 35.13513514 GCA 1787.561 TGA 1183.443
14 CTC 33.33333333 ACG 1698.623 GTA 1166.494
15 ACG 31.28390597 ATC 1689.021 GAG 1029.672
16 ATC 26.58610272 CAT 1654.819 TGT 1009.705
17 GAC 26.35658915 TCC 1626.033 GTG 849.7669
18 GCC 20.50473186 CGA 1608.494 AAG 806.4298
19 CAT 20.28985507 TCA 1604 ATA 803.9039
20 CAA 19.73684211 GCT 1590.661 ATG 725.7276
21 AGC 19.27710843 GCG 1462.899 AAT 665.0685
22 CGT 15.37102473 CCC 1348.095 AGA 573.2287
23 TGC 15.32416503 TCT 1284 GAT 565.6148
24 CAG 14.07407407 CAG 1272.727 GAA 542.9782
25 CTG 8.333333333 TCG 1243.536 TGC 475.2902

Table 4.9 | Frequency of the ACG motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

ACG Motif

Position

ER3

ER4

ER5

ERG6

CR3

CR4

CR5

CRO6

1

0.90

0.76

1.02

1.43

1.44

2.24

2.34

1.36

0.55

0.83

0.76

0.38

0.93

1.48

0.10

0.96

0.50

0.53

0.42

0.74

0.48

0.97

0.64

0.69

0.45

0.35

0.42

0.68

0.37

0.60

0.48

0.58

0.51

0.77

0.13

0.80

0.73

0.72

0.24

0.40

N BA[LD

0.42

0.51

0.24

0.57

0.63

0.76

1.01

0.58
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7 0.4510.22 1 0.23 | 0.40 | 0.57 | 0.80 | 0.49 | 0.55
8 03510431024 ]0.71 ] 053 ] 0.70 | 0.38 | 0.46
9 0.62 | 047 ] 043|042 ] 0.64 | 0.94 | 0.70 | 0.67
10 0.70 | 0.56 | 0.46 | 0.76 | 0.67 | 1.11 | 0.80 | 0.56
11 0.34 | 0.65 | 0.54 | 1.11 | 0.65 | 1.11 | 1.15 | 0.91
12 0.67 | 0.66 | 0.29 | 0.57 | 0.85 | 1.93 | 1.29 | 1.53
13 0.67 | 0.75 ] 0.50 | 0.46 | 0.70 | 1.94 | 1.33 | 1.10
14 0.64 | 0.71 | 0.45 | 0.64 | 0.49 | 1.01 | 1.12 | 0.63
15 0.30 | 0.42 | 0.33 | 0.27 | 0.37 | 0.42 | 0.28 | 0.18
16 0.32 1 0.18 | 0.32 | 0.50 | 0.16 | 0.11 | 0.16 | 0.18

Table 4.10 | Frequency of the AGG motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

AGG Motif
Position | ER3 | ER4 | ER5 | ERG | CR3 | CR4 | CR5 | CR6
1 1351098 | 1.51 | 1.86 | 1.76 | 1.28 | 0.22 | 0.89
2 0.70 | 0.94 | 0.58 | 1.10 | 0.89 | 0.55 | 0.00 | 0.37
3 0.77 1 092 | 0.73 | 1.11 | 0.94 | 0.20 | 0.09 | 0.22
4 0.57 | 0.47 | 0.68 | 0.65 | 0.70 | 0.47 | 0.07 | 0.14
5 0.73 1 0.78 | 0.76 | 0.59 | 0.87 | 0.16 | 0.05 | 0.13
6 0.53 1 0.38 | 0.63 | 0.51 | 0.43 | 0.11 | 0.00 | 0.05
7 0.62 | 0.87 | 0.31 | 0.53 | 0.41 | 0.16 | 0.00 | 0.08
8 0.5510.79 | 0.48 | 0.70 | 0.70 | 0.16 | 0.00 | 0.10
9 0.90 | 0.32 | 0.40 | 0.45 | 0.64 | 0.22 | 0.00 | 0.00
10 0.68 | 0.23 | 0.30 | 0.40 | 0.32 | 0.39 | 0.00 | 0.18
11 0.52 | 0.56 | 0.09 | 0.60 | 0.43 | 0.11 | 0.00 | 0.06
12 0.78 | 0.64 | 0.13 | 0.73 | 0.38 | 0.26 | 0.00 | 0.03
13 0.34 | 0.52 | 0.27 | 0.41 | 0.28 | 0.05 | 0.00 | 0.00
14 0.48 | 0.58 | 0.63 | 0.51 | 0.37 | 0.15 | 0.00 | 0.00
15 0.30 | 0.18 | 0.23 | 0.17 | 0.10 | 0.05 | 0.00 | 0.00
16 0.45 | 0.62 | 0.49 | 0.40 | 0.10 | 0.19 | 0.00 | 0.00

