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Abstract

Design of Carbon Nanotube Neuro-Sensor Corona Phase for Improved Biocompatibility and
Neuromodulator Imaging

by
Darwin Yang
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Markita Landry, Chair

Single-walled carbon nanotubes (SWCNT) are an emerging nanomaterial platform
enabling promising advances in biomolecular imaging. Noncovalent modification of SWCNTSs
with amphiphilic ligands reveals intrinsic SWCNT near-infrared fluorescence and imparts
molecular recognition. In particular, SWCNTs wrapped with DNA oligonucleotides develop
selective fluorescent response to catecholamine neurotransmitters such as dopamine.
Consequently, these DNA-SWCNT probes have been applied for recording dopamine activity in
brain tissue. However, two major barriers to in vivo application of SWCNT dopamine probes exist.
Firstly, DNA-SWCNTs are highly susceptible to biofouling by protein adsorption reducing
efficacy of sensors in vivo. Secondly, the impact of these artificial nanomaterials on biological
environments remains poorly understood. Towards the first point, we develop a novel method for
the study of biomolecular adsorption to the SWCNT surface utilizing the fluorescence quenching
ability of carbon nanotubes to track adsorption of fluorophore-conjugated biomolecules. We
leverage multiplexing using dissimilar dyes conjugated to each molecular species in order to
simultaneously monitor the competitive adsorption/desorption of proteins and single-stranded
DNA, respectively. Here we show that attenuation of dopamine response is largely due to protein
adsorption rather than DNA desorption. Furthermore, we identify fibrinogen as a ubiquitous
protein with high affinity to the SWCNT surface.

Next, we study the effects these SWCNT probes may elicit once implanted in brain tissue.
Here we utilize microglial cells as a model for neuroinflammation. Microglia are the specialized
immune cells of the central nervous system which are central in maintaining the homeostasis of
the neuronal environment. Microglia are activated by interaction with foreign or pathogenic
material, mediating and propagating inflammatory responses throughout the brain which can elicit
downstream neurotoxicity and neurodegeneration. Examining the interactions between this cell
type and carbon nanotube neuro-sensors is crucial in characterizing and quantifying the net
biological impact of these probes on surrounding brain tissue. We utilize high-throughput
sequencing and live-cell imaging to show that exposure to SWCNT probes induces significant
upregulation of inflammatory signaling pathways and cell morphology change in SIM-A9
microglia. Although inflammation response is lower in magnitude than that provoked by
inflammatory simulants such as lipopolysaccharide, SWCNTSs uniquely induced drastic changes



to cell morphology, where cells exposed to SWCNTSs progressed from round and motile states to
highly ramified and stationary within several hours. These effects suggest activation of microglia
into pro-inflammatory phenotypes by SWCNTSs. This must be minimized in order to accurately
study chemical signaling in the brain.

Subsequently, we devise strategies for noncovalent passivation of exposed SWCNT
graphene lattice to improve biocompatibility. We apply protein adsorption and microglial
activation as metrics by which to test noncovalently modified SWCNT catecholamine sensors. We
find that passivation of DNA-SWCNTSs using PEGylated phospholipid significantly decreases
nonspecific protein adsorption and SWCNT-induced microglial ramification. These passivated
neuro-sensors are then applied to image striatal dopamine release and reuptake events in excised
mouse brain tissue. We show that brain slices labeled with passivated neuro-sensor exhibited both
improved diffusivity through tissue and higher fluorescence response to dopamine release over
unmodified SWCNT probes. Hence, we present three stages of development and optimization of
a carbon nanotube-based neuro-sensor through design of the nanoparticle corona phase. The
methodologies presented here are readily translatable to other bionanotechnologies and represent
an advancement in the field of nanomaterial biosensors for molecular imaging.
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Chapter 1:
Single-Walled Carbon Nanotubes

1.1 Introduction

Carbon nanotubes are graphene carbon lattices in a high aspect ratio cylindrical
configuration. Single-walled carbon nanotubes (SWCNT) comprise a single graphene layer and
exhibit diameters on the order of 1 nm with typical lengths from 0.4 to 1.2 pum. The unique
properties of this emerging class of nanomaterials has led to its widespread use in biomolecular
delivery, molecular sensing, and fluorescence imaging.!® The latter two
applications utilize the bandgap photoluminescence of SWCNTSs. This property
is dependent on the semiconducting properties of SWCNTSs which arise from their
unique geometries. SWCNTs are inherently chiral molecules, with each
enantiomer assigned a chiral vector or angle describing orientation of the
hexagonal graphene lattice around its axis. Chiral angle ranges from 0° to 30° and
are constrained by the cylindrical geometry. Carbon nanotubes with mirror
symmetry within the graphene lattice (chiral angle = 0° or 30°) are classified as
metallic and do not display photoluminescence upon absorption of incident light
due to immediate exciton extinction by non-localized electrons. SWCNTs with other allowed
chiral angles are semiconducting and vary in both geometry and optical properties leading to
absorbance and fluorescence spectra in which distinct peaks correspond to SWCNTs with
correspondingly distinct geometries, namely diameters (Figure 1.1a). Subsequent spectral
deconvolution can then be applied to independently study the interactions of molecules with
distinct SWCNT chiralities.*®

For all such chiralities, photoluminescence occurs within a region of the electromagnetic
spectrum termed the near-infrared (nIR) window in which absorption of light by water and
scattering by blood and tissues is minimized (Figure 1.1a). Consequently, greater depth of
fluorescence imaging in biological tissues is enabled by use of these materials.® Furthermore,
SWCNT bandgap photoluminescence is not subject to photobleaching, a phenomenon by which
excessive excitation leads to degradation of fluorophores (Figure 1.1b). As such, SWCNT
fluorescence can be imaged for significantly longer lifespans compared to traditional nIR
fluorophores such as indocyanine green, which undergoes photobleaching within seconds of
continuous laser excitation. This carries immediate benefits for the long-term imaging of SWCNTSs
including for in vivo applications.
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Figure 1.1 Near-infrared photoluminescence of single-walled carbon nanotubes. (a) nIR fluorescence spectra of
(GT)s sSDNA wrapped SWCNTs with 721 nm laser excitation. Green shaded region represents nIRII optical window
for brain imaging.” (b) Comparison of integrated fluorescence spectra (850 — 1350 nm) of (GT)s-SWCNT vs.
indocyanine green. Relative fluorescence values are normalized to the initial time point.

SWCNTs act as scaffolds by which physisorption of ligands can impart colloidal
stabilization and molecular recognition to the resulting SWCNT suspension. Many diverse types
of molecules can be used for this application, encompassing nucleic acids,®°® enzymes,°
phospholipids,* and peptoids.> SWCNTSs have been covalently and non-covalently modified with
these ligands to develop nanoscale sensors for neurotransmitters,>1?13 dissolved gases,'*
proteins,>*® and carbohydrates.®>'® Changes to the SWCNT nlIR fluorescence spectra induced by
analyte binding allow for aforementioned spectroscopic and microscopic detection.

This work will focus on the case of DNA-wrapped SWCNT neurotransmitter probes.
Specifically, | present the development of a selective catecholamine nanosensor for imaging of
dopamine release in the dorsal striatum of excised mouse brain tissue.

1.2 Singled-Walled Carbon Nanotube Neuro-Sensors

Signaling in the central nervous system is mediated through various mechanisms. Electrical
transmission occurs via action potentials, directional changes in neuron membrane potential which
propagate along neuronal axons. Action potentials trigger voltage-gated calcium channels at the
terminals of neurons which leads to vesicular release of chemical neurotransmitter into the synaptic
cleft. Neurotransmitters then bind to receptors on the postsynaptic neuron, propagating the signal
via chemical transmission. Catecholamine neurotransmitters such as dopamine and norepinephrine
belong to a subset known as neuromodulators. These molecules are distinct in that they diffuse out
of the synapse and can impart long range effects on populations of neurons. Neuromodulation by
molecules such as dopamine is involved in many higher order processes such as learning and
memory.t’ However, much is still unknown about the role of dopamine in these phenomena and
how neuromodulation is affected by neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease.!® As such, development of neuromodulator probes is highly desirable.

A nanosensor platform for detection of specific neuromodulators provides several
immediate benefits. Firstly, release of chemical neurotransmitter is a highly stochastic process.®
Therefore, imaging of extracellular neurotransmitter offers a more direct method of studying
communication between neurons in the brain compared to monitoring of brain electrical activity.
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Secondly, diffusion of neuromodulators out of the synapse results in activity which occurs over
large distances and timespans throughout the brain tissue. Therefore, methods with high
spatiotemporal resolution such as fluorescence microscopy offer substantial benefits.

Many novel fluorescent tools have been developed to image calcium release and electrical
potentials across cell membranes. These tools allow for imaging of large fields of view containing
multiple neurons, however, they do no directly measure chemical neurotransmission. Recently,
several genetically encoded tools have been developed for imaging of dopamine and serotonin.?
However, these approaches require transfection of cells using viral vectors, an inefficient and
difficult process. New advances in single-walled carbon nanotube neuro-sensors has resulted in
the development of a fluorescent probe with selective molecular recognition for catechoamines.?

SWCNTs noncovalently modified with single-stranded DNA become fluorescently
responsive to the neuromodulator dopamine. Interaction of dopamine with the DNA phosphate
backbone and SWCNT carbon lattice induce a large increase in SWCNT nIR fluorescence (Figure
1.2). The magnitude of response is dependent on the sequence of DNA, with sequence optimization
revealing a maximal response for (GT)s DNA.*?
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Figure 1.2 Near-infrared fluorescence response of DNA-wrapped SWCNT to dopamine. (a) Schematic of (GT)s-
DNA wrapped SWCNT and its interaction with dopamine. (b) Fluorescence spectra of (GT)s-SWCNT before (black)
and after (red) addition of 100 uM dopamine (721 nm laser excitation).

These (GT)s-SWCNTSs show robust, reversible response to dopamine at concentrations greater
than approximately 10 nM.® Near-infrared microscopy of SWCNT neuro-sensor is demonstrated
in vitro by surface immobilizing (GT)s-SWCNTSs on the glass surface of Ibidi microfluidic slide
and imaging using a custom nIR fluorescence microscope with 721 nm laser excitation (Figure
1.3a). The channel slide is connected to a syringe pump with alternating flow of phosphate-
buffered saline (PBS) and 100 uM dopamine (DA), revealing highly reversible sensor response
(Figure 1.3b).
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Figure 1.3 Dopamine response of surface immobilized (GT)s-SWCNT. (a) Field of view capture of (GT)s-
SWCNTs surface immobilized on an Ibidi glass channel slide with 721 nm laser excitation and 860 nm long pass
filter. Scale bar is 5 um. (b) Fluorescence time trace of SWCNT identified by blue arrow in previous panel. Video
was collected while alternating flow of PBS and 100 pM dopamine (DA).

This turn-on response can be leveraged for imaging dopamine release and reuptake in
mouse brain tissue. Passive incubation of acute coronal mouse brain slices in a bath containing
(GT)e-SWCNT sensor leads diffusion to of SWCNT into the brain slice, penetrating greater than
40 pm of tissue after 15 min of incubation (Figure 1.4).
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Figure 1.4 Labeling of mouse brain slice with SWCNT neuro-sensor. (a) Schematic of acute coronal brain slice
orientation and subsequent incubation in a bath containing (GT)s-SWCNT. Neuro-sensor diffuses into the tissue over
a 15 min incubation at room temperature with 95% O perfusion. (b) Confocal microscopy image of brain slice labeled
with Cy5-(GT)swrapped SWCNT at a depth of approximately 12 um into the tissue. Scale bar is 100 pm. (c) Projection
of fluorescence confocal image stack about the x axis. (d) Mean Cy5 fluorescence per image within the z direction
scan.

However, many issues arise when these carbon nanotube neuro-sensors are introduced into
brain tissue. While SWCNTSs are capable of diffusing across tens of microns throughout the highly
tortuous extracellular space, the above experiment revealed that much of the signal measured
originated from within cell-like structure (Figure 1.4b). This indicates noticeable endocytosis of
neuro-sensor by neurons or glial cells, which decreases the concentration of sensor available for
neurotransmitter detection in the extracellular space. Furthermore, other cellular mechanisms may
be affected by the presence of these nanomaterials. There remains a gap in the literature on how
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these nanomaterials affect brain tissue particularly with regards to synaptic signaling, the
phenomena this platform seeks to study.

In this work, I explore three aspects of DNA-wrapped carbon nanotube neuro-sensors: (1)
the dynamic biomolecular surface composition of SWCNT neuro-sensor in biological
environments, (2) the impact of these probe on surrounding brain tissue, and (3) the passivation of
unoccupied surface to mitigate the previously established biological impact. The competitive
adsorption between DNA on the SWCNT surface and proteins in solution plays a vital role in the
molecular recognition ability of these constructs.?? Furthermore, the composition of adsorbed
molecules, known as the nanoparticle corona phase, affects SWCNT sensor photoluminescent
response to analyte. Interactions of the SWCNT corona with biological environments also dictates
how these nanomaterials affect living tissues.?® Finally, these provide metrics by which different
SWCNT constructs can be qualified in terms of biological response. Each of these facets provides
valuable insights into our understanding of carbon nanotubes as emerging platforms for molecular
biology applications. Collectively, this work advances SWCNT catecholamine sensors as viable
and advantageous tools for neuroscience.



1.3 Dissertation Outline
The contents of this dissertation are presented in the following chapters and appendices:

Chapter 2

Here, | present an assay for real-time, multiplexed tracking of biomolecule adsorption on
the carbon nanotube surface. This method utilizes carbon nanotube induced fluorescence
quenching to detect binding events of fluorophore-labeled biomolecules to the SWCNT surface.
We utilize this approach to track competitive ad-/de-sorption of proteins and DNA on SWCNTSs.
This approach was used to compare the affinity of the proteins, fibrinogen and albumin to DNA-
wrapped SWCNTs. We find that fibrinogen, a protein present in blood plasma but absent in blood
serum, has a significantly higher affinity for the SWCNT surface than albumin, the most abundant
protein in blood. This result highlights the importance of assessing sensor efficacy in relevant
biofluids such as blood plasma over the more widely used blood serum.

Chapter 3

In this chapter, | begin a discussion of how carbon nanotube neuro-sensors affect their
surrounding biological environments. Specifically, | show the in vitro effects of SWCNTSs on
microglial cells, the resident immune cells of the brain. | use various techniques in microscopy to
show the immediate morphological response of cells to these neuro-sensors and the fate of the
neuro-sensors within the cells. Furthermore, these data in conjunction with cell viability assays
provide insights into the concentrations and conditions at which SWCNTSs become cytotoxic. |
also present initial data utilizing a novel proteomic technique to characterize the protein corona of
internalized SWCNT neuro-sensor. This provides the groundwork for subcellular localization of
SWCNTSs via identification of adsorbed proteins.

Chapter 4

Recent developments in high-throughput sequencing have facilitated the study of the
biological impact of nanomaterials using cell transcriptomics analysis. This methodology allows
for an assessment of the cellular mechanisms triggered by carbon nanotubes. Hence, | use RNA-
seq to evaluate the time at which microglial activation by SWCNTs occurs. Subsequently, |
compare the transcriptomic response of microglial cells exposed to SWCNT neuro-sensor to that
elicited by other commonly used neuro-probes. Differential expression analysis is used to identify
MRNA biomarkers for SWCNT exposure which are unique to SWCNTSs over more common
inflammatory agents. Finally, statistical analysis of differentially expressed genes reveals cell
signaling pathways distinctively activated by SWCNTSs. These provide clues which may elucidate
the exact SWCNT-receptor interactions which mediate the previously established phenotypic
changes in microglia.

Chapter 5

By studying the interactions between carbon nanotubes and their biological environments,
we gather insights into how to mitigate unfavorable interactions. The relatively bare surface of
DNA-wrapped SWCNTSs allows for further noncovalent modification using molecules which
decrease protein adsorption and subsequent activation of signaling proteins on cell membranes.
Herein, | show that PEGylated phospholipids adsorb to bare SWCNT surface with high affinity
and mitigate SWCNT induced activation of microglia. Subsequently, these modified sensors
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enhance detection of dopamine release and reuptake in acute mouse brain slices, increasing both
signal intensity and dispersity of neuro-sensor.

Chapter 6
This chapter summarizes the findings and conclusions of this work. Here, I discuss areas
which warrant further investigation in addition to potential future directions for this work.

Appendix A

A growing concern in the field of bionanotechnology is the presence of endotoxin
contaminants in nanomaterial stocks. In this appendix, I discuss the biological implications of these
contaminants on the work presented herein. Furthermore, I explore proposed methods of endotoxin
decontamination in carbon nanomaterials.

Appendix B

Here | present findings from preliminary protein mass spectrometry experiments aimed at
characterizing the SWCNT protein corona that develops in a tissue culture. These utilized cell
lysate as the model biofluid resulting in identification of over 1,000 unique adsorbed proteins.
However, many of these proteins were deemed biologically irrelevant due to the low probability
of the SWCNT-protein interaction given the canonical SWCNT endocytosis pathway and the
location of the specific protein within the cell. Hence, this data set emphasized the importance of
experimental design in obtaining a protein corona list which reflects a cell-internalized SWCNT
corona. Nevertheless, this data provides important insights into the fundamental interactions
between SWCNTSs and proteins and hence warrants further study.



Chapter 2:
Characterization of the Carbon Nanotube Corona

Portions of this chapter are reproduced and adapted with permission from Ref 22. Copyright 2020
American Chemical Society.