Table 4.11 | Frequency of the CAC motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

CAC Motif
Position | ER3 | ER4 | ER5 | ER6 | CR3 | CR4 | CR5 | CR6
1 0.21 ] 0.17] 0.00 | 0.09 | 0.10 | 0.22 | 0.07 | 0.13
2 05310471019 042 | 037 | 213 | 498 | 1.34
3 0.15] 0.22| 0.27 | 0.30 | 0.34 | 2.36 | 4.14 | 1.18
4 023 ] 046] 032] 054 046 | 1.41 | 3.28 | 1.11
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5 0.26 | 0.18 | 0.14| 0.26 | 0.21 | 1.99 | 4.49 | 1.30
6 0381 0.13] 034 027 033 | 1.35 | 2.68 | 0.72
7 03510431 0.14 | 048] 0.44 | 1.03 | 2.65 | 0.81
8
9

0411 0.24] 022|035 0.52 | 1.12 ] 2.52 | 1.08
0.35] 0.15] 0.17 | 0.69 | 0.18 | 1.20 | 1.82 | 0.77
10 0341 040] 020 | 0.31 | 0.52 ] 1.62 | 3.34 | 1.16
11 03510441 0.23 | 046 020 | 0.98 | 1.56 | 0.83
12 0221 045] 0.26 | 0.18 | 0.33 | 0.80 | 2.25 | 0.86
13 0341 048] 0.13 | 0.28 | 0.21 | 0.69 | 0.94 | 0.32
14 0.08 | 0.21 ] 0.09 | 0.15| 0.11 | 0.67 | 0.72 | 0.21
15 0.27 1 0.08 ] 0.27 | 0.13 | 0.17 | 0.16 | 0.25 | 0.08
16 0.08 1 0.05] 0.00 | 0.04 ] 0.00 | 0.00 | 0.00 | 0.00

Table 4.12 | Frequency of the CGG motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

CGG Motif
Position | ER3 | ER4 | ER5 | ERG | CR3 | CR4 | CR5 | CR6
1 0.12 | 0.44 | 0.09 | 0.17 | 0.00 | 0.00 | 0.00 | 0.00
2 1.16 | 0.76 | 0.45 | 1.25 | 1.17 | 0.95 | 1.06 | 0.86
3 0.63 | 0.84 | 0.72 | 0.73 | 1.19 | 1.45 | 0.07 | 0.66
4 0.74 1 0.85 | 0.51 | 0.93 | 0.97 | 0.79 | 0.08 | 0.45
5 0.48 | 0.62 | 0.24 | 0.62 | 0.99 | 0.55 | 0.17 | 0.27
6 0.67 | 0.60 | 0.31 | 0.37 | 0.49 | 0.59 | 0.00 | 0.25
7 0.62 | 0.47 | 0.38 | 0.73 | 0.21 | 0.22 | 0.11 | 0.18
8 0.60 | 0.43 | 0.20 | 0.21 | 0.56 | 0.05 | 0.03 | 0.03
9 0.55 | 0.43 | 0.04 | 0.56 | 0.54 | 0.27 | 0.00 | 0.03
10 0.51 | 1.01 | 0.09 | 0.32 | 0.57 | 0.27 | 0.11 | 0.08
11 1.04 | 0.51 | 0.23 | 0.43 | 0.33 | 0.20 | 0.09 | 0.12
12 0.55 | 0.56 | 0.18 | 0.68 | 0.51 | 0.24 | 0.27 | 0.20
13 0.72 1 0.48 | 0.27 | 0.27 | 0.67 | 0.44 | 0.03 | 0.22
14 0.90 | 0.62 | 0.18 | 0.66 | 0.82 | 0.79 | 0.56 | 0.66
15 0.82 | 0.62 | 0.24 | 0.49 | 0.42 | 0.22 | 0.00 | 0.00
16 093] 0.78 | 0.09 | 0.34 | 0.57 | 0.38 | 0.37 | 0.27

Table 4.13 | Frequency of the GCA motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

GCA Motif
Position | ER3 | ER4 | ER5 | ER6 | CR3 | CR4 | CR5 | CR6
1 0.70 | 0.57 | 0.22 | 0.75 | 0.42 | 1.25 | 1.13 | 0.54
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2 0.27 | 0.61 | 0.22 | 0.69 | 0.79 | 1.30 | 2.00 | 0.70
3 1.09 | 1.00 | 0.89 | 1.48 | 0.52 | 1.03 | 0.84 | 0.91
4 0.65 | 0.38 | 0.33 | 1.10 | 0.52 | 1.16 | 1.51 | 0.86
5 0.56 | 0.40 | 0.63 | 0.54 | 0.75 | 0.87 | 0.46 | 0.58
6 0.55 1096 | 0.41 | 1.09 | 0.57 | 1.13 | 0.64 | 0.51
7 035|042 | 0.45 | 1.08 | 0.33 | 0.43 | 0.26 | 0.50
8 0.67 | 0.50 | 0.35 | 0.46 | 0.76 | 0.64 | 0.52 | 0.67
9 0.39 | 0.54 | 0.33 | 0.61 | 0.37 | 1.02 | 0.42 | 0.55
10 0.32 | 0.34 | 0.26 | 0.52 | 0.26 | 0.43 | 0.14 | 0.50
11 0.27 | 0.13 | 0.05 | 0.28 | 0.38 | 0.43 | 0.40 | 0.23
12 0.25 | 0.76 | 0.36 | 0.69 | 0.37 | 0.92 | 0.42 | 0.24
13 0.28 | 0.12 | 0.22 | 0.31 | 0.15 | 0.38 | 0.28 | 0.40
14 0.44 | 0.38 | 0.18 | 0.29 | 0.12 | 0.27 | 0.08 | 0.13
15 0.71 1 0.39 | 0.22 | 0.34 | 0.16 | 0.16 | 0.03 | 0.21
16 0.43 | 0.44 | 034 | 0.30 | 0.22 | 0.59 | 0.43 | 0.19

Table 4.14 | Frequency of the GCC motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

GCC Motif
Position | ER3 | ER4 | ER5 | ERG | CR3 | CR4 | CR5 | CR6
1 0.14 | 0.13 | 0.14 | 0.30 | 0.43 | 0.46 | 0.14 | 0.29
2 0.26 | 0.13 | 0.16 | 0.26 | 0.37 | 0.58 | 0.55 | 1.04
3 0.34 | 0.25 ] 0.09 | 0.40 | 0.47 | 0.72 | 0.57 | 0.41
4 0.60 | 0.14 | 0.26 | 0.42 | 0.29 | 0.55 | 0.27 | 0.40
5 0521042 | 0.13 | 0.51 | 0.45 | 0.38 | 0.15 | 0.27
6 0.37 1 0.23 1 0.09 | 0.36 | 0.45 | 0.71 | 0.44 | 0.19
7 0.38 | 0.33 | 0.22 | 0.25 | 0.20 | 0.51 | 0.22 | 0.36
8 0.36 | 0.41 | 0.17 | 0.09 | 0.31 | 0.38 | 0.58 | 0.40
9 0.43 1 030 | 0.04 | 0.26 | 0.15 | 0.43 | 0.31 | 0.43
10 0.36 | 0.31 | 0.32 | 0.22 | 0.49 | 0.22 | 0.33 | 0.30
11 0.44 | 0.00 | 0.09 | 0.30 | 0.51 | 0.67 | 0.56 | 0.40
12 0.41 | 0.40 | 0.09 | 0.40 | 0.49 | 0.76 | 0.43 | 0.30
13 0.73 | 0.46 | 0.20 | 0.27 | 0.15 | 0.22 | 0.30 | 0.13
14 0.17 | 0.26 | 0.04 | 0.18 | 0.38 | 0.32 | 0.16 | 0.05
15 0.09 | 0.47 | 0.22 | 0.32 | 0.49 | 0.53 | 0.77 | 0.11
16 0.04 | 0.04 | 0.00 | 0.04 | 0.00 | 0.00 | 0.00 | 0.00
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Table 4.15 | Frequency of the GGC motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

GGC Motif
Position | ER3 | ER4 | ER5 | ER6 | CR3 | CR4 | CR5 | CR6
1 0.50 | 0.58 | 0.20 | 0.66 | 0.58 | 0.33 | 0.37 | 0.51
2 0.73 1 0.71 | 0.44 | 1.04 | 0.86 | 0.79 | 0.27 | 0.50
3 1.10 | 0.67 | 0.55 | 1.70 | 1.13 | 0.86 | 0.83 | 0.62
4 1.25 1 0.83 | 0.40 | 1.03 | 0.77 | 0.64 | 0.08 | 0.37
5 0.81 1094 | 055 | 0.72 | 0.72 | 0.75 | 0.08 | 0.30
6 0.56 | 0.23 | 0.28 | 0.64 | 0.58 | 0.16 | 0.20 | 0.40
7 0.73 1 0.48 | 0.22 | 0.38 | 0.63 | 0.27 | 0.03 | 0.09
8 0.57 | 0.32 | 0.20 | 0.39 | 0.47 | 0.37 | 0.11 | 0.13
9 0.62 | 0.52 | 0.37 | 0.51 | 0.37 | 0.16 | 0.00 | 0.05
10 0.65 | 0.09 | 0.05 | 0.33 | 0.34 | 0.31 | 0.00 | 0.06
11 0.67 | 0.72 | 0.04 | 0.45 | 0.37 | 0.44 | 0.11 | 0.10
12 1.23 1 0.67 | 0.18 | 0.50 | 0.43 | 0.11 | 0.09 | 0.08
13 0.48 | 0.69 | 0.04 | 0.79 | 0.37 | 0.18 | 0.27 | 0.23
14 0.69 | 0.61 | 0.32 | 0.55 | 0.60 | 0.22 | 0.03 | 0.08
15 1.09 | 0.66 | 0.52 | 0.75 | 0.81 | 0.60 | 0.54 | 0.43
16 0.21 | 0.25 ] 0.06 | 0.05 | 0.17 | 0.05 | 0.00 | 0.03

Table 4.16 | Frequency of the GTG motif as a function of position along the 18-mer in
experimental and control ssDNA libraries from SELEC rounds 3-6.