2.1 Introduction

Adsorption of polymers on single-walled carbon nanotubes (SWCNTSs) has enabled
developments in molecular sensing,?* in vivo imaging,?® genetic cargo delivery,?® and chirality
sorting.® Noncovalent SWCNT functionalization offers a route that preserves the pristine atomic
structure, thus retaining the intrinsic near-infrared (nIR) fluorescence of the SWCNTs for the
aforementioned applications. However, noncovalent adsorption is an inherently dynamic process,
where exchange occurs between molecules in the bulk solution and molecules on the surface, into
what is known as the ‘corona phase’. In the case of polymers on SWCNTs, the nature, strength,
and kinetics of both the polymer binding and unbinding processes are key contributors to the
success of polymer-SWCNT based technologies.?” Understanding this exchange process is
especially critical for intended uses of functionalized SWCNTSs to probe biological environments.
When a nanoparticle is injected into a biological system, the nanoparticle surface is spontaneously
and rapidly coated with proteins to form the “protein corona’.?® In the case of noncovalent polymer-
SWCNT complexes, we hypothesize that native biomolecules compete with the original polymer
to occupy the nanoparticle surface. Binding of proteins and other biomolecules to the SWCNT can
disrupt the intended functionality of the nanoparticle and lead to potentially adverse
biocompatibility outcomes.?®3° This phenomenon of protein corona formation leads to challenges
in translating in vitro sensing or biomolecule delivery platforms to in vivo application. Moreover,
the generally accepted method of simulating in vivo biological conditions involves testing
nanotechnology performance in blood serum.?=! Yet, the absence of blood coagulation proteins
from serum could yield a false outcome in assessing robustness of the nanotechnology and
accordingly result in unpredicted failure when applied in vivo.

To clarify how nanoparticle-polymer conjugates behave in biologically relevant
environments, it is pivotal to understand the kinetics describing molecular exchange on
nanoparticle surfaces. Hence, we aim to gain a mechanistic understanding of how SWCNT-based
neuromodulator sensors behave in protein-rich milieus. These sensors are based on noncovalent
functionalization of (GT)s single-stranded DNA (ssDNA) on SWCNTSs, resulting in a complex
that exhibits ultrasensitive AF/Fo = 2400% and 3500% fluorescence turn-on responses in the
presence of neuromodulators dopamine and norepinephrine, respectively.»*121° However, the
drastic enhancement of SWCNT fluorescence experienced upon in vitro exposure to dopamine is
attenuated to AF/Fo = 20% once the sensors are applied in brain tissue,! presumably due to protein
adsorption and/or disruption of the sSDNA corona phase originally on the SWCNT surface.

Current methods to measure dynamic, noncovalent exchange on nanoparticles exist but are
limited in scope. Most research on protein-surface interactions involves characterizing
macroscopic surfaces using a series of well-developed techniques that broadly entail an input
signal modulated by changing adsorbate mass on the surface as a function of time, including total
internal reflection fluorescence microscopy, surface plasmon resonance, biolayer interferometry,

8



and quartz-crystal microbalance with dissipation monitoring. To apply these surface techniques to
nanoparticles, the nanoparticles must be surface-immobilized, thus introducing unrealistic
topographical constraints that affect ligand exchange kinetics, lead to mass transport limitations, 2
do not reproduce solution-phase nanosensor responses,® and cause nonselective protein
adsorption to any surface left exposed during the sparse SWCNT immobilization process.®?

An alternative method that permits the study of SWCNTSs in solution takes advantage of
SWCNT sensitivity to their local dielectric environment®2% by monitoring SWCNT fluorescence
intensity changes and solvatochromic shifts upon corona exchange.3"® This technique is applied
to study polymer-surfactant exchange kinetics,*3**! whereby SWCNTSs suspended with surfactant
exhibit higher quantum yield and optical transition energy (i.e. blue-shifted spectra) compared to
SWCNTSs suspended with most biomolecules such as protein or ssDNA. Previous work has
successfully applied measurable differences in SWCNT fluorescence spectra to study relative
changes in corona surface composition.*>*® However, this approach cannot distinguish the
exchange of two biomolecules (here, sSDNA to protein), nor can it distinguish between molecular
rearrangement vs. molecular desorption from the SWCNT surface. Despite the advantage of
undertaking corona exchange studies in the solution phase with this approach, its low sensitivity,
non-quantitative nature, and inability to distinguish between adsorbed biomolecules nullifies its
potential for monitoring sSDNA-protein exchange.

In this work, we present an assay that overcomes the limitations of previous
characterization methods to study corona exchange dynamics between solution-phase and corona-
phase biopolymers on SWCNTSs, specifically applied to ssDNA and protein. This assay exploits
the quenching of fluorophores when in close proximity to the SWCNT surface to monitor ligand
binding and unbinding events (Figure 2.1).%

Fraction Free

-

Time

Figure 2.1 Schematic of fluorescence quenching assay for real-time tracking of competitive adsorption to
SWCNT surface

While prior literature has similarly harnessed fluorophore quenching by SWCNTSs to study the
ssDNA-to-SWCNT binding process,%3"45 far less is known regarding how pre-adsorbed ssDNA
and biologically native proteins exchange on the SWCNTs. To our knowledge, this method is
unique in enabling real-time monitoring of SWCNT surface exchange between ssDNA and
proteins, tracing the fate of all biomolecules involved in the binding exchange. We conduct
multiplexed fluorescence tracking of polymer adsorption and desorption events to/from the
SWCNT surface. As a case study for this assay, we focus on comparing the sorption behavior of
two specific blood proteins, human serum albumin and fibrinogen, chosen because: (i) both are
highly abundant in plasma, with albumin as ~55% (w/v) of blood plasma, or 35-50 mg/mL*® and
fibrinogen as ~4% (w/v) of blood plasma, or 1.5-4.5 mg/mL,*’ (ii) albumin is present in both



blood plasma and serum, whereas fibrinogen is a key coagulation protein present in plasma but
depleted from serum, and (iii) albumin and fibrinogen are known to be interfacially active proteins
prone to surface-adsorption and are implicated in the formation of many other nanoparticle
coronas.*®*° Binding profiles from the experimental assay in conjunction with a competitive-
exchange model are used to extract kinetic parameters for each adsorbent species. Although this
study specifically examines competitive adsorption of individual plasma proteins, albumin and
fibrinogen, onto (GT)s- and (GT)15-SWCNTSs, the assay is general to any molecules that can be
fluorescently labeled and to any nanomaterial surface to which these species may adsorb and
display quenched fluorescence. Binding is also compared to the orthogonal and more ubiquitously
used platform monitoring solvatochromic shifting of the nIR SWCNT spectrum as a proxy for
SWCNT corona coverage.*>** The work presented herein develops an understanding of the
fundamental corona exchange mechanism, contextualizes the nature of the ligand exchange
process vs. SWCNT solvatochromic shifting, and provides guidance for testing the performance
of SWCNT-based systems in biologically relevant, protein-rich conditions.

2.2 Mitigation of Sensor Response by Protein Adsorption

Noncovalent modification of single-walled carbon nanotubes (SWCNTSs) with single-
stranded (GT)s DNA imparts nIR fluorescence responsivity to the small molecule
neurotransmitter, dopamine.»*21® Addition of 200 uM dopamine to 5 pg/mL solution-phase (GT)s-
SWCNTs in phosphate buffered saline (PBS) yields an 11.5-fold increase in nanosensor
fluorescence at the 1200 nm SWCNT emission peak (Figure 2.2a). Nanosensor response was
diminished in the presence of 40 pg/mL human serum albumin (HSA, Figure 2.2b) and 40 ug/mL
fibrinogen (FBG, Figure 2.2c), proteins abundant in intravenous environments. Incubation of 40
pug/mL HSA or FBG with 5 ug/mL (GT)6-SWCNTSs reduced fluorescence dopamine response by
52.2% or 78.2% after 40 min (Figure 2.2d), respectively. Attenuation of nanosensors was due to
two effects: addition of protein led to (i) increase in baseline fluorescence intensity, likely due to
protein adsorption which is predicted to be highly favorable by a thermodynamic analysis®? and
(ii) decrease in final fluorescence after addition of dopamine to (GT)s-SWCNTs. HSA did not
cause any wavelength shifting of the (GT)s-SWCNT emission, while FBG exposure led to a red
shift of 2.6 £ 0.6 nm (mean * standard deviation of N = 3 sample replicates). Although changes in
both the nIR fluorescence intensity and emission wavelength could indicate protein binding,
monitoring the SWCNT fluorescence alone does not provide sufficient information to correlate
these phenomena.
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Figure 2.2 Protein adsorption attenuates (GT)s-SWCNT sensor response to dopamine. (a) nIR spectra of 5 pg/mL
(GT)e-SWCNTs before (black) and after (red) addition of 200 pM dopamine. (b—c) nIR spectra of 5 pg/mL (GT)e-
SWCNTs incubated with 40 pg/mL (b) albumin or (c) fibrinogen for 40 minutes before (black) and after (red) addition
of 200 uM dopamine. Insets depict influence of protein corona formation on ability of nanosensor to respond to
analyte. (d) Change in (GT)s-SWCNT fluorescence intensity at 1200 nm peak following 40 minutes incubation in
PBS or protein solution at 40 pg/mL, then addition of 200 uM dopamine (N = 3). Nanosensor excitation was with 721
nm laser.

We first implemented the solvatochromic shift assay to study surfactant-induced
fluorescence changes of 5 pg/mL (GT)s-SWCNTSs incubated with either 40 ng/mL HSA or FBG
for 40 minutes. Displacement of the biopolymer corona phase with surfactant, here 0.5% (w/v)
sodium dodecylbenzene sulfonate (SDBS), causes a change in local dielectric environment that in
turn leads to a blue shift in SWCNT emission wavelength and an increase in SWCNT fluorescence
emission intensity. The magnitude of these observed effects is thought to provide insight on the
original SWCNT-corona stability. Interestingly, FBG incubated with (GT)s-SWCNTS resulted in
both the largest magnitude wavelength shift and largest fold change in fluorescence intensity upon
addition of SDBS (Figure S2.1). In contrast, HSA incubated with (GT)s-SWCNTSs did not show
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a significantly different wavelength shift or intensity fold change compared to the control, (GT)s-
SWCNTSs incubated with only PBS. These results suggest albumin and fibrinogen proteins may
have different binding propensities and kinetics to the SWCNT surface. However, this test fails to
decouple the interactions between SWCNTSs with sSSDNA, protein, and then surfactant. To further
study the differential attenuation of sensor response by HSA and FBG, and more thoroughly
understand the exchange dynamics occurring on the SWCNT surface, we developed a method for
studying SWCNT corona composition by multiplexed fluorescence monitoring.

2.3 Fluorescence Tracking of Biomolecule Adsorption

Our assay leverages fluorophore quenching induced by proximity to the SWCNT surface*
to measure surface exchange dynamics. Proteins under study were labeled with fluorescein (FAM)
fluorophore (ex/em = 494/520 nm) using NHS ester conjugation to primary amine groups (see 2.6
Materials and Methods). Single-stranded DNA (ssDNA) were procured with a 3’ terminally
labeled cyanine5 (Cy5) fluorophore (ex/em = 648/668 nm), enabling spectrally resolved
multiplexed tracking of protein and sSSDNA. The ssDNA-Cy5 is initially quenched on the SWCNT
surface, increasing in fluorescence upon desorption from the SWCNT. This methodology has been
previously implemented to study thermodynamics of fluorophore-labeled ssSDNA interactions on
SWCNT surfaces.®! Conversely, the FAM-labeled protein exhibits high fluorescence when added
in bulk solution, quenching upon adsorption to the SWCNT surface. In this manner, FAM-labeled
protein can be injected into sSSDNA-Cy5-SWCNTs in a well-plate format and fluorescence changes
resulting from biomolecule exchange can be read by a fluorescence plate reader (Figure 2.3a). We
first employed this method to compare the desorption rates of (GT)s-Cy5 and (GT)15-Cy5 from
SWCNTSs upon addition of FAM-labeled HSA and FBG. Both proteins promoted dequenching of
Cyb5, as compared to the addition of PBS control (Figure 2.3b—c). Dequenching was due to
complete desorption of ssDNA rather than partial desorption of the 3’ end, as verified by
confirming that the binding profiles of 3°- vs. internally Cy5-labeled ssSDNA are similar (Figure
S2.2). Additionally, presence of the Cy5 tag on ssDNA did not significantly affect protein
adsorption (Figure S2.3). Fibrinogen generated a 3.09 + 0.07 Cy5 fluorescence fold increase for
(GT)e-Cy5-SWCNTs vs. a 1.52 + 0.04 Cy5 fluorescence fold increase for (GT)15-Cy5-SWCNTSs.
This result suggests (GT)15 is less readily displaced from the SWCNT surface compared to the
shorter (GT)6 construct, a result consistent with the literature.>>*
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Figure 2.3 Tracking exchange of fluorophore-labeled ssDNA and protein on SWCNT surfaces demonstrates
protein adsorption selectivity and ssDNA length effect. (a) Corona exchange assay workflow. ssDNA-Cy5-
SWCNT solution is added to a well-plate, FAM-protein solution is injected, and the ad-/de-sorption processes are
monitored in separate color channels of a fluorescence plate reader (2.6 Materials and Methods). Increase in sSDNA-
Cy5 fluorescence induced by addition of 40 pg/mL (b) FAM-labeled albumin (FAM-HSA) or (c) FAM-labeled
fibrinogen (FAM-FBG) to 5 pg/mL ssDNA-Cy5-SWCNT suspended with ssDNA, (GT)s or (GT)is. Decrease in
fluorescence of (d) FAM-HSA and (e) FAM-FBG after addition of protein to (GT)e- or (GT)15-SWCNT. Error bars
represent standard error between experimental replicates (N = 3).
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In the same experiment, protein adsorption onto sSSDNA-Cy5-SWCNTSs was concurrently
tracked via fluorescence quenching of the protein-conjugated FAM. Presence of residual FAM
fluorophore in the FAM-protein solution was accounted for by quantifying free FAM and
subtracting the minimal change in fluorescence due to free FAM-to-SWCNT interaction (Figure
S2.4, Figure S2.5, Table S2.1). Furthermore, the effect of FAM fluorophore labeling on the
protein-exchange dynamics was minimal (Figure S2.6), in agreement with previous investigations
demonstrating that fluorescein-labeling of proteins does not perturb protein adsorption or function,
and additionally that fluorescein signals are proportional to the interfacial mass of the tagged
species.>> 8 By tracking the fluorescence modulation resulting from FAM-protein interactions
with ssDNA-Cy5-SWCNTSs, we found that FAM-FBG exhibited a comparatively larger degree of
quenching than FAM-HSA for both ssDNA-SWCNT suspensions (Figure 2.3d—e): upon addition
of 40 pg/mL FAM-FBG to 5 ug/mL (GT)6-SWCNTSs (final concentrations), FBG induced a 42.5
+ 0.9% decrease in FAM fluorescence vs. a 25.5 £ 0.9% HSA-induced decrease in FAM
fluorescence. These results consistently suggest two interaction mechanisms of ssDNA and protein
with SWCNTSs: (i) (GT)1s SSDNA binds to SWCNTs with a higher affinity than (GT)s SSDNA,
thus reducing protein adsorption, and (ii) FBG interacts with sSSDNA-SWCNTs more strongly than
HSA. The former result agrees with prior work confirming that the rate of sSDNA desorption from
SWCNTSs decreases with increasing oligo length,34 also valid in the presence of competing
biomolecules.® As such, our data suggest that FBG protein adsorption leads to more significant
sSDNA desorption from SWCNTSs, whereas HSA adsorbs less strongly and accordingly causes
less sSDNA desorption from SWCNTs. These ssDNA-protein corona exchange trends were
corroborated with polyacrylamide gel electrophoresis (PAGE) of the unbound species, where
FAM-FBG adsorbed to (GT)s-Cy5-SWCNTs 56.5% more than FAM-HSA and caused 5.20%
greater desorption of ssSDNA (Figure S2.7). From our corona exchange assay, it is interesting to
note that protein adsorption occurs faster than ssDNA desorption. These experimental results
motivate kinetic modeling of ssSDNA and protein exchange on SWCNT surfaces.

2.4 Modeling Competitive Adsorption on SWCNT Surface

To quantitatively probe differences in protein affinities for sSDNA-SWCNTs, we fit Cy5
and FAM fluorescence data to a competitive adsorption model and extracted kinetic parameters
for ssDNA and proteins. Multiplexed fluorescence tracking was repeated with 5 pg/mL (GT)e-
Cy5-SWCNTSs and concentrations of FAM-HSA and FAM-FBG ranging from 5 to 160 pg/mL.
Fluorescence values were converted to mass concentration using standard curves for ssDNA-Cy5
and both FAM-conjugated proteins (Figure S2.8). A model was developed for the competitive
exchange between ssDNA and protein on the SWCNT surface (Equations 2.1 and 2.2). In the
model, unbound ssDNA (D) and protein (P) adsorb and desorb reversibly to SWCNT surface sites

(*):

kq

D +x 2D * (Eq. 2.1)
ka
ks

P +% 2P * (Eq. 2.2)
ky
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Total concentration of SWCNT surface sites ([*]1) was fixed, given by a site balance (Equation
2.3), where *, D*, and P* refer to vacant sites, sites occupied by bound ssDNA, and sites occupied
by bound protein, respectively:

[¥]7 = [¥] + [D *] + [P %] (Eq.2.3)

Bound ssDNA and bound protein concentrations were calculated by species conservation, where
total ssSDNA was the amount added during sSDNA-SWCNT synthesis, total protein was the
injected protein quantity, and total sites ([*]r) was a fit parameter. Rate constants ki1, k> for ssSDNA
binding/unbinding, ks, ks for protein binding/unbinding, and the total concentration of binding
sites [*] were computed using a least squares curve fit of Equations S2.1 and S2.2 to experimental
data (see 2.6 Materials and Methods).

Experimental data of FAM-HSA or FAM-FBG added to (GT)s-Cy5-SWCNTs was fit to
this model for each concentration tested (Figure 2.4). All mean relative errors comparing fits to
experimental data were < 5% (Table S2.2). The model recapitulates the experimental observation
that FBG has a higher affinity for SWCNTs (Figure 2.4d) than HSA (Figure 2.4b), where average
ks, FBG = 1.43 x 10° > k3, HSA = 8.88 x 105 mL pgs? (Table 2.1, with full fit parameter results
in Table S2.2). These k values are in relative agreement with previous literature assessing the
kinetic parameters for ssDNA desorption from SWCNTSs,>® and protein binding to nanoparticles.®°
At the same initial FAM-protein concentration of 40 pg/mL added to 5 pg/mL (GT)e-Cy5-
SWCNTSs, FBG adsorbed to a higher fraction of bound protein (0.756) than HSA (0.284) after 1
hour. Final solution-phase concentrations of FAM-FBG and FAM-HSA were 9.04 and 28.5
pg/mL, respectively, compared to concentrations of 13.8 and 36.4 pg/mL determined by PAGE
(Figure S2.7d). Solution-phase concentrations of (GT)s-Cy5 upon addition of FAM-FBG and
FAM-HSA increased from 0.106 to 0.301 pg/mL and from 0.101 to 0.128 pg/mL, respectively,
compared to concentration changes of 0.331 to 0.388 pg/mL and 0.688 to 0.767 pug/mL determined
by PAGE (Figure S2.7¢). The discrepancy in concentrations across the two approaches may be
due to technical differences between methods, where gel electrophoresis is limited in both
sensitivity and temporal resolution.