GTG Motif
Position | ER3 | ER4 | ER5 | ER6 | CR3 | CR4 | CR5 | CR6
1 0.88 | 0.55 | 0.45 | 0.73 | 0.47 | 0.58 | 0.00 | 0.29
2 0.61 | 0.52 | 0.22 | 0.52 | 0.94 | 0.22 | 0.00 | 0.07
3 0.93 | 0.57 | 0.68 | 0.48 | 0.91 | 0.17 | 0.00 | 0.22
4 0.90 | 0.60 | 0.68 | 0.88 | 0.91 | 0.69 | 0.00 | 0.33
5 0.71 | 1.10 | 0.68 | 0.70 | 0.98 | 0.51 | 0.00 | 0.24
6 0.41 | 113 ] 0.79 | 0.43 | 0.93 | 0.64 | 0.00 | 0.38
7 0.68 | 0.56 | 0.32 | 0.56 | 0.90 | 0.58 | 0.02 | 0.12
8 0.46 | 0.61 | 0.69 | 0.53 | 0.86 | 0.56 | 0.00 | 0.25
9 0.4510.49 | 0.36 | 0.24 | 0.96 | 0.37 | 0.03 | 0.41
10 0.57 | 0.53 ] 0.62 | 0.48 | 0.79 | 0.44 | 0.00 | 0.27
11 0.75 1 0.65 | 0.51 | 0.22 | 0.86 | 0.83 | 0.03 | 0.34
12 0.43 | 0.48 | 0.60 | 0.42 | 1.47 | 0.71 | 0.08 | 0.72
13 0921 0.79 | 0.81 | 0.90 | 1.17 | 0.90 | 0.05 | 0.85
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14 1.08 | 0.95 | 0.97 | 1.11 | 3.37 | 3.04 | 0.64 | 2.48
15 1.09 | 0.73 | 1.35 | 1.07 | 1.57 | 2.08 | 0.11 | 0.82
16 228 | 1.79 | 1.87 | 2.07 | 6.23 | 6.15 | 2.16 | 4.35

4.6.3 Supporting figures
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Figure 4.10 | Time-dependent response of nIROSE to TC OT 39. The AF/F, of nIROSE upon
incubation with either 50 uM OXT (black) or TC OT 39 (blue). Fluorescence measurements were obtained
every 5 minutes up to 40 minutes after the addition of analyte. Circles represent the mean of n=3 experimental
measutements. AF/F, is calculated from the normalized change in peak intensity at 1195 nm.
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Figure 4.11 | Dose response curve of top ssDNA-SWCNT nanosensor candidates. The oxytocin
sensitivity and binding kinetics of four additional nanosensor candidates (E5#6, E5#9, E6#5, and EGH7) wete
characterized. Blue circles and error bars represent the mean of n=3 experimental measurements and the
standard deviation of these measurements, respectively. AF/F, is calculated from the normalized change in
peak intensity at 1195 nm after 20 minutes. The black line represents the cooperative binding model fit to
experimental data. The Ky value is reported with 95% confidence intervals using the t-distribution.
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Figure 4.12 | Neurochemicals and oxytocin-receptor targeted pharmacological agents used in
nIROSE selectivity screening. Structure of oxytocin, vasopressin, dopamine, glutamate, y-aminobutyric acid
(GABA), thyrotropin-releasing hormone (TRH), atosiban, TC OT 39, L-368,899, and carbetocin.
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Figure 4.13 | Selectivity of top ssDNA-SWCNT nanosensor candidates. Nanosensor selectivity screening
at 50 uM oxytocin (OXT), vasopressin (VP), dopamine (DA), glutamate (GLU), y-aminobutyric acid (GABA),
thyrotropin-releasing hormone (TRH), atosiban (AT), TC-OT 39, L-368,899, and carbetocin (CARB). Black
bars represent the mean AF/F, at 1195 nm from n=3 replicates normalized to OXT response after 20 minutes,
with standard deviation of these replicates shown in red. E6#7-SWCNT wete not screened for response to
glutamate (GLU), y-aminobutyric acid (GABA), thyrotropin-releasing hormone (TRH), TC OT 39, L-368,899,
or carbetocin (CARB).