Addition of FAM-FBG into solution with (GT)e-Cy5-SWCNTSs led to ssSDNA desorption
for all tested concentrations of injected FAM-FBG (Figure 2.4c), as compared to only > 40 ug/mL
of injected FAM-HSA led to measurable ssSDNA desorption (Figure 2.4a). Adsorption of SSDNA
was observed upon addition of PBS or low concentrations of FAM-HSA (<20 pg/mL) to (GT)6-
Cy5-SWCNTSs, indicating an initial excess of unbound ssDNA in bulk solution. Interestingly, the
intermediate concentration of FAM-HSA (40 pug/mL) added to (GT)6-Cy5-SWCNTSs resulted in
sigmoidal ssDNA desorption behavior that is not fully described by the model. This behavior
fundamentally implies that the assumption of independent reactions made in Equations 1 and 2
may not hold for intermediate concentrations of FAM-HSA. Specifically, the dependence of
ssSDNA dissociation constant k> on total protein concentration indicates that the rate of SSDNA
desorption is a function of adsorbed or free protein concentration (Table S2.2, Figure S2.9). This
higher-order desorption process may account for the discrepancy between experimental data and
model fit for (GT)6-Cy5 desorption induced by addition of 40 ug/mL FAM-HSA.
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Figure 2.4 Kinetic model of competitive exchange between ssDNA and protein on SWCNTSs fit to fluorescence
data to extract rate constants. (a—b) Fraction of (a) (GT)s-Cy5 ssDNA and (b) FAM-labeled aloumin (FAM-HSA)
protein free in solution for varying concentrations of FAM-HSA injected into 5 pg/mL (GT)s-Cy5-SWCNT solution.
(c—d) Fraction of (c) (GT)s-Cy5 ssDNA and (d) FAM-labeled fibrinogen (FAM-FBG) protein free in solution for
varying concentrations of FAM-FBG injected into (GT)e-Cy5-SWCNT solution. Star data points represent initial
conditions used for solving model differential equations. Error bars represent standard error between experimental
replicates (N = 3).

Table 2.1 Range of kinetic model fit parameters.

Protein kl X 106 kz X 106 k3 X 106 k4 X 106 [*]T
(mL pg*s™) (st (mL pg*s™) (st (g mL™)
Albumin 1.10-1.54 8.40 - 20.7 7.86 -9.44 5,850 - 12,000 365 - 526
Fibrinogen 1.15-2.30 42.7-90.9 11.8-16.9 2,610 - 9,150 486 - 620

16



For all concentrations tested, protein adsorption proceeded significantly faster than sSDNA
desorption dynamics, indicating that protein adsorption precedes ssDNA desorption and
suggesting that the two phenomena may be decoupled in time. This difference in exchange time-
scales may be due to the large concentration of total SWCNT surface binding sites (with average
fit values of [*]rrec = 572 ug mL™* and [*]rHsa = 472 pug mL™?) relative to the total ssDNA and
protein concentrations. We hypothesize a low initial sSDNA surface coverage, or large accessible
SWCNT surface area, is a likely reason for the difference in exchange timescales. Furthermore, in
the case of FAM-FBG with (GT)s-Cy5-SWCNTSs, while amount of adsorbed FBG reaches an
apparent steady-state value within ~5 minutes (Figure 2.4d), sSDNA continues to gradually desorb
over time at a rate seemingly independent of injected protein concentration (Figure 2.4c).
Continued ssDNA desorption may be caused by a surface rearrangement process in the adsorbed
FBG layer,®* where protein spreading could be responsible for this observed ssDNA displacement
over longer timescales.32°® Hydrophobic interactions are posited to be the driving force for protein
spreading on the SWCNT surface®” and consequently interfacial denaturation is presumed to be
the dominant relaxation process, in addition to a smaller contribution from molecular
reorientations.®

From the kinetic model fitting, the mass of protein adsorbed on the SWCNTs was
consistently higher for FBG as compared to HSA for the same initial concentration of 40 pg/mL
FAM-protein with 5 pg/mL (GT)s-Cy5-SWCNTSs. Previous studies of differential protein
adsorption to hydrophobic surfaces has demonstrated that fibrinogen forms well-packed layers,
whereas more weakly adsorbed albumin forms less tightly packed, more mobile adsorption
layers.>” Accordingly, we hypothesize that the seemingly higher protein surface coverage on the
SWCNT points to the more tightly packed, if not multilayer formation, of FBG on the SWCNT
surface.

Some potential shortcomings of our methodology include that the proposed elementary
steps only approximate the true exchange mechanism, or that there are nonidealities present in the
protein and/or ssDNA sorption behavior. Two alternative models to account for protein binding to
surface-adsorbed ssDNA or protein were also attempted, but not pursued due to the poor quality
of the fits (2.6 Materials and Methods). Constraining the total surface sites [*]r during model
fitting was also pursued, whereby [*]T would presumably be constant across different
concentrations of protein added. Although the model fits to the experimental data are reasonable
(Table S2.3, Figure S2.10), we decided to fit the data with varying [*]r to capture the effect of
concentration-dependent nonidealities in the system, such as nanotube-nanotube interactions, on
all fit parameters. Finally, we note that the system is not truly equilibrated, therefore, a
thermodynamic analysis was not pursued.®?

2.5 Conclusions

Protein adsorption to nanoparticle surfaces is a major hindrance to the successful
application of nanotechnologies in vivo. We have shown that incubation of two high-abundance
blood plasma proteins, human serum albumin and fibrinogen, with sSDNA-SWCNT dopamine
sensors causes significantly different degrees of sensor response attenuation. Developing an
understanding of protein-sensor interactions is vital in circumventing this issue and establishing
better practices for testing nanotechnologies for in vivo use. Previously established techniques to
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evaluate these effects implement surface-immobilized nanoparticles or exploit the intrinsic nIR
fluorescence changes of SWCNTSs. Yet, these methods do not track the fate of adsorbates and
cannot quantify the fraction of free biomolecules in real-time, thus precluding quantitative and
temporally resolved studies of the SWCNT protein corona composition. Though the SDBS-
induced solvatochromic shift assay successfully identifies FBG as a protein of interest, this assay
provides no mechanistic information on FBG binding, nor can it distinguish between HSA and
PBS control responses.

We have addressed these limitations in developing a method to quantitatively probe the
kinetics of SWCNT corona exchange between ssDNA and protein adsorbates by monitoring
fluorescence quenching of conjugated fluorophores in close proximity to SWCNT surfaces.
Concentration curves were fit to a competitive adsorption model to extract Kinetic parameters. Our
method reveals that reduction of dopamine sensor performance correlates with quantity of
adsorbed protein, where fibrinogen adsorbs to sSDNA-SWCNTs 168% more than albumin at the
same concentration, and consequently leads to 26% more sensor attenuation. We demonstrate
significantly greater SWCNT binding affinities for longer repeating ssDNA sequences, and for
fibrinogen over albumin. These results bear significance in that albumin is the highest abundance
blood protein and is therefore commonly regarded as an important component of the SWCNT
corona. However, our results show that lower abundance proteins with higher SWCNT affinities
may disproportionately contribute to the SWCNT corona, as has been previously suggested in
orthogonal protein corona-nanoparticle studies.®*®* Preliminary findings from blood plasma and
serum samples normalized to 40 pg/mL total protein concentration show that plasma and serum
both caused significant attenuation of dopamine response in (GT)s-Cy5-SWCNTSs, with 81.0 +
0.9% and 80.7 + 1.4% reduction in response, respectively (Figure S2.11a). However, plasma—
which contains fibrinogen—caused a higher degree of ssSDNA desorption, with plasma inducing a
1.64 + 0.01 fold increase in (GT)e-Cy5 fluorescence vs. a 1.39 + 0.03 fold increase by serum
(Figure S2.11b). Our results motivate the necessity to test SWCNT-based and other
nanobiotechnologies in more representative bioenvironments, i.e. blood plasma rather than serum.

The method presented herein enables the study of corona formation dynamics of multiple
biomolecular entities, with standard laboratory equipment, under varying solution conditions (e.g.
ionic strength and pH). The generalizability of this assay allows for study of diverse corona
exchange phenomena occurring on the surface of carbon nanotubes between a variety of
biomolecular species. We demonstrate that RNA, phospholipids, and peptoids—molecules
commonly used in SWCNT-mediated delivery, imaging, and sensing*-:26:6566 __a|| exhibit varying
degrees of corona exchange with sSDNA-SWCNTs (Figure 2.5). Furthermore, we can examine
the competitive adsorption of multiple fluorophore-conjugated proteins, such as FAM-HSA and
Cy5-FBG onto ssDNA-SWCNTSs, where increasing mass ratios of FBG to HSA results in reduced
adsorption of the latter (Figure S2.12). Careful selection of fluorophores may enable further
multiplexing, allowing tracking of more than two distinct molecular species simultaneously.
Rationally designed labeling methodologies such as FRET may also enable the study of more
complex interactions such as protein denaturation on the SWCNT surface. Implementation of this
assay will facilitate more thorough deconvolution of factors driving protein corona formation and
accordingly inform design principles for nanotechnologies resistant to protein corona-based
biofouling and performance attenuation. In summary, the corona exchange assay we have
developed will serve to enhance our still deficient understanding of how noncovalently bound
polymers exchange on nanoparticle surfaces and, accordingly, enable the design and testing of
nanobiotechnologies towards effective implementation in vivo. In later chapters, this assay is
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applied to quantify the degree of nonspecific protein adsorption to different SWCNT constructs as
a comparative measure of biocompatibility.

One additional takeaway from the kinetic competitive adsorption model is the relatively
sparse occupation of surface sites by DNA molecules. At the initial time point, the fraction of
ssDNA bound to the surface is high (6p = 0.98). This equates to a concentration of 1.19 uM of
SSDNA in the 5 pug/mL SWCNT suspension, or approximately 512 ssDNA molecules per carbon
nanotube given an average SWCNT length of 500 nm and molecular weight of 2,177,000 g mol™.
This value can be compared to that calculated by quantifying total adsorbed DNA through
surfactant induced desorption. This method results in an estimated 364 (GT)s SSDNA molecules
per SWCNT (see 2.6 Materials and Methods). These values are consistent with the literature
which reports an 850 (GT)s to SWCNT ratio and 420 for (GT)10.%” Molecular dynamics simulations
report a (GT)s DNA contact area of 2800 A? per molecule.*? Subsequently, the total (GT)s DNA
contact area is between 6.5 —9.1% of the SWCNT surface. In the literature, values of DNA surface
coverage are estimated to be between 20% and 25%.%%% This discrepancy may arise from
differences in the DNA-SWCNT suspension protocols (e.g. sonication time and power, DNA to
SWCNT ratio, salt concentration, etc.) and differences in the techniques used to quantify adsorbed
DNA. Whereas other methods utilized surfactant adsorption and subsequent density gradient
centrifugation, our approach directly measures adsorbed DNA. Nevertheless, these results
commonly suggest that there remains bare carbon lattice on (GT)s sSDNA wrapped carbon
nanotube suspensions. Chapters 3 and 4 of this dissertation will examine the negative biological
impact caused by this exposed surface on immune cells of the central nervous system. In Chapter
5, | explore the passivation of unoccupied SWCNT surface area using phospholipids to mitigate
both protein adsorption and prevent negative biological effects induced by exposed graphene
carbon lattice.
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Figure 2.5. Adsorption of various fluorophore-tagged biomolecular species to sSDNA-SWCNTSs. Adsorption of
varying concentrations of biomolecules to 5 pg/mL (GT)s-SWCNTS. (Column 1) Quenching of fluorophore-tagged
biomolecules adsorbing to (GT)s-SWCNTSs: (a) Cy3-RNA, (c) Cy5-phospholipid (DSPE-PEG(2000)-N-Cy5), and (e)
eosin-peptoid ((Nae—Npe)o-(Nce—Npe)y). (Column 2) Corresponding dequenching of fluorophore-tagged (GT)s
ssDNA desorbing from SWCNT surface: (b) (GT)e-Cy5, (d) (GT)s-FAM, and (f) (GT)e-Cy5. Error bars represent
standard error between experimental replicates (N = 3).
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2.6 Materials and Methods

Preparation of sSDNA-SWCNT complexes

Single-stranded DNA with single-walled carbon nanotube (SSDNA-SWCNT) suspensions
were prepared by combining 0.2 mg of mixed-chirality SWCNTs (small diameter HiPco™
SWCNTs, Nanolntegris) and 20 uM of ssDNA (custom ssDNA oligos with standard desalting,
Integrated DNA Technologies, Inc.) in 1 mL of 0.01 M phosphate-buffered saline (PBS). Solutions
were probe-tip sonicated for 10 minutes in an ice bath (3 mm probe tip set at 50% amplitude, 5-6
W, Cole-Parmer Ultrasonic Processor). Samples were centrifuged to pellet insoluble SWCNT
bundles and contaminants (16,100 cfg for 30 minutes). Supernatant containing the product was
collected. ssSDNA-SWCNT solutions were stored at 4°C until use. SSDNA-SWCNT concentration
was determined via sample absorbance at 910 nm and the corresponding extinction coefficient
go10nm = 0.02554 mL pg? cm™.%° ssDNA-SWCNTs were diluted to a working concentration of 10
pMg/mL in 0.1 M PBS.

Cyanine 5 (Cy5) was chosen as the ssSDNA fluorophore label, with excitation maximum at
648 nm and emission maximum at 668 nm. The same suspension protocol was employed for
preparation of fluorophore-labeled ssSDNA-SWCNT complexes, using sSDNA-Cy5 (3° or
internally labeled Cy5-labeled custom ssDNA oligos with HPLC purification, Integrated DNA
Technologies, Inc.) in place of unlabeled ssDNA. Internally labeled ssSDNA-Cy5 includes Cy5
conjugated to the thymine at nucleotide position 6 (GTGTGT/iCy5/GTGTGT).

Total ssDNA adsorbed to SWCNTs was determined by a heat/surfactant elution process.
This molar ratio of sSDNA:SWCNT was required to calculate the fraction of free vs. bound sSDNA
throughout the exchange process. Optimized elution conditions were achieved with salt and
surfactant in the combination of 0.1 M PBS/0.1% (m/v) sodium dodecylbenzene sulfonate (SDBS),
in agreement with prior literature demonstrating that SDBS disperses SWCNTs most
effectively®”% and without chirality bias.”* Freshly prepared ssDNA-Cy5-SWCNTs were diluted
to a final concentration of 5 ug/mL in elution buffer, with a final volume of 150 pL in a PCR tube.
Samples were heated at 95°C for 1 hour in a PCR thermocycler, transferred to a clean test tube,
and centrifuged (16,100 cfg for 30 minutes) to pellet insoluble SWCNT bundles. 120 pL of
supernatant containing the eluted ssSDNA-Cy5 was collected. Fluorescence in the Cy5 channel was
measured (see Visible fluorescence measurements methods section) and compared to a standard
curve of known ssDNA-Cy5 concentrations (ranging 0.01 - 1 uM) to correlate the Cy5
fluorescence measurement to sSDNA eluted concentration. This resulted in a mole ratio of 364
2 (GT)e:SWCNT and 140 + 7 (GT)15:SWCNT (both N = 8), in relative agreement with previous
literature for (6,5) single chirality SWCNTSs.5’

Fluorophore-labeling of proteins

N-Hydroxysuccinimide (NHS) ester chemistry was used to label proteins via conjugation
to primary amine groups. Fluorescein (FAM) was chosen as the protein fluorophore label, with
excitation maximum at 494 nm and emission maximum at 520 nm (FAM NHS ester 6-isomer,
Lumiprobe). Lyophilized proteins were purchased: human serum albumin (HSA; from human
plasma, <0.02% Fatty acids, Lot #SLBZ2785, Millipore Sigma) and fibrinogen (FBG; from human
plasma, 20 mM sodium citrate-HCI pH 7.4, Lot #3169957, Millipore Sigma). FAM-proteins were
prepared with 10 mg of protein reconstituted in 900 puL of 0.1 M sodium bicarbonate (pH 8.5) and
8-fold molar excess of FAM NHS ester solubilized in 100 pL DMSO. Solutions were combined,
covered in foil, and incubated on a test tube rotator for 4 hours. FAM-protein conjugates were
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twice purified to remove free FAM (Zeba™ 2 mL spin desalting columns with 40 kDa MWCO,
Thermo Fisher Scientific) by washing with 0.1 M PBS three times (1,000 cfg for 2 minutes),
centrifuging with sample (1,000 cfg for 3 minutes), and retaining sample in flow-through solution
(repeating all steps twice with a new spin column). Protein concentration and degree of labeling
(DOL) were determined by measuring the absorbance of the FAM-protein conjugate at the protein
absorbance maximum, 280 nm (A2so), and the fluorophore emission maximum, 494 nm (Aases).
Protein absorbance was corrected for the contribution of the fluorophore to Azso by subtracting
Augs Weighted by the correction factor (CF), an empirical constant of 0.17 for free FAM (from
manufacturer). Protein and FAM concentrations were determined by the Beer-Lambert Law using
either Azgo for protein or Ases for FAM, with the corresponding extinction coefficients of €280nm HsA
= 43,824 Mt cm™,72 gz80nm, FBG = 513,400 Mt cm™,” and &494nmram = 75,000 M cm™? (from
manufacturer). DOL was then calculated as the ratio of FAM to protein molar concentrations,
yielding DOLram-Hsa = 2.773 and DOLram-rec = 0.608.