4.7 Future directions

While the data included above demonstrate that nIROSE is a sensitive oxytocin imaging probe capable
of imaging oxytocin release in brain tissue, additional experiments are needed for further 7# vitro and
ex vivo validation.

For in vitro validation, a nanosensor construct containing a scrambled E6#4 construct should be

synthesized and screened for oxytocin response. It is expected that this scrambled construct will have

a negligible optical response to oxytocin and provide verification that nIROSE response to oxytocin

occurs via molecular recognition between the E6#4 aptamer identified via SELEC and neuropeptide

oxytocin. nIROSE was shown to respond with oxytocin with nanomolar sensitivity, but the limit of

detection (LOD) of this nanosensor must also be quantified. Fluorescence should be tracked for 20
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minutes both with and without the addition of PBS; LOD can be calculated from these data using the
equation in Chapter 3.6.1. The reversibility of nIROSE-oxytocin binding should also be demonstrated
on a glass substrate. To conduct this experiment, nIROSE should be immobilized on glass using the
same drop casting procedure detailed in Chapter 4.5.5. Nanosensor integrated fluorescence can then
be tracked with repeated incubation with oxytocin followed by washes with PBS. This experiment will
explicitly demonstrate that sensing occurs via reversible binding between nIROSE and oxytocin. It is
also suggested that additional data points are collected along the nIROSE dose response curve,
especially where the slope is steepest (.e. 25 pM) at near the point of saturation (i.e. 200 pM).
Quantification of nIROSE response at these oxytocin concentrations is needed for a more accurate
calculation of 1) dynamic range and 2) binding affinity (Kp). As shown through the selectivity
screening in Figure 4.7b, nIROSE lacks selectivity against dopamine. Dopamine sensitivity limits the
utility of nIROSE to non-dopaminergic regions of the brain such as the PVN or SON or requires the
use of dopamine-suppressing agents to explore oxytocin signaling in dopaminergic regions. D2
receptor agonists, such as quinpirole, have been shown to attenuate dopamine release and would
enable nTROSE-based oxytocin imaging in regions such as the nucleus accumbens. Prior to these
imaging experiments, however, compatibility between nIROSE and dopamine-targeted drugs must be
demonstrated. It is suggested that additional selectivity screening is conducted for pharmacological
agents such as quinpirole.

For ex vivo validation, the next steps of this project include: 1) further validation of nIROSE for
imaging electrically stimulated oxytocin release in the PVN of acute brain slices through additional
experimental and biological replicates, 2) evaluating the effect of pharmacological agents such as L-
368,899 and carbetocin on stimulated oxytocin release in the PVN of acute brain slices 3) validating
the use of nIROSE for imaging optogenetically stimulated oxytocin release as a positive control.
Because nIROSE is compatible with oxytocin receptor-targeted drugs, these nanosensors can be used
to explore if and how pharmacology affects oxytocin release. For example, a reduction in nIROSE
response upon incubation with an oxytocin receptor agonist would provide evidence of a feedback
loop between receptor uptake of oxytocin and oxytocin release. The bright baseline fluorescence of
nIROSE might also enable oxytocin imaging in brain regions that are currently infeasible with nIROx.
The low signal-to-noise ratio of nIROx nanosensors limit their use to the PVN, where oxytocin release
is highest. nIROSE, on the other hand, might be used to explore how oxytocin dynamics (e.g. the
time scale of release and reuptake or quantity of release) differs among regions such as the PVN, SON,
and lateral septum. While preliminary experiments suggest that nIROSE can image oxytocin release
in brains, it is possible that nIROSE nanosensors are proven incompatible with in slice imaging. In
this case, it is suggested that different nanosensor candidates are explored. In addition to E6#4, there
are 4 nanosensors that demonstrate similar selectivity and sensitivity for oxytocin, E5#6, E5#9, E6#5,
and E6#7 (Figures 4.11 and 4.13).

It is also suggested that additional nanosensor candidates are designed using the nucleotide and motif
analysis described in Chapter 4.3.1. Several nucleotide motifs were identified among enriched
sequences of the experimental SELEC library; these analyses may enable the intelligent design of a
nanosensor construct with improved sensitivity and selectivity over nIROSE. For example, a sequence
can be designed which contains repeating GGC and AGG trimers, which were present at high
frequencies throughout rounds of SELEC or the highest frequency nucleotide at each position along
the 18-mer.
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Appendix I
Aptamer-SWCNT for point-of-care SARS CoV-2 detection