Free FAM NHS ester remaining after purification was quantified by polyacrylamide gel
electrophoresis (PAGE) run according to the Laemmli protocol™ (adapted in Bio-Rad Mini-
PROTEAN Tetra Cell manual). Briefly, purified FAM-protein conjugates were added to sodium
dodecyl sulfate (SDS) reducing buffer (2% SDS, 5% [B-mercaptoethanol, 0.066 M Tris-HCI) in a
1:2 ratio of sample to buffer. Samples were diluted such that 100 ng of FAM-HSA, 100 ng of FAM
NHS ester, or 30 ng of FAM-FBG (due to lower labeling reaction yield) per 20 pL volume was
applied per well. PAGE separation was carried out in 1 mm vertical mini gel format (Bio-Rad
Mini-PROTEAN Tetra Cell) with a discontinuous buffer system under denaturing conditions. Gel
composition was 12% acrylamide (total monomer), 0.375 M Tris-HCI, 0.1% SDS, 0.05% APS,
0.05% TEMED for the resolving gel and 12% acrylamide (total monomer), 0.125 M Tris-HClI,
0.1% SDS, 0.05% APS, 0.1% TEMED for the stacking gel. Electrode buffer was 25 mM Tris, 192
mM glycine, and 3.5 mM SDS (pH 8.3). Separation was run with 200 V for 35 minutes, gels were
extracted, and the FAM label was visualized with a gel imager (Typhoon FLA 9500, 473 nm laser,
General Electric) (Figure S2.4). The FAM-protein conjugate is the higher band (approximately 66
kDa for FAM-HSA, 52-95 kDa for FAM-FBG) and the free, lighter molecular weight FAM NHS
ester is the lower band (approximately 0.475 kDa). FAM fluorescence intensity was quantified
with ImageJ (Table S2.1).

Visible fluorescence measurements

Equal volumes of (GT)s-Cy5-SWCNT and FAM-tagged protein at 2X working
concentration were added to a 96-well PCR plate (Bio-Rad) to a total volume of 50 pL. The plate
was sealed using an optically transparent adhesive seal (Bio-Rad) and briefly spun down on a
benchtop centrifuge. Fluorescence time series readings were taken using a Bio-Rad CFX96 Real
Time gPCR System, scanning all manufacturer set color channels (FAM, HEX, Texas Red, Cy5,
Quasar 705) every 30 s at 22.5 °C (lid heating off). Fluorescence time series were analyzed without
default background correction. Note that concentration ranges of FAM-HSA (5-60 pg/mL) and
FAM-FBG (40-160 pg/mL) were chosen to be in the linear fluorescence regime of the qPCR.

Near-infrared fluorescence measurements

Fluorescence spectra were collected with an inverted Zeiss microscope (20x objective,
Axio Observer.D1) containing a custom filter cube set (800 nm SP FESH0800, 900 nm LP dichroic
DMLP900R, 900 nm LP FELH900, ThorLabs) coupled to a Princeton Instruments spectrometer
(SCT 320) and liquid nitrogen cooled Princeton Instruments InGaAs detector (PyLoN-IR
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1024/1.7). Fluorescence measurements were done with a beam-expanded 721 nm laser (10-500
mW, OptoEngine LLC) excitation light source and 800 - 1400 nm emission wavelength range.
Solution-phase measurements were acquired in a 384 well-plate format (1 s exposure time, 1 mW
laser power). Protein solutions (final concentration 40 pg/mL) or PBS control were incubated with
(GT)6-SWCNTs (final concentration 5 pg/mL in 0.1 M PBS). For each time point, an aliquot of
these incubation solutions was added to a well (40 pL total volume) and an initial fluorescence
spectrum was acquired. 10 pL of dopamine was added to a final concentration of 200 UM prior to
the second fluorescence acquisition. Fluorescence fold change was measured by taking the ratio
of fluorescence intensities at 1200 nm between post- and pre-addition of dopamine spectra.

Similarly, surfactant-induced solvatochromism was performed by collecting nIR
fluorescence spectra pre- and 1-minute post-addition of 0.5% (w/v) SDBS. Fluorescence fold
change was defined as the ratio of integrated fluorescence intensity (800 to 1400 nm) between
post- and pre-addition of SDBS. Wavelength shift was measured relative to the wavelength of the
(7,6) SWCNT chirality peak emission (initially 1130 nm) post-SDBS.

Kinetic model

Corona exchange Kkinetics were modeled by a system of simultaneous
adsorption/desorption reactions. The model assumes that both ssDNA and protein adsorb/desorb
reversibly to a fixed number of vacant SWCNT surface sites (Equations 1 and 2). Note that all
modeling was done on a mass basis. This is in agreement with the general use of volume fractions
in polymer thermodynamics.” Here, we add the additional assumption that the biomolecules are
of similar density. Modeling on a mass basis accounts for the widely varying molecular sizes
between the two types of protein (HSA, 66.5 kDa, globular vs. FBG, 340 kDa, long) and ssDNA
((GT)e, 3.7 kDa). The time-dependent differential equations governing ssDNA desorption and
protein adsorption are as follows:

d

— [P = —ki[*]7[D] + (ks [D] + k2)([D]7 — [D]) + k4 [D]([P]r — [P]) (Eq. S2.1)

% [P] = —ks[*]7[P] + (k3[P] + ko) ([P]r — [PD) + k3[P]([D]r — [D]) (Eq. S2.2)

A least-squares regression was used to fit the model to fluorescence data and iterate model
parameters. The odel5s function in MATLAB (MathWorks, 2019a) was implemented to solve
Equations S2.1 and S2.2 for free protein and DNA concentration curves given fit rate constants ki,
ko, ks, ks, and the total concentration of open sites, [*]r. Relative error between the model fit and
experimental data was calculated and averaged over all data points to yield mean relative error
(MRE). Sensitivity analysis on initial conditions was performed to minimize this fit error. Forty-
eight unique combinations of rate parameter initial conditions were analyzed as inputs to the
nonlinear least-squares solver (Isqcurvefit) in our MATLAB model. The optimal set of initial
conditions for each protein was chosen as that which yielded a low MRE between fit and
experimental data and a low standard error among fit parameters for each of the four protein
concentrations. Each rate parameter was individually fit to each experiment, yielding 20 total fit
parameters from each initial condition (Table S2.2). Final ssDNA and protein fit MRE were all <
5% (Table S2.2).

Two alternative models were also attempted: in Model 2, protein was able to bind to
surface-adsorbed ssDNA and in Model 3, protein was able to bind to surface-adsorbed protein.
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However, these models both produced significantly higher error in fits. Model 2 addressed the
possibility of protein binding on top of ssDNA bound directly to the SWCNT. For FBG
experiments fit with Model 2, most fits overestimated FBG adsorption and many fits displayed
incorrect concavity for the sSDNA desorption. For HSA experiments fit with Model 2, the protein
data was generally fit well but the ssSDNA fits exhibited either a maximum or produced linear fits.
Model 3 addressed the possibility of protein binding on top of protein bound directly to the
SWCNT. For FBG experiments, Model 3 overestimated both protein adsorption and sSDNA
desorption. For HSA experiments, Model 3 generally fit the protein data well, yet did not capture
ssDNA dynamics as a function of concentration. Although the higher errors associated with Model
2 and 3 do not rule out these nanoscale mechanistic possibilities, the simple model of independent
binding does overall fit the data much more closely between both protein and ssDNA curves within
the same experiment, as well as binding dynamics as a function of varying concentration.

Biomolecule corona exchange assay

Cy3-RNA: UUC CGU AUG UUG CAU CAC CTT (5 Cy3-labeled custom RNA oligo with
HPLC purification, Integrated DNA Technologies, Inc.). This particular RNA sequence was
chosen because it serves as the antisense strand in a gene silencing study. Exchange was monitored
with (GT)s-Cy5-SWCNTs.

Cy5-phospholipid: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000]-N-(Cyanine 5), abbreviated DSPE-PEG(2000)-N-Cy5 (Avanti Polar Lipids, Inc.).
This phospholipid was chosen because it has been previously used to functionalize SWCNT for
brain imaging applications.®® Exchange was monitored with (GT)s-FAM-SWCNTSs.

Eosin-peptoid: (Nae—Npe)s-(Nce—Npe)o): N-(2-aminoethyl) glycine (Nae) and N-(2-phenethyl)
glycine (Npe) units, abbreviated (Nae—Npe)s, and N-(2-carboxyethyl) glycine (Nce) and Npe,
abbreviated (Nce—Npe)o.’® This peptoid sequence was chosen because it has been used to construct
a SWCNT-based nanosensor.® Exchange was monitored with (GT)s-Cy5-SWCNTS.
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Figure S2.1 Surfactant-induced fluorescence change of ssDNA-SWCNTSs incubated with protein. (a) Near-
infrared (nIR) spectra of 5 pg/mL (GT)s-SWCNTS before (black) and after (red) addition of 0.5% (w/v) SDBS. (b—c)
nlR spectra of 5 pg/mL (GT)e-SWCNTSs incubated with 40 pg/mL (b) albumin or (c) fibrinogen for 40 min before
(black) and after (red) addition of 0.5% (w/v) SDBS. Change in (d) (7,6) SWCNT wavelength of peak emission and
(e) integrated fluorescence intensity (800-1400 nm) observed 1 min after addition of SDBS (N = 3). Nanosensor
excitation was with 721 nm laser.
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Figure S2.4 Polyacrylamide gel electrophoresis (PAGE) to quantify purification of labeled FAM-protein
solutions. 12% acrylamide (total monomer) gel images of FAM-labeled (a) aloumin (FAM-HSA) and (b) fibrinogen
(FAM-FBG) post-purification to assess amount of free FAM remaining.

Table S2.1 Quantification of free FAM remaining in labeled FAM-protein solutions. Molar
percentages of FAM-protein and free FAM are calculated based on gel band intensity and protein
degree of labeling for (a) FAM-HSA and (b) FAM-FBG.

a

Sample Band ID Mole %

FAM-HSA, 1x pure FAM-Protein 69.7%
FAM 30.3%

FAM-HSA, 2x pure FAM-Protein 67.8%
FAM 32.2%

FAM FAM 100.0%

b

Sample Band ID Mole %

FAM-FBG, 1x pure FAM-Protein  70.5%
FAM 29.5%

FAM-FBG, 2x pure FAM-Protein  86.2%
FAM 13.8%

FAM FAM 100.0%
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Figure S2.5 Fluorescence offset due to free FAM binding to SWCNT surface. FAM NHS ester was injected into
solution with or without SWCNTSs to quantify free fluorophore binding to the SWCNT. Free FAM concentrations
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between 0 and 100 pg/mL. Fluorescence offset was calculated as the difference between FAM fluorescence in the
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Figure S2.6 Desorption of ssDNA-Cy5 from SWCNT induced by FAM-labeled vs unlabeled protein.
Dequenching of (GT)e-Cy5 due to desorption from SWCNT upon addition of 40 ug/mL FAM-protein or unlabeled
protein. Error bars represent standard error between experimental replicates (N = 3).
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Figure S2.7 Native polyacrylamide gel electrophoresis (PAGE) to quantify ssDNA and protein exchange.
Incubation of (a) FAM-HSA or (b) FAM-FBG proteins with (GT)e-Cy5-SWCNTs for 1 h (final concentrations 5
pg/mL of (GT)e-Cy5-SWCNTs with 40 pg/mL of either FAM-HSA or FAM-FBG). Quantification of concentration
via fluorescence for (c) Cy5 bands (red) and (d) FAM bands (green).
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Figure S2.8 Conversion of fluorescence to concentration. Standard curves correlating fluorescence to fluorophore-
labeled entity concentration for (a) Cy5-labeled (GT)s and (b) FAM-labeled proteins, FAM-HSA and FAM-FBG.
Error bars represent standard deviation between technical replicates (N = 3).

Table S2.2 Full kinetic model fit parameters and mean relative errors (MREsS).

Protein Concentration K1 ko ks K4 *t MRE MRE

(nug/mL) (mL pg?s?) (s (mL pg?s?) (sh (ug mL?) protein ssDNA

5 1.54E-06 8.40E-06 9.44E-06 5.9E-03 364.60 1.21% 0.25%

10 1.41E-06 1.18E-05 7.86E-06 8.1E-03 525.60 0.83% 0.90%

Albumin

40 1.10E-06 1.34E-05 8.87E-06 1.1E-02 514.26 0.35% 3.01%

60 1.22E-06 2.07E-05 9.34E-06 1.2E-02 483.76 0.41% 2.53%

40 1.15E-06 4.27E-05 1.38E-05 2.6E-03 619.82 4.71% 2.96%

60 2.18E-06 6.64E-05 1.69E-05 3.7E-03 485.72 2.98% 3.47%

Fibrinogen

80 2.09E-06 7.65E-05 1.48E-05 5.4E-03 562.90 1.37% 4.14%

160 2.30E-06 9.09E-05 1.18E-05 9.2E-03 617.74 0.74% 4.74%
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Figure S2.9 Full kinetic model fit parameters as functions of added protein concentrations. Fit parameters of (a)
ki1 (ssDNA adsorption rate constant), (b) k2 (ssSDNA desorption rate constant), (c) ks (protein adsorption rate constant),
(d) ka (protein desorption rate constant), and (e) [*]r (total SWCNT surface site concentration) for HSA in the top row
and (f—j) the respective values for FBG in the bottom row.
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Figure S2.10. Kinetic model of competitive exchange between ssDNA and protein on SWCNTs fit to
fluorescence data to extract rate constants, with constrained SWCNT surface site concentration. Fraction of (a)
(GT)e-Cy5 ssDNA and (b) FAM-labeled albumin (FAM-HSA) protein free in solution for varying concentrations of
FAM-HSA injected into 5 pg/mL (GT)s-Cy5-SWCNT solution. Fraction of (c) (GT)s-Cy5 ssDNA and (d) FAM-
labeled fibrinogen (FAM-FBG) protein free in solution for varying concentrations of FAM-FBG injected into (GT)e-
Cy5-SWCNT solution. Star data points represent initial conditions used for solving model differential equations.

Curves were fit with constrained [*]+ per protein. Error bars represent standard error between experimental replicates
(N=3).
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Table S2.3 Full kinetic model fit parameters and mean relative errors (MREs) for fitting
with constrained SWCNT surface site concentration.

Protein Concentration k1 ko & [ [*1+ MRE MRE
(nug/mL) (mL pg?s?) (s (mL pg?s?) (s (ug mL?) protein ssDNA
5 1.47E-06 9.58E-06 8.74E-06 6.41E-03 1.24% 0.37%
10 1.38E-06 9.25E-06 9.92E-06 8.29E-03 0.84% 0.63%
Albumin 429.69
40 6.93E-08 2.18E-06 1.06E-05 1.11E-02 0.35% 1.83%
60 1.35E-06 2.04E-05 1.06E-05 1.19E-02 0.41% 2.66%
40 8.51E-07 4.41E-05 9.73E-06 2.64E-03 4.76% 2.52%
60 1.01E-06 5.91E-05 9.14E-06 3.74E-03 3.00% 4.06%
Fibrinogen 871.49
80 1.19E-06 7.04E-05 9.34E-06 5.43E-03 1.38% 4.46%
160 1.20E-06 7.22E-05 7.96E-06 9.03E-03 0.74% 5.64%
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Figure S2.11. Comparison of plasma- vs serum-induced effects on sSDNA-SWCNTSs. (a) Change in 1200 nm
fluorescence intensity of 5 ug/mL (GT)s-SWCNTSs, pre-incubated for 40 min with PBS, plasma, or serum normalized
to 40 pg/mL total protein concentration, before and after addition of 200 pM dopamine (N = 3). Nanosensor excitation
was with 721 nm laser. (b) (GT)s-Cy5 fluorescence fold change upon desorption from 5 pg/mL SWCNTSs induced by
addition of plasma or serum, 40 pg/mL total protein concentration. Error bars represent standard error between

experimental replicates (N

= 3).
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Figure S2.12. Tracking competitive adsorption of two protein species onto SWCNT surface. (a) Adsorption of
20 pg/mL FAM-HSA to 5 pg/mL (GT)s SWCNTSs tracked by FAM quenching in the presence of Cy5-conjugated
FBG at 0, 80, and 160 pg/mL. (b—c) Comparison of Cy5-FBG adsorption in the presence and absence of 20 ug/mL
FAM-HSA, with Cy5-FBG concentrations of (b) 80 ug/mL and (c) 160 ug/mL. Error bars represent standard error
between experimental replicates (N = 3).
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Chapter 3:
Interaction of SWCNTs with Microglia

Portions of this chapter are reproduced and adapted with permission from Ref 23. Copyright 2020
American Chemical Society.

3.1 Introduction

Nanoscale neurotechnologies often demonstrate increased biocompatibility and less
invasive implementation than their micro- or macro- scale counterparts,’” and can offer higher
signal-to-noise ratios owing to the relatively large surface area of nanoscale materials.”® For this
reason, engineered nanoparticles have recently demonstrated broad-scale utility in neuroscience
for neurological recordings,” drug delivery across the blood-brain barrier,® and for brain
imaging.8! In particular, carbon nanotubes have shown increasing applicability for neuron
stimulation, electrochemical recordings of neuron action potentials, mapping brain extracellular
space, deep-brain imaging, and imaging neurotransmission.'282-85 Towards the last point, recent
developments are enabling imaging of chemical communication between cells, specifically for a
class of neurotransmitters known as neuromodulators whose imaging has eluded existing methods
of inquiry.® Previous work includes development of a nanoscale near-infrared catecholamine
probe, nIRCat, that can capture dopamine release and reuptake Kinetics in the brain striatum, and
measure the influence of drugs on these signaling properties.! nIRCat is synthesized by
noncovalent conjugation of (GT)e single stranded DNA (ssDNA) and near-infrared (nIR)
fluorescent single-walled carbon nanotubes (SWCNTSs).*2 However, as these and numerous other
nanoscale neurotechnologies based on SWCNTSs are used to probe the brain microenvironment, it
becomes important to understand how these nanoparticles affect surrounding brain tissue.

Carbon nanomaterials have previously been implicated in activation of the innate immune
system across multiple biological organisms and through numerous mechanisms. For example,
nonspecific adsorption of complement proteins in serum causes recognition of carbon nanotubes
and activation of the complement system.>®* However, the biological impact of carbon
nanomaterials—particularly those with pristine graphene lattices—has not been well characterized
in the brain, whereas other classes of nanomaterials, particularly metallic nanoparticles, have been
shown to induce an inflammatory response in brain tissue.8”-8° Inflammation in the brain has long
been associated with multiple negative health outcomes including neurotoxicity,
neurodegeneration, and loss of function.®®®! These effects are particularly consequential in the
context of studying chemical neurotransmission. Therefore, it is imperative to characterize and
quantify the extent to which carbon nanotubes induce an inflammatory response in the brain and
if such effects can be mitigated.

Microglia are specialized immune cells found in the central nervous system. Recognition
of tissue damage or pathogenic material causes microglial activation, characterized by a change in
cell morphology and an inflammatory response. This response promotes clearance of the pathogen
through phagocytosis, and has been shown to result in neurotoxicity and reduced dopamine
concentrations in the striatum.%% Larger multi-walled carbon nanotubes with carboxylic acid
functionalization have previously been found to negatively impact microglial phagocytosis
processes.** Therefore, probing the impact of carbon nanotubes on microglia is of critical
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importance to assess the biocompatibility of SWCNT-based neuro-technologies. Here, we
examine the effect elicited by SWCNT neuro-sensors on SIM-A9 mouse microglial cells. This cell
line was spontaneously immortalized and has been used to study the microglial inflammatory
phenotype.®

3.2 Cell Morphological Response

We first studied the effects of the (GT)s-SWCNT catecholamine nanosensor on SIM-A9
microglial cell morphology, a phenotypic marker of microglial activation that affects cell
migration. Specifically, a morphology change from round to ramified is characteristic of microglial
activation in vitro.*” Incubation of SIM-A9 microglia with 5 pg/mL (GT)s-SWCNTS resulted in
drastic cell morphology change within 4 h post-exposure. Cells progressed from round, amoeboid
morphologies to highly branched, ramified structures displaying elongated cellular processes
(Figure 3.1a), while control cells absent from exposure to (GT)s-SWCNTSs retained a round
morphology (Figure 3.1b). Live-cell imaging time lapse videos show control SIM-A9 populations
consisted of round, highly motile cells. Incubation of cells with (GT)-SWCNTSs caused immediate
ramification of SIM-A9 microglia and loss of cell motility during the first two hours post exposure.

Cell morphology change in the (GT)e-SWCNT-treated cells coincided with actin
cytoskeletal growth as measured with F-actin probe phalloidin conjugated with Alexa Fluor 488,
forming projections resembling microglial filopodia (Figure 3.1c—f). These projections are known
to be responsible for increasing microglial cell surface area within the brain microenvironment as
a result of microglial activation and are typically found at the tips of microglial processes.%8%
Conversely, we observe that (GT)s-SWCNT exposure promoted growth of projections along the
entire length of the cell branches, not only at the tip of microglial processes (Figure 3.1e).
Interestingly, positive control experiments of SIM-A9 cells incubated with lipopolysaccharide
(LPS), a class of molecule found in gram-negative bacterial cell walls known to activate toll-like
receptor 4 (TLR4) and induce a strong inflammatory response, induced a relatively marginal
change in cell morphology compared to (GT)s-SWCNT exposure. Hence, the pathway of
microglial activation by SWCNTs may be distinct from previously observed TLR4 activation by
carbon nanomaterials.’® Carboxylic acid functionalized SWCNTs (COOH-SWCNTs) were
included as an additional positive control, and similarly induced a marginal change in cell
morphology compared to (GT)s-SWCNTSs. These latter results suggest a strong influence of
nanomaterial surface chemistry on nanoparticle biocompatibility.

Cell morphology change in time lapse videos was quantified by assigning each cell with a
form factor value computed by the following equation:

f= -7 (Eq. 3.1)
where A is the area occupied by a cell and P is the perimeter of the cell.X®* Form factor values near
1 therefore indicate round cells (Figure 3.1g), whereas decreasing values of f correlate with higher
degrees of ramification (Figure 3.1h—i). Untreated SIM-A9 cells reveal a defined population of
cells with form factors near 0.8 (Figure 3.1j). Following a 3 h incubation of SIM-A9 cells with 5
ng/mL LPS or 5 pug/mL COOH-SWCNTSs, this f = 0.8 peak is diminished, whereas in cells treated
with 5 pg/mL (GT)e-SWCNTS, the peak at f = 0.8 is not observed and instead skews to lower form
factor values. To determine the time-dependence of this morphology change, we performed live-
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cell imaging of the above samples and averaged the form factor values of all cells within a given
field of view to track progression of mean cell form factor for 24 h post-treatment. Following
addition of (GT)s-SWCNTSs, an immediate decrease in mean form factor occurred within 1 h
(Figure 3.1Kk). Presence of (GT)s-SWCNTSs caused mean form factor to decrease to a minimum of
0.288 £ 0.011 at 4.5 h post-exposure, compared to a minimum value of 0.473 + 0.010 for untreated
control cells. LPS-stimulated cells reached a minimum mean form factor of 0.377 + 0.004 at 2.5 h
post-exposure and returned to near baseline levels after approximately 7.5 h. Conversely, SWCNT-
stimulated cells failed to return to morphologies consistent with the control cell population within
24 h. The mean form factor of (GT)s-SWCNT treated SIM-A9 24 h post-exposure was 0.395 +
0.005 compared to 0.483 + 0.10 for untreated control cells. Normalizing all samples including LPS
by mass concentration to 5 ug/mL did not result in a comparable LPS-mediated morphology
change (Figure S3.1).
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Figure 3.1 SWCNT-induced morphology change in SIM-A9 microglial cells. (a—b) Phase contrast images of SIM-
A9 microglia following 4 h incubation with (a) 5 pg/mL (GT),-SWCNT or (b) PBS. Scale bars are 100 pm. (c-)

Confocal fluorescence microscopy images of FAM-stained F-actin (green) of fixed microglia following 4 h incubation
with (c) PBS, (d) 5 ng/mL LPS, (e) 5 pg/mL (GT)e-SWCNT, and (f) 5 pg/mL COOH-SWCNT. Nuclei are
counterstained with DAPI (blue). Scale bars are 50 um. (g—i) Example SIM-A9 morphologies and corresponding form
factor values for (g) round, (h) bipolar, and (i) multipolar cells. Outlines of the identified cells are shown in red. Scale
bar is 50 um. (j) Form factor distribution following 3 h incubation with PBS (control), 5 ng/mL LPS, 5 pg/mL (GT)e-
SWCNT, and 5 pg/mL COOH-SWCNT. (k) Tracking of mean form factor per field of view capture over 24 h. Shaded
regions represent standard error of the mean (N = 3).
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The extent of cell ramification caused by (GT)s-SWCNTSs was concentration-dependent
from 0.1 to 5 pg/mL (Figure 3.2a), coinciding with a SWCNT concentration range relevant for
neuro-applications.* To confirm that the observed morphology changes were due to SWCNTSs and
not the (GT)e oligonucleotide alone, we imaged SIM-AQ9 cells exposed to (GT)s-ssSDNA. We found
that 1.67 uM (GT)s-ssSDNA oligonucleotides alone did not cause a significant change in SIM-A9
cell morphology at any time point within a 24 h live-cell imaging experiment (Figure 3.2b). This
concentration corresponds to the total DNA concentration in a 10 pg/mL (GT)s-SWCNT
suspension, further suggesting that the above-discussed effects are induced by the SWCNT carbon
lattice.
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Figure 3.2 Effect of (GT)se-SWCNT on mean cell form factor. (a) Change in mean morphology upon addition of
(GT)s-SWCNT ranging in concentration from 0 to 10 pg/mL. SIM-A9 cells were at 37°C and 5% CO,, in sera free
media. (b) Change in mean cell form factor upon addition of free (GT)s SSDNA at concentrations equivalent to total
ssDNA concentration in 5 and 10 pg/mL (GT)s-SWCNT suspensions.

3.3 Internalization of SWCNTSs

Carbon nanomaterials of many morphologies including SWCNTs, multiwalled carbon
nanotubes (MWCNT), and graphene have long been shown to internalize within mammalian cells
through a variety of energy dependent mechanisms.'21% Tuning the surface chemistry of
SWCNTSs has been shown to impact the exact mechanism of endocytosis, however most sources
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cite clathrin-mediated endocytosis as a primary route of entry.!® This issue is particularly
noteworthy for the use of SWCNT probes in brain tissue as neurotransmitter release and reuptake
is an extracellular phenomenon. Previous imaging experiments of SWCNT localization in brain
tissue have shown SWCNTSs localized to puncta approximately 10-20 wm in diameter, consistent
with the size of cells (Figure 1.4b). Uptake of SWCNTSs into cells sequesters neuro-sensor from
the extracellular region, decreasing the concentration available for sensing. Hence, evaluating the
degree of SWCNT internalization is vital in designing an effective neurotransmitter probe.

(GT)e-SWCNTs (5 ug/mL) were observed to internalize into SIM-A9 cells within 1 h of
incubation at 37°C, 5% CO: (Figure 3.3a). Internalized SWCNT signal excluded the cell nuclei.
This is consistent with work showing SWCNTSs lacking nuclear localization signal motifs fail to
access the cell nucleus.'® We find that internalization is energy-dependent, as observed by the
absence of SWCNT internalization in SIM-A9 cells at 4°C (Figure 3.3b). Previous studies of
SWCNT internalization in mammalian cells have determined the internalization mechanism to be
predominantly energy-dependent clathrin-mediated endocytosis.’*”1%® No correlation was found
between degree of internalization and cell morphology at 2 h post exposure to SWCNTSs (Figure
3.3c—d), suggesting that the cellular morphological change is due to cell signaling rather than a
physical interaction between SWCNTSs and actin filaments.
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Figure 3.3 Internalization of (GT)s-SWCNTSs in SIM-A9 microglia. (a—b) SWCNT fluorescence, brightfield and
composite images of fixed SIM-A9 microglia post incubation with 5 pg/mL (GT)s-SWCNT for 1 hr at (a) 37°C and
(b) 5°C. Scale bars are 20 um. (c) Representative fluorescence images of ActinGreen488 stained SIM-A9 cells and
internalized (GT)s-SWCNTSs following 2 h incubation at 37°C, 5% CO,. Images are median filtered, background
subtracted, and contrast adjusted. Scale bars are 20 um. (d) Scatter plot of cell form factor versus the mean internalized
nIR fluorescence signal. Form factor was calculated using the cell perimeter and area calculated from green
fluorescence channel images of the stained actin cytoskeleton. A total of 302 cells were identified across 9 field of
view captures of paired Alexa 488 and SWCNT fluorescence channels.

SWCNTSs also impact the ability of SIM-A9 cells to internalize other material through
phagocytosis. We find that phagocytosis of fluorescent Zymosan particles by SIM-A9 cells was
diminished following exposure to concentrations greater than or equal to 0.5 pg/mL SWCNTs
(Figure 3.4), where reduced phagocytosis is characteristic of quiescent, ramified microglia in rats,
coinciding with a morphology change.*®
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Figure 3.4 SIM-A9 phagocytosis of fluorescent Zymosan bioparticles. (a—c) Fluorescence live-cell imaging of
pHrodo Red Zymosan Bioparticles (Sartorius) uptake by phagocytosis in SIM-A9 microglia following 3 h exposure
to varying concentrations of (a) LPS, (b) (GT)s-SWCNT, and (c) COOH-SWCNT. Shaded regions represent standard
error of the mean (N = 3).

3.4 SWCNT Induced Cytotoxicity

Measuring the effect of SWCNTSs on cell viability is a particularly challenging issue in the
field of carbon nanotube bionanotechnologies. Carbon nanomaterials have been shown to directly
interact with many common vitality assays. The presence of SWCNTSs has been shown to cause
false positives in toxicity for some common assays such as the MTT assay and false negatives for
others (e.g. WST-1 and LDH assays).*® These are caused by a number of factors including
interaction of SWCNTs with tetrazolium dyes such as that used in the MTT assay, adsorption of
assay targets to SWCNT surface, and absorbance of light by SWCNTSs contributing to plate reader
measurement error.}1%11! In the lactate dehydrogenase (LDH) assay which measures activity of
LDH in supernatant as a measure for toxicity, the absorbance spectra of the chromophore product
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both decreases and redshifts in the presence of carbon nanomaterials.!** This results in
underreporting of the cytotoxicity induced by carbon nanotubes on cell cultures, where a maximum
of approximately 25% cell death is reported for concentrations greater than 20 pg/mL (Figure
3.5a). However, live cell imaging reveals clear SIM-A9 cell necrosis at these concentrations
(Figure 3.5b—c). The inability of these assays to accurately predict viability in a cell tissue culture
leads to many issues in the assessment of SWCNT toxicity as these bulk assays are readily
available tests for novel bionanotechnologies.
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Figure 3.5 Erroneous reporting of SWCNT cytotoxicity using lactate dehydrogenase (LDH) assay. (a) Percent
cytotoxicity observed via LDH assay in bulk SIM-A9 cell tissue culture upon addition of (GT)s-SWCNT and COOH-
SWCNT at varying concentrations from 1 to 50 pug/mL. Error bars represent standard error of the mean (N = 3). (b-
c) Images from live-cell imaging of 20 pg/mL (GT)s-SWCNT incubated SIM-A9 microglia after (b) 1 hand (¢c) 12 h
exposure. Latter time point reveals widespread cell necrosis. Time stamps are hh:mm format. Scale bars are 100 pm.

Flow cytometry assays which utilize dyes permeable to damaged membranes such as
propidium iodide (PI) fare better due to the removal of excess SWCNT prior to imaging. Cells
were gated using forward and side scatter signal to exclude cell debris and doublets (Figure S3.3a).
Internalized P1 fluorescence revealed dead cells (Figure S3.3a-b). Cell death was observed
following 2 h incubation with (GT)s-SWCNTSs at concentrations greater than or equal to 5 ng/mL
(Figure 3.6a). LPS did not induce any appreciable cell death while COOH-SWCNT caused less
toxicity than (GT)s-SWCNT (Figure 3.6b). This may be due to the lower colloidal stability of
COOH-SWCNT compared to (GT)s-SWCNT, resulting in faster coalescence of COOH-SWCNT
in cell culture media. This is evidenced by zeta potential ({) measurements of the suspensions,
where = -27.2 mV for COOH-SWCNT and { = -69.5 for (GT)s-SWCNT (Figure S3.2). The
higher in magnitude zeta potential of (GT)s-SWCNT is due to the electrostatic repulsion imparted
by adsorbed, negatively-charged ssDNA molecules.!?
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Figure 3.6 Viability assays of SIM-A9 cells treated with neuro-sensor. (a) Flow cytometry of propidium iodide
stained SIM-A9 cells pre-treated with varying concentrations of (GT)s-SWCNT. Percent dead cells reflects the
fraction of cells positively stained for propidium iodide. Error bars reflect standard error of the mean (N = 3). (b)
Comparison of dead cell percentage for treatment with 5 ng/mL LPS, 5 ug/mL (GT)s-SWCNT, and 5 ug/mL COOH-
SWCNT. Error bars reflect standard error of the mean (N = 3).

A possible indirect method of measuring SWCNT cytotoxicity utilizes previously
discussed live-cell imaging data of SIM-A9 microglia with various treatments. Plotting cell growth
over time reveals a large decrease in cell proliferation for SWCNT treatments compared to LPS
and control (Figure 3.7). LPS (10 ng/mL) caused the cell count per imaging area to decrease by
38 + 3% while 10 pg/mL (GT)s-SWCNT and COOH-SWCNT caused 73 = 8% and 72 + 8%
reductions in cell density respectively. Concentrations of (GT)e-SWCNT greater than 1 pg/mL
caused reductions in cell growth where 5 pg/mL (GT)s-SWCNT significantly reduced the rate of
cell proliferation after 14 h incubation (Figure S3.5).
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Figure 3.7 Effect of SWCNT on SIM-A9 cell proliferation. Number of cells per mm? of cell culture surface for
SIM-A9 microglial incubated with PBS, 10 ng/mL LPS, 10 pg/mL (GT)e-SWCNT, 10 pg/mL COOH-SWCNT, and

This method of quantifying toxic effects of SWCNTSs on cell population viability appears
more sensitive than techniques included bulk viability assays and FACS with Annexin staining,
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identifying negative effects to cell proliferation and growth at concentrations of 5 ug/mL.
However, this effect may partly be due to changes to the cell transcriptome induced by presence
of SWCNTSs. In Chapter 4, | explore the impact of carbon nanotubes on various cell signaling
cascades which influence cell division and other cellular functions.

3.5 Interaction of SWCNT Neuro-Sensor with Intracellular Proteins

Incubation of SWCNTSs in a protein-rich biological milieu results in formation of the
protein corona, a complex and dynamic structure on the surface of the nanoparticle.?® The
composition and morphology of the nanoparticle corona can alter the intended function of the
corona-free nanoparticle. Furthermore, corona formation is largely dependent on the both the
specific nanoparticle and its biological environment.®® Therefore, it is vital to characterize the
dynamics of protein corona formation on (GT)s-SWCNT neuro-sensors in order to improve probe
design. Prior work has focused on the thermodynamic driving forces behind this phenomenon.
Herein, we study the makeup of proteins which comprise the protein corona to identify cellular
components which are more prone to interaction with carbon nanotube-based probes.

In the context of (GT)s-SWCNT incubation with SIM-A9 microglia in sera-free media
conditions, protein adsorption will largely occur intracellularly. We probe this using a modified
pull-down assay which recovers adsorbed proteins which then undergo trypsin digestion and
identification by quantitative, label-free mass spectrometry.*® Initial validation of this assay was
performed using cell lysate (Appendix B). This resulted in a protein corona rich in nuclear and
mitochondrial proteins, with the former being highly overrepresented within the subset of proteins
with high SWCNT affinity. However, since DNA-SWCNTSs are not reported to internalize or
interact with these organelles,'%114 the set of adsorbed proteins from this data was not considered
biologically relevant in the context of SIM-A9 microglia interaction. The relatively low number
of significantly overrepresented cellular component sets suggests that protein adsorption is largely
nonspecific with respect to proteins which comprise different structures within the cell. Therefore,
statistical analysis using a smaller list of SWCNT-enriched proteins which come into contact with
the SWCNTSs throughout their passage through the cell may help identify areas within the cell that
SWCNTSs localize to. To improve sample collection towards this goal, | perform a modified assay
which involves pre-incubation of microglia with (GT)s-SWCNTSs for 2 h and 4 h, followed by
removal of supernatant and cell lysis. The resulting lysate/SWCNT mixture is centrifuged to pellet
agglomerated SWCNTs which were previously internalized within cells. Subsequently, adsorbed
protein is desorbed using heat and surfactant treatment. The irreversibility of non-specific protein
adsorption to SWCNTSs suggests that this methodology will retain the pre-lysis protein corona.??
These recovered proteins were then trypsin digested and identified using tandem LC-MS/MS (see
3.7 Materials and Methods).