The number of deaths caused by the novel coronavirus disease (COVID-19) and the spread of the
virus that causes it, SARS CoV-2, led the World Health Organization to declare COVID-19 a global
pandemic on March 12, 2020. As of October 21, 2022, the (WHO) has reported nearly 625 million
COVID-19 cases globally with nearly 400,000 new global cases reported that day."”* Scientists around
the world worked at unprecedented speeds to characterize the SARS CoV-2 virus, and within two
weeks of publishing of its genome, the first COVID-19 diagnostic tests were developed'”. Since then,
these diagnostic tests have helped spread public awareness of the disease, enabled treatment of
infected individuals, and identified infected individuals to limit transmission and improve public health
outcomes. Some of the diagnostic technologies developed over the course of the pandemic include
reverse transcription-quantitative polymerase chain reaction (RT-qPCR), next-generation sequencing,
isothermal nucleic acid amplification assays, antigen tests, and serological tests. Based on factors such
as cost, sensitivity, and speed, these tests are appropriate in different settings and for different
applications. Antigen tests, for example, often demonstrate diminished sensitivity and selectivity, but
are rapid, inexpensive, and can be performed by untrained individuals at home."”*"” The first antigen
tests were FDA approved in December 2020'* and have since been used globally for point-of-care
testing.

Before the FDA approval of antigen tests, our lab began development of SWCNT-based antigen tests
for SARS CoV-2. Pinals ¢7 a/. developed a SWCNT-based sensor that harnesses the affinity of the
angiotensin-converting enzyme 2 (ACE2) receptor for the receptor binding domain (RBD) of the viral
Spike protein'®. The ACE2-SWCNT sensing platform demonstrated a 12.6 nM limit of detection for
Spike RBD and maintained its sensitivity upon surface immobilization, suggesting its potential use for
point-of-care testing. This work demonstrated that SWCNT-based technologies are viable viral
detection platforms and motivated the development of an ssSDNA-SWCNT antigen test as described
below.

In June 2020, Song ef al. used an ACE2 competition-based aptamer selection procedure to identify
ssDNA sequences with affinity for the RBD of Spike glycoprotein'”. They discovered two aptamers,
1C and 4C (Figure A.1), that bind Spike with K4 = 5.8 nM and 19.9 nM, respectively. We sought to
leverage the neat-infrared fluorescence of SWCNT and the molecular recognition of the 1C/4C DNA
aptamers to develop a fluorescent SARS CoV-2 antigen test for resource limited settings. Spike is an
ideal target for antigen testing due to its high density on SARS-CoV-2 virions,” and a DNA-based
sensor would provide a low-cost, high-stability alternative to the ACE2-based sensing platform
introduced above.
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Figure A.1 | Sequence and structure of Spike RBD-binding aptamers. These ssDNA aptamers, 1C (left)
and 4C (right) were identified by an ACE2 competition-based aptamer selection procedure and demonstrate
nanomolar affinity for Spike RBD. Reprinted from Song et al. to show aptamer secondary structure’®”.

We first synthesized the 1C/4C aptamers with a terminal polycytosine tail (Cs) to enable adsorption
to the SWCNT surface, as described in Chapter 4. Polycytosines were added to the 5’ end of the Spike-
binding aptamers to produce C1C and C4C aptamers (C1C =
CCCCCCCAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA,
C4C =
CCCCCCATCCAGAGTGACGCAGCATTTCATCGGGTCCAAAAGGGGCTGCTCGGGATT

GCGGATATGGACACGT, Integrated DNA Technologies, Inc). C1C/C4C aptamers were then
noncovalently adsorbed to the SWCNT surface using a sonication strategy. SWCNT slurry (900 uL,
0.22 mg/mL in 1X PBS)) was mixed with ssDNA (100 uL, 1 mM) and probe-tip sonicated (3 mm
probe tip, 50% amplitude, 5 W) in an ice bath for 10 minutes. Constructs were centrifuged at 16,000xg
for 90 minutes, and the concentration of the supernatant was determined by measuring the absorbance
at 632 nm. Constructs wete diluted to 5 mg/L in 1X PBS before use in fluorescence measurements.
This synthesis strategy produced ssDNA-SWCNT constructs with a bright baseline fluorescence
(Figure A.2). Upon screening with Spike RBD, however, these constructs were unresponsive (Figure
A.3) and thus unsuitable as SARS CoV-2 sensors. We hypothesized that the probe tip sonication
protocol may have disrupted the secondary structure of C1C and C4C aptamers and thus diminished
their binding affinity for Spike RBD.