For cells lysed after 2 h, a total of 468 proteins were identified in lysate of which 375 were
found in the SWCNT corona phase at an appreciable concentration. No proteins were enriched
above the limit of detection by adsorption to the SWCNT surface. The longer 4 h incubation time
resulted in a more diverse protein corona, consisting of 437 proteins out of 477 in cell lysate.
Proteins found in the (GT)s-SWCNT corona were ranked by molar abundance. The 25 most
abundant proteins at each time point are listed below (Table 3.1). These 25 proteins comprise
82.6% and 68.9% of the overall molar composition of the protein corona formed after 2 h and 4 h
respectively. Interestingly, the intermediate filament protein vimentin was the most abundant
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protein at both time points. Other cytoskeletal proteins such as actin were also highly present at

both 2 h (rank 4 and 8) and 4 h (rank 12) post incubation.

Table 3.1 Most abundant proteins in (GT)s-SWCNT corona following internalization in
SIM-A9 microglia for 2hand 4 h

Protein

Rank 2h 4h
1 Vimentin Vimentin
2 Enoyl-CoA delta isomerase 3, peroxisomal Nucleophosmin
3 Polyadenylate-binding protein 1 Heterogeneous nuclear ribonucleoproteins A2/B1
4 Actin, alpha cardiac muscle 1 Gametocyte-specific factor 1-like
5 Histone H2B type 1-F/J/L Nucleolin
6 Nucleophosmin Histone H2B type 1-F/J/L
7 Nucleolin Heterogeneous nuclear ribonucleoprotein A/B
8 Actin, cytoplasmic 1 Serine/arginine-rich splicing factor 7
9 Tropomyosin alpha-3 chain Heterogeneous nuclear ribonucleoproteins C1/C2
10 Nucleoside diphosphate kinase A Heterogeneous nuclear ribonucleoprotein H
11 Centrosomal protein of 162 kDa Heterogeneous nuclear ribonucleoprotein AO
12 Heterogeneous nuclear ribonucleoprotein L Actin, alpha cardiac muscle 1
13 Heterogeneous nuclear ribonucleoproteins A2/B1 Heterogeneous nuclear ribonucleoprotein Al
14 Heterogeneous nuclear ribonucleoprotein H Prelamin-A/C
15 MKI167 FHA domain-interacting nucleolar phosphoprotein Peripherin
16 Lymphocyte-specific protein 1 Enoyl-CoA delta isomerase 3, peroxisomal
17 Lamin-B1 Lymphocyte-specific protein 1
18 Calmodulin-1 Lamin-B1
19 Myosin-9 Nucleoprotein TPR
20 Histone-binding protein RBBP4 Heterogeneous nuclear ribonucleoprotein L
21 Prelamin-A/C Coronin-1A
22 Beta-actin-like protein 2 RNA-binding protein FUS
23 Heterogeneous nuclear ribonucleoprotein A3 Histone-binding protein RBBP7
24 Histone-binding protein RBBP7 Heterogeneous nuclear ribonucleoprotein H2
25 Serum albumin Importin subunit alpha-1

Plotting the abundance of each protein in the corona phase vs. abundance in the lysate
control reveals a trend towards protein enrichment, i.e. higher concentration in SWCNT corona
than lysate alone (Figure 3.8a—b). MS protein results were further ranked using the degree of
enrichment or depletion, termed the fold change. This value was defined as the ratio between
abundance of a protein in the SWCNT corona to abundance in lysate control. Statistical
significance of each protein fold change is also calculated (N = 3, Figure 3.8c-d).
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Figure 3.8 Change in protein abundance upon adsorption to SWCNT. (a—b) Relative abundance of protein in
(GT)s.SWCNT corona vs. in cell lysate for SWCNT/lysate recovery after (a) 2 h and (b) 4 h incubation. Each data
point represents a unique protein. Protein concentrations in femtomolar are determined from comparison to an internal
control with known concentration. Dashed line indicates equal corona and lysate abundance (fold change = 1). (c-d)
Volcano plots of log; fold change in protein concentration from SWCNT corona to lysate only samples with respect
to -logio p value (two-way ANOVA, N = 3). SWCNT corona proteins are collected after (c) 2 hand (d) 4 h incubation
with SIM-AQ cells. Each data point represents a unique protein identified by MS where blue and red markers indicate
significantly depleted and enriched proteins respectively. Dashed line equates to p = 0.05.

Generally, enriched proteins (fold change greater than 1) are said to reside in the corona phase.!!®
Herein, | consider only proteins with statistically significant enrichment as part of the SWCNT
corona (red data points, Figure 3.8b—c). To elucidate changes in the protein corona between 2 h
and 4 h time points, | apply overrepresentation analysis of Gene Ontology (GO) terms to this subset
of proteins. This methodology examines whether certain curated gene sets contain higher than
representation from the subset of significantly enriched proteins compared to the list of all proteins
identified for a given time point. Fisher’s exact algorithm was used to determine overrepresented
GO cellular component terms from both 2 h and 4 h data sets. The statistically significant GO
terms with greater than 10 annotations are listed below (Table 3.2, Table 3.3).
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Table 3.2 GO Cellular component terms overrepresented by 2 h protein corona

GO ID Term Annotated Significant Expected p Value
G0:0016607 Nuclear speck 18 7 1.41 1.7 x 104
G0:0071013 Catalytic step 2 spliceosome 19 6 1.48 0.015
G0:0005654 Nucleoplasm 109 20 8.51 0.039

Table 3.3 GO Cellular component terms overrepresented by 4 h protein corona

GO ID Term Annotated Significant Expected p Value
G0:0016363 Nuclear matrix 17 10 3.18 2.0x 104
G0:0071013 Catalytic step 2 spliceosome 28 14 5.23 5.2 x 10*
G0:0005654 Nucleoplasm 144 52 26.9 7.8x10%
G0:1990904 Ribonucleoprotein complex 146 42 27.28 5.6 x 103
G0:0005694 Chromosome 47 21 8.78 7.9x10°
G0:0000785 Chromatin 23 12 4.3 0.011
G0:0005903 Brush border 13 6 2.43 0.023
G0:0005681 Spliceosomal complex 41 20 7.66 0.028
G0:0035770 Ribonucleoprotein granule 29 9 5.42 0.033

Similar to results from in vitro incubation of (GT)e-SWCNT with SIM-A9 cell lysate
(Appendix B), the SWCNT corona is highly biased towards proteins present within the cell
nucleus at both incubation time points. Catalytic step 2 spliceosome and Nucleoplasm are
consistently among the top three most significantly enriched terms. The 4 h time point shows
overrepresentation of more GO terms and a preference for cellular components involved in DNA
(Chromosome, Chromatin) and RNA processing (Ribonucleoprotein complex, Spliceosomal
complex, Ribonucleoprotein granule). Since the SWCNT is not thought to interact with the cell
nucleus, adsorption of proteins annotated with these terms likely occurred after cell lysis.
Therefore, these proteins may exhibit high affinity for the SWCNT soft corona, the outer shell of
proteins adsorbed to the inner hard corona proteins.!'® These results in conjunction with protein
corona analysis in whole cell lysate indicate that (GT)s-SWCNTSs preferentially bind nuclear
proteins and structures associated with the cell nucleus. Hence, strong and potentially unfavorable
interactions with the cell nucleus may arise between SWCNT neuro-sensors and other cell types
or biological systems. Although this sample collection method did not elucidate subcellular
localization of (GT)s-SWCNTSs, this protocol was capable of discerning distinct differences in
protein adsorption at different incubation time points, where 4 h incubation resulted in a more
diverse protein corona. Future developments on SWCNT collection method with regards to
preservation of the internalized SWCNT protein corona are required in order to better characterize
the SWCNT-protein interactions which occur within the cell. Ultimately, this will provide
invaluable insights into the pathway SWCNTs follow in their traversal of the intracellular
landscape.
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3.6 Conclusions

Biological applications using SWCNT neuro-sensor—including incorporation of (GT)e-
SWCNT into mouse brain tissue—typically utilize average concentrations of 2 ng/mL.! However,
interaction of these sensors with the protein-rich brain extracellular space likely results in areas
with higher local concentrations. As such, assaying the concentration dependent response of
microglial cells to these neuro-sensors is vital in understanding the full range of consequential
effects that may arise throughout the brain tissue.

The presence of SWCNTSs in a microglial cell culture resulted significant and immediate
negative responses including induction of cell ramification, toxicity, and internalization within
cells. SIM-A9 cell morphology and phagocytic ability were most sensitive to SWCNT.
Concentrations of (GT)e-SWCNT as low as 0.5 ug/mL caused cells to develop elongated processes
and significantly decreased cellular uptake of zymosan particles. Reduction of cell proliferation
begin to present at SWCNT concentrations approximately equal to 1 ug/mL. Finally, membrane
impermeant dye propidium iodide revealed cytoxicity at (GT)s-SWCNT concentrations greater
than 5 pg/mL. Although it is unknown how these concentrations established in tissue cultures
translate in vivo, it is prudent to expect all of these effects to result from SWCNT catecholamine
sensor during brain slice imaging. In the next chapter, I use high-throughput mRNA sequencing
to explore the full transcriptomic response of SIM-A9 microglial cells to SWCNT neuro-sensors.
This broad look at the biological impact of these nanomaterials reveals more subtle effects induced
by SWCNT activation of signaling cascades which were not immediately apparent through
microscopic techniques.

Cell internalization within tissues negatively impacts signaling ability by sequestering
sensor away from the extracellular space where neuromodulators are trafficked via vesicular
transport. (GT)e-SWCNT internalization in SIM-A9 cells was tracked using SWCNT nIR
fluorescence and was found to be energy-dependent and independent of cell morphology. While
the exact mechanisms of SWCNT endocytosis have been thoroughly researched in the literature,
more work is needed to discover robust methods by which to minimize this effect.

Finally, we performed proof of concept experiments to explore the relation between these
cellular responses and the many SWCNT-protein interactions that may occur within the cell.
Although current sample collection and quantification was limited in sensitivity, proteomic
analysis revealed a strong inclination for SWCNTSs to adsorb nuclear proteins, in particular
proteins found in the nucleolus. Although (GT)e-SWCNTSs likely do not encounter these proteins
during their canonical internalization pathway, these interactions may be consequential for
SWCNT constructs designed for targeted nuclear delivery.'%
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3.7 Materials and Methods

Cell culture

Cyropreserved SIM-A9 cells were obtained from the UCB Cell Culture Facility and plated
on a 75-cm? culture flask in 10 mL of DMEM/F12 growth media supplemented with 10% fetal
bovine serum, 5% horse serum, and 1x pen-strep-glutamine (Gibco, Life Technologies). All sera
obtained were heat inactivated. Cells were stored in a humidified incubator at 37°C and 5% CO..
Cells were subcultured every 2-3 days after reaching approximately 90% confluence. Experiments
were conducted using cells under passage number 15.

Live-cell imaging

Cells were plated in a 96-well plate at a density of 50,000 cells per well in 100 pL of growth
media. Cells were maintained at 37°C and 5% CO until approximately 70% confluent then washed
with PBS. Media was replaced with sera free DMEM/F12 for two hours prior to start of
experiments. Stock SWCNT or LPS was added to each well at 10x concentration, 0.1x total
volume. Three biological replicates were run for each treatment. Phase contrast images were taken
at 30-minute intervals using an IncuCyte® Live-Cell Analysis System (Sartorius) in a humidified
incubator at 37°C and 5% CO». Images were analyzed using MATLAB (MathWorks) to identify
and threshold cells for quantitation of cell area and perimeter.

Confocal imaging of F-actin and DAPI stains

Cells were plated on poly-D lysine coated coverslips immersed in growth media in 6-well
plates. Cells were treated with samples as previously described. Following treatment, cells were
washed with PBS and fixed using 4% paraformaldehyde for 30 min at room temperature.
Coverslips with fixed adherent cells were washed three times with PBS and submerged in 1 mL
PBS. Two drops of ActinGreen 488 ReadyProbes Reagent (Thermo Fisher) were added and DAPI
counterstain was added to a final concentration of 1 pg/mL. Cells were incubated for 1 h covered,
at room temperature. The coverslip was rinsed three times and mounted in PBS on a glass
microscope slide. Stained cells were imaged with a Zeiss LSM 710 laser scanning confocal
microscope using DAPI and FAM fluorescence channels.

SWCNT internalization into SIM-A9

Cells were plated in 35mm dishes at a density of 0.15 x 10° cells per well in growth media
and incubated overnight. Cells were serum starved for two hours prior to imaging. Concentrated
(GT)e-SWCNTSs in PBS was added to a final concentration of 5 pg/mL. Following incubation
under specified conditions, media was removed and cells were washed with PBS and subsequently
fixed with 4% PFA incubation for 20 min at room temperature. Fixed cells were washed with PBS
twice then stained with ActinGreen 488 (Invitrogen) for 30 min at room temperature. Cells were
washed with PBS before imaging on a Zeiss upright microscope (Axio Observer.D1) with a 10x
objective. A 721 nm laser was used for excitation and signal was collected with a Ninox 640
InGaAs camera (Raptor Photonics). Brightfield images were collected using the same camera with
LED illumination. Green fluorescence images were collected using LED illumination and a FITC
filter set (Chroma). Images were analyzed using MATLAB. FITC fluorescence images were used
to identify cells and compute corresponding form factor values. SWCNT fluorescence for each
cell was computed using the mean nIR fluorescence from within the cell boundary established
from green fluorescence images.
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Phagocytosis assay

SIM-A9 microglia were plated on a 96 well plate at a density of 10,000 cells per well. After
overnight incubation in a humidified incubator at 37°C and 5% CO> media was replaced with 90
uL sera free DMEM/F12 and incubated for an additional 4 hours. A 10 uL aliquot of sample at
10x concentration (LPS, (GT)e-SWCNT, COOH-SWCNT or PBS control) was added to each
corresponding well. Following 3 h incubation at 37°C and 5% CO2, a 5 pL aliquot of 1 mg/mL
pHrodo red (Sartorius) was added to each well. The 96 well plate was imaged in an IncuCyte®
Live-Cell Analysis System (Sartorius) using the phase contrast and red fluorescence channels at 1
h intervals. Mean fluorescence per cell area was computed using the IncuCyte Base Analysis
software.

Flow cytometry viability assays

SIM-AQ9 cells were cultured in 24-well plates until approximately 70% confluence (~0.2 x
108 cells per well). Cells were detached from the well plate surface by removing supernatant,
washing cells with PBS, and adding 1 mL of 0.05% trypsin-EDTA (Thermo Fisher) and incubating
for 2 min. Tryspin was deactivated by adding 2 mL of growth media (DMEM/F12 containing 10%
FBS and 5% horse serum). Cell mixture was centrifuged at 500 rcf for 5 min to pellet cells.
Supernatant was discarded and cell pellet was washed with PBS. This washing process was
repeated 2 times and cells were resuspended in 0.5 mL ice cold PBS. Cells were stained using the
Dead Cell Apoptosis Kit with Annexin V FITC and propidium iodide (Thermo Fisher) following
manufacturer protocols. A 200 pL volume of the resulting cell suspension was fed into a 2020
Attune NXT Flow Cytometer (Thermo Fisher) and signal was collected from forward/side scatter
channels and blue and yellow fluorescence channels.

Protein mass spectrometry

Protein corona composition was characterized by proteomic mass spectrometry as
described previously.!™® Briefly, (GT)s-SWCNT (5 pug/mL final concentration) or PBS was added
to SIM-A9 cells cultured in a 6-well plate (approximately 1 x 10 cells per well) in sera free media
for 2 or 4 hours at 37°C, 5% CO.. Each condition (SWCNT or PBS) at each time point (2 or 4 h)
was run in triplicate. After incubation was complete, supernatant was removed and cells were
washed three times with 0.1 M PBS. Adherent cells were lysed using 500 uL of ice-cold Native
lysis buffer (Abcam). Biofluid only control (i.e. SIM-A9 cell lysate) was prepared using the same
protocol with cells in the absence of SWCNTSs. The ratio of protein concentration to nanoparticle
surface area was maintained constant based on prior optimization, with 200 g L™ protein per m?
nanoparticle surface area. Nanoparticles with adsorbed proteins were pelleted by centrifugation
(16.1 krcf, 20 min). Supernatant with unbound proteins was removed, the pellet resuspended in
0.1 M PBS to the original volume, and the pellet broken up by pipetting. Washing was repeated
three times for complete removal of unbound proteins. Bound proteins were eluted from
nanoparticles by heating for 60 min at 37°C in urea/DTT reducing buffer (8 M urea, 5 mM DTT,
50 mM Tris-HCI, pH 8). Eluted protein content was determined with the EZQ Protein Quantitation
Kit (Thermo Fisher Scientific). The solution was centrifuged to remove the majority of
nanoparticles (16.1 krcf, 20 min) and this supernatant was spin-filtered to concentrate and remove
impurities (14 krcf, 30 min; Amicon Ultra-0.5 mL centrifugal filters with 3 kDa MWCO, Millipore
Sigma; pre-rinsed). Proteins were alkylated for 30 min in the dark with 15 mM iodoacetamide.
The reaction was quenched for 20 min with 500 mM DTT in a volume ratio of 3:1 to
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iodoacetamide, then diluted 1:1 with 50 mM Tris-HCI pH 8. In-solution protein digestion was
done overnight at 37°C, with a ratio of 1:25 w/w Trypsin/Lys-C (Mass Spectrometry Grade,
Promega) to protein. Any residual nanoparticles were removed by spin filtering (14 krcf, 30 min;
Amicon Ultra-0.5 mL centrifugal filters with 30 kDa MWCO, Millipore Sigma; pre-rinsed).
Peptide content was determined with the Pierce Peptide Quantitation Kit (Thermo Fisher
Scientific) and samples were normalized to 0.1 g L-1 in 100 pL volume. Solutions were spiked
with 50 fmol of E. coli housekeeping peptide (Hi3 Ecoli Standard, Waters) per 5 puLL volume for
protein quantification. Digestion was terminated by freezing at -20°C. Biofluid-alone samples
underwent identical processing steps, from denaturation to tryspin digestion.

Peptides were analyzed using a Synapt G2-Si mass spectrometer equipped with a
nanoelectrospray ionization source and connected in line with an Acquity M-class ultra-
performance liquid chromatography system (UPLC; Waters, Milford, MA). This instrumentation
available as part of the California Institute for Quantitative Biosciences (QB3)/College of
Chemistry Mass Spectrometry Facility at UC Berkeley. Data-independent, ion mobility-enabled
mass spectra and tandem mass spectra’'’'° were obtained in the positive ion mode. Data
acquisition was done with MassLynx software (version 4.1) and tryptic peptide identification and
quantification with a label-free approach?®?2 were performed in Progenesis QI for Proteomics
software (version 4.0, Waters). Protein accession numbers were annotated using UniProt and
Panther databases.
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3.8 Supporting Information
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Figure S3.1 Microglial morphology change induced by LPS and SWCNT at the same mass concentration. Mean
form factor of SIM-AQ9 cells incubated with 5 ug/mL LPS, COOH-SWCNT, and (GT)s-SWCNT. SIM-AQ cells were
at 37°C and 5% CO,, in sera free media. Shaded regions represent standard error of the mean (N = 3).
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Figure S3.2 Zeta potential measurements of carbon nanotube suspensions. Zeta potentiometer measurements of
5 ug/mL (GT)6-SWCNT and COOH-SWCNT in water collected on a Zetasizer Nano ZS (Malvern).
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Figure S3.3 Live/dead cell flow cytometry staining. (a) Scatter dot plot of control SIM-A9 cells. Gate was applied
to exclude cell debris and doublets. (b—c) Log histogram of propidium iodide fluorescence. Gates for live and dead
cells are shown.
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Figure S3.4 Flow cytometry apoptosis staining. (a—d) Histogram of Annexin-FITC stained SIM-A9 cells following
incubation with (a) 0, (b) 1, (c) 10, and (d) 40 pg/mL (GT)s-SWCNT for 2 h. (e—f) Dot plot showing Annexin-FITC
vs. propidium iodide stained SIM-A9 with (e) 0 and (f) 40 pg/mL (GT)s-SWCNT incubation for 2 h prior to
detachment by trypsin and staining. Each point refers to a single gated event corresponding to singlet cells. Gates are
drawn for live (bottom left), apoptotic (bottom right), and dead cells (top right).
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Figure S3.5 SWCNT concentration dependent microglial cell proliferation. Effect of (GT)s-SWCNT of
concentration ranging from 0.5 to 10 ug/mL on the replication of SIM-A9 microglial cells. Cell count per field of view
acquisition is normalized to initial cell count due to heterogeneity in cell across biological replicates. Shaded region
represents standard error of the mean (N = 3).
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Chapter 4:
Transcriptomic Response of Microglia to Neuro-
Probes

Portions of this chapter are reproduced and adapted with permission from Ref 23. Copyright 2020
American Chemical Society.

4.1 Introduction

The advent of high-throughput sequencing has enabled extensive developments in the
study of cell transcriptomics. RNA-sequencing allows for the quantification of gene expression
with high accuracy and precision. This method begins with the isolation and sequencing of mMRNA
extracted from tissues which have undergone different treatments or conditions. Comparing counts
of each gene across various treatment conditions determines differential gene expression. Cell-
wide effects can be assessed through further statistical analysis of gene expression data using
bioinformatics databases such as the Gene Ontology (GO) project which comprise a hierarchy of
terms corresponding to different cellular processes which are used to annotate genes. Although
transcriptomics analysis does not probe differences in protein expression or posttranslational
effects, it can provide important insights into phenotypes which emerge from biotic or abiotic
stresses. In this chapter, we utilize these methodologies as an assessment of nanomaterial
toxicology. In recent years, RNA-seq has been applied to study the biological impact of novel
bionanotechnologies, particularly those with artificial surface chemistries including titanium and
silver nanoparticles.*?12* The latter were found to induce fibrosis and possible carcinogenicity in
cultured lung epithelial cells. We use RNA-seq to study the toxicological impact of SWCNTSs on
microglial cells.

One example of the ways in which carbon nanotubes affect immune cells in general is the
direct activation of cell membrane receptor proteins by carboxylic functionalized multiwalled
carbon nanotubes (MWCNT). In this case, these MWCNTSs interacted with TLR2/4 on the
macrophage cell membrane to induce upregulation of the pro-inflammatory NF-xB signaling
cascade.’® While this entails the activation of only a receptor-mediated signaling pathway, the
subsequent overexpression and secretion of cytokines such as interleukin 1p (111b) then propagate
the inflammatory response to surrounding tissue. Due to the broad range of interactions between
proteins of various functions and the SWCNT surface, it is necessary to perform a broader screen
of cellular mechanisms which may be affected by SWCNTs. Hence, we use bulk RNA-seq
experiments to measure the transcriptomic response of SIM-A9 microglial to SWCNTs. We
quantify these effects at two relatively quick incubation times to capture the immediate, first order
signaling pathways activated. Subsequently, we compare the perturbation in gene expression by
SWCNTSs to control samples including a strong inflammatory stimulant as well as commonly used
molecular neuroscience tools.
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4.2 Time-Dependent Transcriptomic Response to SWCNTSs

Since the time dependence of microglial activation by SWCNTSs is not well studied, it was
first necessary to probe the microglial transcriptomic response at multiple time points. In order to
capture the initial response to SWCNTSs rather than downstream signaling cascades, | extracted
RNA from cells following treatment for 0.5 and 2 h. Untreated control cell RNA was compared to
those treated with (1) LPS, (2) (GT)s-SWCNT, and (3) COOH-SWCNT. Carboxylated SWCNT
was included to compare results of this study to prior studies in the literature which were
predominantly focused on covalently modified carbon nanotubes.10%125

Extracted total RNA was prepared into mRNA sequencing libraries and high-throughput
sequencing was performed for all treatments with three biological replicates each. Raw reads were
aligned and counted using STAR aligner. Gene counts for each sequencing library were normalized
using limma-voom*?® and multidimensional scaling (MDS) analysis was performed. MDS plots
reveal close clustering of LPS treated microglia with untreated samples at 0.5 h but significant
deviation at 2 h (Figure 4.1a). Contrarily, SWCNT treated samples deviated more significantly at
0.5 h than at 2 h compared to LPS treatment. This may suggest earlier microglial activation by
SWCNTSs, a surprising result given the high affinity of the LPS-TLR4 interaction.*?” Similar results
are observed for differentially expressed genes, which were identified using the edgeR package
(Figure 4.1b—d).128129

LPS caused no appreciable differential gene expression at 0.5 h, but induced differential
expression in 2862 genes at the 2 h time point (Table 4.1). On the other hand, (GT)6-SWCNT and
COOH-SWCNT samples induced differential expression in 1688 and 485 genes respectively after
only 0.5 h and 1625 and 3229 genes after 2 h. However, the magnitude of differential gene
expression was significantly larger at the latter time point for LPS treatment for which 261
differentially expressed genes exhibited greater than a 2-fold change in expression compared to
only 30 for (GT)s-SWCNT treatment and 49 for COOH-SWCNT. The inflammation marker Cxcl2
exhibited 73.8-fold increase in response to LPS compared to 2.5- and 1.5-fold increases caused by
(GT)e-SWCNT and COOH SWCNT. This points to the more prominent activation of
inflammatory signaling cascades caused by the specific LPS-TLR4 ligand receptor binding
compared to SWCNT receptor activation which is largely mediated by non-specific protein
interactions. %
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Figure 4.1 Time-dependent transcriptomic response of microglia to SWCNTs and LPS. (a) Multidimensional
scaling (MDS) analysis of gene counts tables for LPS, (GT)s-SWCNT, and COOH-SWCNT treated SIM-A9 cells at
0.5 and 2 h time points. (b—d) Volcano plots of log, expression fold change vs. 10910 pagj of 10,402 identified genes
for (b) LPS, (c) (GT)s-SWCNT, and (d) COOH-SWCNT treatments. Horizontal and vertical dashed lines delineate
Padj = 0.05 and log: fold change = 1 respectively. Blue and red points identify differentially expressed genes.
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Table 4.1 Summary of differentially expressed genes identified in LPS, (GT)s-SWCNT, and
COOH-SWCNT stimulated microglia vs. untreated control cells at 0.5 and 2 h time points.

LPS vs. Control éGOR?-OsiWCNT VS. goon?rlzl-swcm Vs.
Up Down Total Up Down Total Up Down Total
05h |4 0 4 1137 551 1688 | 271 214 485
Py < 0.05 2h 1424 1438 2862 | 721 904 1625 | 1622 1607 3229
log:Fold | 05h |1 0 1 21 3 24 5 2 7
Change >1 [ 2 h 191 70 261 27 3 30 16 33 49

Next, | examined cellular processes which may be represented within the list of
differentially expressed genes for each treatment. The topGO R package was used to perform
overrepresentation analysis on differentially expressed genes with a cutoff of pag < 0.01.130131
Specifically, we examined overrepresentation of Gene Ontology (GO) biological processes terms
by differentially expressed genes in SWCNT treated SIM-A9 sequencing libraries. This analysis
method identifies GO terms which contain a significantly higher than random fraction of
differentially expressed genes for each of our Treatment vs. Untreated Control comparisons. GO
terms with 10 or fewer total annotated genes were excluded from analysis. At 0.5 h, the most
overrepresented GO term by (GT)s-SWCNT treated SIM-A9 cells was Positive regulation of
endothelial cell proliferation (Figure 4.2a). This may reflect previously observed decrease in cell
proliferation upon incubation with SWCNTSs (see 3.4 SWCNT Induced Cytotoxicity). Several
receptor-mediate signaling pathways showed possible activation evidenced by presence of terms
such as Cellular response to leukemia inhibitory factor, Positive regulation of protein kinase B
signaling, and cellular response to fibroblast growth factor stimulus within the top 12 most
overrepresented GO terms. Enrichment of the Regulation of cilium assembly term may be linked
to the actin cytoskeleton growth observed (see 3.2 Cell Morphological Response). COOH-
SWCNT treated SIM-A9 cell sequencing libraries showed overrepresentation of RNA processing
terms including several related to the spliceosome among differentially expressed genes at 0.5 h
(Figure 4.2a—b). GO biological processes linked to these effects include the two most significant
terms Regulation of mRNA processing and Regulation of alternative mRNA splicing, via
spliceosome. These results provide hints on which internal cellular processes may be significantly
impacted by SWCNTSs. Furthermore, these responses are unlikely to be due to TLR4 activation by
SWCNTSs as LPS which exhibits extremely strong ligand-receptor binding with TLR4 did not
induce an appreciable transcriptomic response. However, further work is needed to determine the
SWCNT-receptor interactions which initiate these events which manifest after only 0.5 h
incubation.
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Figure 4.2 Gene ontology enrichment of SWCNT treated microglia at 0.5 hours. (a—b) Top twelve most highly
enriched gene ontology terms for RNA-seq libraries generated from (a) (GT)s-SWCNT and (b) COOH-SWCNT
treated microglial cells.

Overrepresentation analysis at the 2 h time point showed more clear activation of immune
cell signaling. (GT)s-SWCNT libraries were enriched with terms such as Cellular response to
lipopolysaccharide, Positive regulation of NF-xB transcription factor activity, and Inflammatory
response (Figure 4.3a). As expected, these terms are also statistically significantly enriched by
LPS treated SIM-A9 cell libraries which likely points to previously reported TLR2/4 activation by
the SWCNTSs (Figure S4.1). COOH-SWCNT again was associated with significant differential
expression of genes annotated with RNA processing terms (Figure 4.3b). The second most
overrepresented pathway was Positive regulation of cell proliferation, which further suggests a
cell signaling cause to the decrease in cell replication observed upon exposure of SIM-A9 cells to
SWCNTs.
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Figure 4.3 Gene ontology enrichment of SWCNT treated microglia at 2 hours. (a—b) Top twelve most highly
enriched gene ontology terms for RNA-seq libraries generated from (a) (GT)s-SWCNT and (b) COOH-SWCNT
treated microglial cells.

4.3 RNA-seq Screen of Neuro-Probes and Tools

We further utilized high throughput mRNA sequencing to determine and quantify the full
transcriptomic response of SIM-A9 microglia cells to an array of neuro-probes and molecular
neuroscience tools. This screen focused on the comparison between exposure to 10 pg/mL (GT)s-
SWCNT versus commonly used probes for neuronal signaling including those for calcium imaging
(2 uM Fura-2), voltage sensing (2 pM DiSBAC>(3) and Di-2-ANEPEQ), and AAV viral vector
(50,000 virus molecules per SIM-A9 cell). We again compared these responses to those induced
by 10 pg/mL COOH-SWCNT and 10 ng/mL LPS positive control. Concentrations of these
molecular probes were chosen to be reflective of their working concentrations for brain imaging
applications. We assay the SIM-A9 cell transcriptome after 2 h incubation with each probe in sera
free media due to the large degree of microglial activation observed in LPS treated samples at this
time point. The non-SWCNT neuro-probes screened did not induce a noticeable morphology
change in either SIM-A9 microglia (Figure S4.2) or cell proliferation rate (Figure S4.3) within
24 h of exposure. Furthermore, multidimensional scaling (MDS) analysis of the normalized gene
counts for each sequencing library revealed close clustering of biological replicates of Fura-2,
DiSBAC(3), and Di-2-ANEPEQ with the untreated microglia control (Figure 4.4a), suggesting
these small molecule neuro-probes have a minor impact on microglial cell function over 2 h. AAV
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sequencing libraries also did not show significant divergence from control at the 2 h time point.
However, MDS analysis showed deviation of SWCNT and LPS incubated cell samples from the
untreated SIM-A9 control. Hierarchical clustering of sequencing libraries further demonstrated
that cells incubated with Fura-2, DiISBAC»(3), Di-ANEPEQ, and AAV did not elicit a significant
transcriptomic response, evidenced by the statistical similarity of these sequencing libraries to
untreated control libraries (Figure 4.4b). Hence, downstream differential gene expression analysis
and ontological analysis was only carried out at a dendrogram cut height of 30, comparing SIM-
A9 cells treated with (GT)s-SWCNTs, COOH-SWCNTSs, and LPS to untreated control groups.
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Figure 4.4. Transcriptomic response of SIM-A9 microglia to neuro-probes. (a) MDS plots of gene count tables
generated for each RNA-seq library, where each marker represents a biological replicate. Axes represent the two
principal components of highest variance. Control represents untreated SIM-A9 microglial cells. (b) Hierarchical
clustering of sequenced libraries based on normalized gene counts. (c—d) Volcano plots of (c) LPS and (d) (GT)s-
SWCNT incubated SIM-A9 cells showing log, fold change in gene expression vs. logio adjusted p value for all 9770
identified genes, relative to untreated control cells. Horizontal and vertical dashed lines delineate pa¢j = 0.05 and log:
fold change = 1 respectively.

We performed differential gene expression analysis using the edgeR package.'?® SIM-A9
cell experimental groups were compared pairwise to untreated control groups. For LPS-treated
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samples, out of 9770 genes identified across all sequencing libraries, 332 were both differentially
expressed (padgj < 0.05) and exhibited a greater than 2-fold change in expression vs. the untreated
control (Table 4.2, Figure 4.4c), where pagj is the false discovery rate corrected p value. Only 119
such genes were identified for (GT)s-SWCNT vs. the untreated control, and 49 genes for COOH-
SWCNT vs. untreated control. LPS promoted upregulation of many inflammatory cytokines such
as Csf2, Csf3, 111b, and Cxcl2 (Figure 4.4c), where the latter two cytokines are also among the
most highly upregulated genes by (GT)s-SWCNTs (Figure 4.4d). However, the SWCNT-induced
expression-fold change for these genes was significantly lower than that caused by LPS.
Conversely, platelet-derived growth factor subunit B, Pdgfb, was more significantly upregulated
by (GT)s-SWCNTSs than by LPS, and also shows highly statistically significant upregulation by
COOH-SWCNTs (Figure S4.4a), thus is a potential biomarker for cellular response to SWCNT
graphene lattice.

Table 4.2 Summary of differentially expressed genes identified in LPS, (GT)s-SWCNT, and

COOH-SWCNT stimulated microglia vs. untreated control cells.

LPS (GT)e-SWCNT  vs. | COOH-SWCNT vs.
vs. Control

Control Control
Up Down Total| Up Down Total Up Down Total
DE Padj < 0.05 1558 1706 3264 | 1204 1242 2446 | 1107 1346 2453
Genes | |og, Fold Change>1 | 239 93 332 | 105 14 119 | 49 0 49
Protein Coding 1481 1663 3144 | 1149 1218 2367 | 1066 1278 2344
%‘ig: Long noncoding RNA | 50 34 84 37 16 53 24 37 61
Pseudogene 15 4 19 14 5 19 9 26 35

Again, the topGO R package was used to perform overrepresentation analysis on GO
biological processes terms using differentially expressed genes with a cutoff of pagj< 0.01 (see 4.2
Time-Dependent Transcriptomic Response to SWCNTs).120131 As expected, differentially
expressed genes in LPS vs. untreated control groups showed high overrepresentation of processes
associated with toll-like receptor signaling and inflammation, including Cellular response to
lipopolysaccharide (Figure 4.5a). Exposure of SIM-A9 cells to (GT)s-SWCNTs caused
enrichment of similar inflammatory GO terms, including the most statistically significantly
enriched GO term, Inflammatory response (Figure 4.5b). Both LPS and (GT)s-SWCNT
treatments caused enrichment of Positive regulation of ERK1 and ERK2 cascade GO term. Of 97
annotated genes within this GO term, 52 were differentially expressed by LPS treatment out of an
expected 24.4, giving a gene set enrichment p value of 3.7 x 10° (GT)s-SWCNT treatment caused
differential expression of 41 annotated genes of an expected 16.2, with a corresponding p value of
5.4 x 10°°. Enrichment of ERK signaling by both LPS and (GT)s-SWCNTs may indicate similar
inflammatory signal transduction induced by the two molecules.