To maintain the aptamer secondary structure, we pursued two strategies: 1) refolding of the aptamer
after adsorption to the SWCNT surface and 2) adsorption to the SWCNT surface with a gentle ligand
exchange protocol. To refold the aptamers after synthesis, C1C/C4C-SWCNT prepated via probe-tip
sonication were heated at 95°C for 5 minutes and cooled to room temperature in refolding buffer (1X
PBS, 1 mM MgCl,). This protocol was previously demonstrated to enable refolding of adsorbed
aptamers on the SWCNT surface without desorption®. Refolding of sonicated constructs resulted in
an increase in baseline fluorescence (Figure A.2), suggesting a change in aptamer-SWCNT interactions.
The refolded constructs were, however, still unresponsive to Spike RBD (Figure A.3), suggesting that
refolding after sonication did not return the C1C/C4C aptamers the structure requisite for Spike
binding.
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Figure A.2 | Effect of aptamer refolding on nanosensor baseline fluorescence. a,b Full near-infrared
fluorescence emission spectra of CIC-SWCNT (left) and C4C-SWCNT (right) prepared by either sonication
(“Son”, red traces) or ligand exchange (“LE”, blue traces). After synthesis, some constructs were heated at 95°C
and cooled to room temperature to refold adsorbed aptamers (“R”, solid traces). Constructs that were not
subjected to the refolding procedure are also shown (“NR”, dashed traces). Spectral characteristics vary across
synthetic strategy and refolding procedure suggesting differences in aptamer-SWCNT interactions.
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Figure A.3 | Nanosensor response to 1 yM RBD. Black bars represent the mean AF/F, at 1290 nm from
n=3 replicates, with standard deviation of these replicates shown in red. All nanosensors were prepared via
probe-tip sonication. After synthesis, some constructs were heated at 95°C and cooled to room temperature to

refold adsorbed aptamers (“R”). Constructs that were not subjected to the refolding procedure are also shown
(CCNR,,).

We then pursued a second strategy to maintain aptamer secondary structure and prepared ssDNA-
SWCNT by ligand exchange™'. During ligand exchange, sodium cholate is slowly exchanged for a
ssDNA aptamer on the SWCNT surface. We hypothesized that ligand exchange would enable
construct synthesis without disruption of the aptamer secondary structure. To prepare constructs,
sodium cholate (SC)-SWCNT were first prepared by sonication. Sodium cholate (1 g) was mixed with
SWCNT (11 mg) in 50 mL water and probe-tip sonicated (6 mm probe tip, 25% amplitude, 1 second
on/1 second off pulse) for 20 minutes in an ice bath. SC-SWCNT were centrifuged for 90 minutes at
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16,000xg, and the supernatant was collected. The concentration of SC-SWCT was determined by
measuring the absorbance at 632 nm. SC is an effective SWCNT dispersant in aqueous solutions™”
that yields constructs with a bright baseline fluorescence when adsorbed to SWCNT (Figure A.4). SC-
SWCNT and either the C1C or C4C aptamer were then dialyzed against dialysis buffer to facilitate the
exchange of SC for ssDNA on the SWCNT surface. SC-SWCNT and aptamers were mixed in a 1:5
mass/mass ratio in NaCl buffer (0.1 M) and placed in dialysis tubing (3.5 kDa MWCO, 45 mm width,
Spectrum Spectra/Por). The mixture was dialyzed for 24 hours at room temperature against NaCl
solution (2 L, 0.1 M) with 3 dialysis buffer exchanges. The resulting ligand exchange products were
centrifuged at 16,000xg for 90 minutes, and the supernatant was collected. Constructs were diluted to
5 mg/L in 1X PBS before use in fluorescence measutrements.

Consistent with previous findings™", the fluorescence spectra of C1C/C4C-SWCNT were red-shifted
from that of SC-SWCNT (Figure A.4). The observed solvatochromatic shift is indicative of the sparser
coverage on the SWCNT surface by ssDNA than by small, densely packed sodium cholate molecules.
The spectral characteristics of constructs prepared via probe-tip sonication and ligand exchange were
significantly different (Figure A.2), indicating that aptamer-SWCNT interactions varied by synthesis

strategy .
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Figure A.4 | Effect of ligand exchange on nanosensor baseline fluorescence. a,b Near-infrared
fluorescence emission of sodium cholate (SC)-SWCNT (green) and either C1C-SWCNT ' (left) or C4C-SWCNT
prepared by ligand exchange. (“LE”, blue). These sensors were not subjected to the refolding procedure
(“NR”). After ligand exchange, sodium cholate was successfully exchanged for RBD-binding aptamers on the
surface of SWCNT, as indicated by a red-shift in baseline fluorescence. The observed solvatochromatic shift is
due to a decrease in SWCNT surface coverage by ssDNA compared to sodium cholate molecules.

C1C-SWCNT and C4C-SWCNT prepared via ligand exchange were then screened for Spike RBD
response (Figures A.5 and A.6). While some C1C-SWCNT nanosensor batches responded strongly to
1 uM Spike RBD with AF/F, = 1.17, some batches demonstrated a negligible response AF/F, = -0.02.
These results suggest that aptamer secondary structure on the SWCNT surface varies significantly,
batch to batch, even when synthesized with the same ligand exchange protocol.

We next evaluated the dose response of responsive batches to Spike RBD (100 pm-1 uM) and

evaluated the utility of aptamer refolding on the SWCNT surface after ligand exchange (Figure). We
hypothesized that aptamer refolding may improve nanosensor performance and confer consistency

84



157 C1C, LE, NR

o
e
i
<
05
0

Batch #1  Batch #2  Batch #3
Figure A.5 | C1C-SWCNT response to 1 uM RBD. Black bars represent the mean AF/F, at 1290 nm from
n=3 replicates, with standard deviation of these replicates shown in red. All nanosensors were prepared via
ligand exchange. These sensors were not subjected to the refolding procedure. Although all nanosensors were
synthesized with the same procedure, there is significant batch to batch variability in RBD response.
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Figure A.6 | Nanosensor dose response to RBD. CIC-SWCNT (top) and C4C-SWCNT (bottom)
nanosensors were screened for response to RBD at various concentrations (100 pM-1 uM). Black bars represent
the mean AF/F, at 1290 nm from n=3 replicates, with standard deviation of these replicates shown in red. All
nanosensors were prepared via ligand exchange. After synthesis, some constructs were heated at 95°C and
cooled to room temperature to refold adsorbed aptamers (“R”). Constructs that were not subjected to the
refolding procedure are also shown (“NR”). The refolding procedure did not improve nanosensor response to

RBD.
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across batches; aptamers were refolded using the same strategy described above. All nanosensors
responded in a concentration dependent manner to Spike RBD regardless of refolding strategy, but
non-refolded nanosensors demonstrated a larger fluorescence response to RBD than refolded
nanosensors. Baseline fluorescence measurements of these constructs suggest that the refolding
protocol modulated aptamer-SWCNT interactions after ligand exchange and are thus consistent with
the measurements of sonicated constructs before and after refolding (Figure A.2). Taken together,
these data suggest that refolding affects aptamer secondary structure on the surface of SWCNT but
does not improve nanosensor performance.

Responsive nanosensors prepared via ligand exchange were then evaluated for selectivity over other
viral proteins at both 1 uM and 100 nM (Figures A.7 and A.8). Fluorescence response to MERS/CoV-
1 RBD and Flu hemagglutinin subunit (HA1) protein varied significantly by nanosensor type, batch,
and viral protein concentration. None of the nanosensor batches tested were selective for SARS CoV-
2 Spike RBD at 1 uM.
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Figure A.7 | Nanosensor selectivity over viral proteins. One batch of CIC-SWCNT (left) and C4C-
SWCNT (right) nanosensors were screened for response to viral proteins, SARS CoV-2 Spike RBD, SARS
CoV-1 Spike RBD, and MERS Spike RBD at two concentrations, 1 uM (black) and 100 nM (purple). Bars
represent the mean AF/F, at 1290 nm from n=3 replicates, with standard deviation of these replicates shown
in red. All nanosensors were prepared via ligand exchange (“LE”). These nanosensors were not subjected to
the refolding procedure (“NR”).
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Figure A.8 | CIC-SWCNT selectivity over viral proteins. Another batch of C1C-SWCNT nanosensors
were screened for response to viral proteins, SARS CoV-2 Spike RBD, SARS CoV-1 Spike RBD, MERS Spike
RBD, and Flu hemagglutinin subunit (HA1) at 1 uM. Black bars represent the mean AF/F, at 1290 nm from
n=3 replicates, with standard deviation of these replicates shown in red. All nanosensors were prepared via
ligand exchange (“LE”). These nanosensors were not subjected to the refolding procedure (“NR”).

As nanosensor response was challenging to reproduce consistently across batches, and most
nanosensor batches did not demonstrate selectivity for SARS CoV-2 Spike RBD, further nanosensor
development was halted. Although 1C and 4C aptamers demonstrated high affinity for Spike RBD in
previous work, these aptamers did not function reliably as fluorescent nanosensors when adsorbed to
SWCNT. It is possible that the addition of polycytosine on the 5-terminus of the RBD-binding
aptamers affected their native secondary structure and furthermore attenuated their affinity for Spike
RBD. As a next step, nanosensors should be synthesized via ligand exchange using the original 1C
and 4C aptamers. It is also possible that interaction with the SWCNT surface alone induced
unfavorable changes in the aptamer secondary structure. ssDNA sequences have been shown to wrap
helically around SWCNT*”, and peptides have been shown to spontaneously form hairpin structures
when adsorbed to the SWCNT surface even though these biopolymers lack secondary structure in
aqueous solution'”’. To address this challenge, the 1C and 4C aptamers can be covalently conjugated
to the SWCNT surface via triazine chemistry, as described in Chapter 3. Covalent attachment through
a triazine handle may limit aptamer-SWCNT surface interactions and thus maintain aptamer secondary
structure.

Should either of these suggested strategies prove successful and consistently produce sensitive and
selective Spike RBD nanosensors, this platform could be translated to paper-based testing. Preliminary
experiments suggest that SWNCT-based sensors can be immobilized on paper-substrates such as
nylon and nitrocellulose while maintaining their fluorescence response to a target analyte. SWCNT-
based viral sensors in a paper formfactor may enable inexpensive point-of-care testing with long-term
room temperature stability in resource limiting settings.
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