Other biological processes overrepresented by exposure of microglia to (GT)e-SWCNT
samples include GO terms related to tissue development such as Branching morphogenesis of an
epithelial tube and Angiogenesis, where the nonspecific nature of these processes in relation to
microglial cells may suggest noncanonical activation of cellular mechanisms. Lastly, similar to
(GT)s-SWCNTs, COOH-SWCNTSs promoted enrichment of ERK signaling terms (Figure S4.4b),
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pointing to the significance of this signaling cascade in SWCNT-induced immune responses.
Interestingly, COOH-SWCNTSs caused differential expression of a larger number of pseudogenes
in SIM-A9 microglia than either LPS or (GT)s-SWCNTs (Table 4.2), despite eliciting only a
minor morphological change (Figure 3.1j—k). This may be due to overrepresentation of GO terms
in the set of COOH-SWCNT induced differentially expressed genes, including Regulation of
transcription (Figure S4.4b).
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Figure 4.5. Gene Ontology enrichment analysis of LPS and (GT)e-SWCNT treated SIM-A9 microglia. (a—b)
Overrepresentation analysis of differentially expressed genes identified in RNA sequencing libraries for SIM-A9
microglia stimulated with (a) LPS and (b) (GT)s-SWCNT. Top twelve most highly enriched ontologies are displayed.

Finally, gene set enrichment analysis (GSEA) was applied in order to determine the degree
to which certain gene sets are up- or downregulated. This analysis method quantifies the degree to
which genes involved in certain biological processes are differentially expressed in concert and
utilizes expression fold change values to calculate an enrichment score for each gene set.'®?
Hallmark gene sets from the Molecular Signatures Database (MSigDB) are curated groups of
genes closely tied to specific biological processes and which exhibit low redundancy.*® All genes
from RNA-seq screens were ranked in order of decreasing expression fold change (Figure S4.5a).
Next, GSEA was applied using Hallmark pathways such as Apoptosis and Interferon Alpha
Response (Figure S4.5b—c) where the enrichment score is calculated based on the distribution of
annotated genes from a given pathway at the up- and downregulation extremes of the gene
expression ranking. Normalized enrichment score accounts for the number of annotated genes
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within each Hallmark pathway. The p value for each enrichment score is calculated using
Kolmogorov-Smirnov-like statistics.!¥* The Hallmark pathway GSEA revealed statistically
significant enrichment of 22 pathways by (GT)s-SWCNT treated samples and 16 for LPS treatment
out of the 50 total Hallmark gene sets (Figure 4.6). The only Hallmark pathway enriched by LPS
samples but not (GT)s-SWCNT was Interferon Gamma Response.

Conversely, (GT)s-SWCNT treatment caused enrichment of seven pathways not enriched
by LPS treatment. These include Wnt/-Catenin Signaling, Apical Junction, Unfolded Protein
Response, and Coagulation. The Wnt/p-catenin signaling pathway is a receptor protein mediated
signaling cascade which mediates proinflammatory responses in microglia.*** Activation of the
canonical and non-canonical Wnt signaling pathways are also responsible for mediating the
polarization of neurons during cortical development.®*® Hence, the SWCNT induced morphology
change in SIM-A9 microglia may also be due to SWCNT selective activation of the Wnt/p-catenin
signaling pathway. Wnt/B-catenin signaling is mediated by the Frizzled family of membrane
proteins. From RNA-seq data, SIM-A9 microglia expressed both Fzd5 and Fzd7 genes which
encode Frizzled-5 and Frizzled-7 proteins, respectively. Interactions between carbon nanotubes
and Frizzled receptors has not previously been reported in the literature. However, knockouts of
either of these genes in SIM-A9 cell cultures may reveal whether these interactions do occur or if
Whnt signaling is responsible to some degree for the phenotypic changes induced by SWCNT
exposure. Wnt/p-Catenin Signaling pathway activation may be related to activation of the Apical
Junction Hallmark pathway. Apical junctions are structures associated with the actin cytoskeleton
found at the epithelial cell-cell interface. The protein p-catenin, an important mediator in canonical
Whnt signaling, acts as a linker between the apical junction complex and the cell actin
cytoskeleton.3 Hence, the polarization and actin cytoskeleton growth of SIM-A9 cells is likely a
contributing factor to or a result of these Hallmark pathways.

Unfolded protein response is a highly conserved mammalian cell pathway commonly
caused by damage to the endoplasmic reticulum of the cell. Carbon nanoparticles have previously
been shown to induce endoplasmic reticulum stress resulting in accumulation of misfolded
proteins in certain tissues including the brain.®*” Again, further work is needed to determine the
origin and magnitude of this response. Finally, activation of the Hallmark coagulation pathway
may arise from adsorption of complement proteins to the SWCNT surface which has been
extensively studied in the literature.>*'3138 |n addition, (GT)s-SWCNT induced differentially
expressed genes were negatively enriched for Interferon Alpha Response. This may point to
downregulation of interferon alpha signaling pathways. Further investigation is required to
determine the SWCNT-mediated interaction behind this response.

Carboxylated SWCNT treatment caused enrichment of 29 out of the 50 Hallmark pathways
(Table S4.1). A few commonalities with (GT)s-SWCNT include positive enrichment scores
greater than 2.0 for TNFa Signaling via NFKB, Inflammatory Response, Wnt/f-Catenin Signaling,
Complement, Coagulation, and Apical Junction. These indicate a similar pattern recognition
receptor mediated inflammatory response to both covalently and noncovalently functionalized
SWCNTSs suggesting a generic cellular response to the SWCNT graphene lattice. Furthermore,
COOH-SWCNT treatment caused negative enrichment of 4 Hallmark pathways: DNA Repair, E2F
Targets, MYC Targets V1, and Oxidative Phosphorylation. Interferon Alpha Response Hallmark
pathway was not statistically significantly enriched for these samples. These negatively enriched
Hallmark pathways recapitulate the negative regulatory effect of COOH-SWCNT on transcription,
translation, and cell metabolism as observed from overrepresentation analysis.
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Figure 4.6 Enrichment analysis of Hallmark gene sets. Normalized expression scores calculated from GSEA of
SIM-A9 sequencing libraries with LPS and (GT)s-SWCNT treatment. * p < 0.01.

4.5 Conclusions

Carbon nanotubes are an artificial nanomaterial with rapidly emerging biological use. As
such, the study of biological effect on different cell and tissue types is becoming an urgent matter.
The previous chapter examined the phenotypic and cytotoxic effects of single-walled carbon
nanotube neuro-sensors on mouse microglial cells in sera free conditions. These experiments
probed the potential range of cellular responses to SWCNT presence in cell culture supernatant.
Differential gene expression analysis of RNA-seq libraries revealed activation of transcription
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induced by SWCNTSs after only 0.5 h incubation resulting in differential expression of 1688 genes.
LPS failed to stimulate cells at this time point, inducing differential expression in only 4 genes.
However, microglial activation by LPS at 2 h was orders of magnitude greater than that by
SWCNTs. Other neuro-probes including calcium and voltage sensitive probes and AAV failed to
elicit a significant response. Of the DE genes upregulated by SWCNTSs, several were identified as
potential biomarkers for SWCNT presence in brain tissue. These include genes encoding cytokines
(Cxcl2, 111b, 116, Ccl4, and Ccl7) as well as growth factors (Pdgfb, Csf2, and Csf3).

Finally, statistical analysis was leveraged to analyze lists of differentially expressed genes
from each treatment sample compared to untreated control. Overrepresentation analysis revealed
considerable overlap between Gene Ontology terms associated with (GT)e-SWCNT exposure
compared to LPS. This suggests interaction between (GT)s-SWCNT neuro-sensor and TLR2/4,
causing activation of NF-«kB signal transduction pathway. Gene set enrichment analysis
recapitulated activation of inflammatory signaling through positive enrichment of TNFa Signaling
via NFKB and Inflammatory Response Hallmark pathways by both LPS and (GT)s-SWCNT
treatments. Additional biological processes impacted by SWCNT presence included activation of
the Wnt/B-catenin signaling pathway which may be responsible for the polarization of cell
morphology. Future work will investigate whether direct interaction of SWCNT with Frizzled
protein receptors is responsible for this effect.

Distinct from (GT)s-SWCNT, COOH-SWCNT caused overrepresentation of GO terms for
RNA transcription and processing. These may cause the high differential expression of
pseudogenes observed for this treatment, where COOH-SWCNT incubation induced differential
expression of 35 pseudogenes compared to only 19 for LPS and (GT)e-SWCNT treated cells.
GSEA recapitulated these trends through enrichment of transcription regulation pathways
including DNA Repair, E2F Targets, and Myc Targets V1 which all showed negative enrichment
scores for COOH-SWCNT treatment. Further work is needed to determine whether this deviation
from (GT)s-SWCNT arises from mechanistic differences between covalent and noncovalent
SWCNT suspension-receptor interactions, differences in aggregation state, or some other root
cause. Nevertheless, these experiments provide a fundamental understanding of how various types
SWCNT constructs may affect cells within the brain and will inspire further research into the
nature of SWCNT-immune cell interactions.
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4.6 Materials and Methods

Preparation of neuro-sensors

Single-walled carbon nanotubes (SWCNTSs) were dispersed in aqueous solution using
(GT)e single stranded DNA by combining 0.2 mg of small diameter HiPco™ SWCNTs
(Nanolntegris) and 50 uM of ssDNA (Integrated DNA Technologies, Inc.) in 1 mL of 0.01 M
phosphate-buffered saline (PBS). Solutions were probe-tip sonicated for 10 minutes using a 3 mm
probe tip at 50% amplitude (5-6 W, Cole-Parmer Ultrasonic Processor). Following sonication,
samples were centrifuged at 16,100 cfg for 30 minutes to pellet unsuspended SWCNT bundles,
amorphous carbon, and metallic contaminants. Supernatant containing dispersed (GT)s-SWCNTSs
was collected. Excess DNA was removed via centrifugal filtration using an Amicon Ultra-0.5 mL
centrifugal filter with a 100 kDa molecular weight cutoff (Millipore Sigma). Samples were placed
in the filter and centrifuged at 8,000 cfg then washed with Milli-Q water. This process was repeated
five times. Sample was recovered by reversing the spin filer and centrifuging into a collection tube
at 1,000 cfg. Concentration of (GT)e-SWCNT suspensions was determined using sample
absorbance at 632 nm and the corresponding extinction coefficient es32om = 0.036 mL cm pg™.
(GT)e-SWCNTs were diluted to a 10x stock concentration of 100 pg/mL in 0.1 M PBS and stored
at 4°C.

PEG-PE passivated (GT)s-SWCNTs were produced by mixing equal volumes of 200
ug/mL PEG-PE (Avanti Polar Lipids) and 200 ug/mL (GT)s-SWCNT in 0.1 M PBS. The mixture
was bath sonicated for 15 min. Samples were used as prepared or stored at 4°C.

Carboxylic acid functionalized SWCNTs (Sigma Aldrich) were suspended in water by
mixing approximately 1 mg solid COOH-SWCNT with 1 mL water and sonicating using the same
settings detailed above. Centrifugation at 16,100 cfg for 30 minutes was again used to pellet and
remove amorphous carbon, metallic catalysts, and unsuspended COOH-SWCNTSs.

Prior to use in cell culture experiments, SWCNT suspensions were screened for endotoxin
contamination using the Limulus amebocyte lysate (LAL) assay. Both (GT)s-SWCNT and COOH-
SWCNT were confirmed to be below the limit of detection for endotoxin content.

Fura-2 AM, DiISBAC:(3), and Di-2-ANEPEQ (Thermo Fisher) were reconstituted in
DMSO and diluted to a working concentration of 20 uM in PBS. rAAV1/Syn-GCaMP3 virus
(UNC Vector Core, titer: 5 x 10'? virus molecules/mL) was diluted to a concentration of 2.5 x 10!
virus molecules/mL in PBS.

RNA-seq library preparation and gene expression analysis

SIM-A9 cells were cultured as previous described (see 3.7 Materials and Methods). Cells
were plated in a 24-well plate at a density of 0.1 x 10° cells per well in 500 pL of growth media.
Cells were maintained at 37°C and 5% CO2 until approximately 70% confluent then washed with
PBS. Media was replaced with sera free DMEM/F12 for two hours prior to start of experiments.
Stock neuro-sensor was added to wells at 10x concentration, 0.1x total volume. Final
concentrations were: 10 ng/mL LPS, 10 pg/mL (GT)e-SWCNT, 10 pg/mL COOH-SWCNT, 2 uM
Fura-2, 2 uM DiSBAC2(3), 2 uM Di-2ANEPEQ, and 50,000 AAV molecules per SIM-A9 cell.
Three biological replicates were run for each group.

Two hours post exposure, total RNA was collected from adherent cells using the Quick
RNA Miniprep Kit (Zymo Research) following manufacturer instructions. Cells were lysed
directly on the plate and DNase treatment was used to remove genomic DNA. Total RNA
concentration was measured using the Qubit™ RNA BR Assay Kit (Thermo Fisher). RNA quality
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was checked using the 2100 Bioanalyzer with RNA 6000 Nano Kit (Agilent). RIN scores were
confirmed to be >7 prior to library preparation.

Libraries were prepared using Kapa Biosystems library preparation kit with mRNA
selection with poly-A magnetic beads. Libraries were pooled and sequenced on an Illumina
NovaSeq S4 flow cell with 150 paired end reads. Targeted data return was 25M read pairs per
sample. Raw reads were pre-processed using HTStream (version 1.0.0) for filtering out adapter
sequences, quality scores < 30, and mouse ribosomal RNA (https://github.com/ibest/HT Stream).
Pre-processed reads were mapped to the Gencode M20 Mus musculus genome (GRCm38.p6) and
quantified using STAR aligner (version 2.5.4b)."*° The edgeR package was used to determine
differentially expressed genes.!?® Adjusted p values were calculated using the Benjamini-
Hockberg procedure using the edgeR default false discovery rate (FDR < 0.05). Gene ontology
enrichment analysis was performed using the topGO R package.®*° Enrichment of GO terms and
p values were computed using Fisher’s exact test and the weightO1 algorithm with a pagj < 0.01
cutoff for genes.™®! Gene set enrichment analysis was performed using the fgsea package for R.14°
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Figure S4.1 Gene ontology enrichment of LPS treated microglia at 2 hours. Top twelve most highly enriched
gene ontology terms for RNA-seq libraries generated from LPS treated microglial cells.
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Figure S4.2 Microglial morphology change induced by neuro-probes. Cell morphology change upon addition of
neuro-sensors at concentrations used for RNA-seq studies. SIM-A9 cells were at 37°C and 5% COy, in sera free media.
Shaded regions represent standard error of the mean (N = 3).
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Figure S4.4 COOH-SWCNT treated SIM-A9 differential gene expression. (a) Volcano plot highlighting
differentially expressed genes identified between COOH-SWCNT and untreated cell control libraries. (b) Top 12 gene
ontologies overrepresented by DE genes in COOH-SWCNT incubated microglia.
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Figure S4.5 Hallmark gene set enrichment. (a) Bar plot of genes ranked in terms of decreasing expression fold
change for (GT)s-SWCNT treated SIM-A9 vs. untreated control sequencing libraries. (b—c) Enrichment plots for (b)
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Table S4.1 Gene set enrichment analysis of COOH-SWCNT treated SIM-A9 sequencing

libraries
Pathway p value Normalized Enrichment Score
TNFA SIGNALING VIA NFKB 1.80E-03 3.33
HYPOXIA 1.84E-03 2.64
CHOLESTEROL HOMEOSTASIS 1.91E-03 1.80
MITOTIC SPINDLE 1.79E-03 1.53
WNT BETA CATENIN SIGNALING 6.07E-03 1.83
TGF BETA SIGNALING 1.92E-03 2.25
IL6 JAK STAT3 SIGNALING 1.95E-03 2.23
DNA REPAIR 2.18E-03 -1.77
APOPTOSIS 1.86E-03 2.38
ESTROGEN RESPONSE EARLY 1.83E-03 2.05
ESTROGEN RESPONSE LATE 1.81E-03 1.76
MYOGENESIS 1.82E-03 1.70
APICAL JUNCTION 1.83E-03 2.23
APICAL SURFACE 4.12E-03 1.84
COMPLEMENT 1.81E-03 2.31
E2F TARGETS 2.25E-03 -1.59
MYC TARGETS V1 2.23E-03 -2.06
EPITHELIAL MESENCHYMAL TRANSITION 1.94E-03 2.26
INFLAMMATORY RESPONSE 1.82E-03 2.85
OXIDATIVE PHOSPHORYLATION 2.24E-03 -2.42
P53 PATHWAY 1.79E-03 1.66
UV RESPONSE UP 1.82E-03 1.62
UV RESPONSE DN 1.85E-03 2.19
HEME METABOLISM 1.81E-03 1.68
COAGULATION 1.88E-03 2.06
IL2 STATS5 SIGNALING 1.80E-03 2.56
ALLOGRAFT REJECTION 1.82E-03 1.98
KRAS SIGNALING UP 1.81E-03 2.20
KRAS SIGNALING DN 1.86E-03 1.97
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Chapter 5:
Passivation of SWCNT Neuro-Sensors

Portions of this chapter are reproduced and adapted with permission from Ref 23. Copyright 2020
American Chemical Society.

5.1 Introduction

One of the foremost concerns over the use of artificial nanoparticles in biomedical
applications is that of biocompatibility. Biocompatibility studies are focused on ensuring that the
material in question performs only its desired function in the target tissue, with minimal or
negligible off-target effects, such as the microglial activation observed in Chapter 3. A common
approach to imparting biocompatibility to nanotechnologies involves nanoparticle surface
functionalization with polyethylene glycol (PEG) polymers to promote steric exclusion of proteins,
increase nanoparticle hydrophilicity, and thereby prevent subsequent immune activation.

Various methods exist for modifying a surface with PEG, ranging from covalent to
adsorptive approaches. Covalent linkage of PEG to surfaces using chemical syntheses such as
thiol-maleimide reactions has been shown to produce long-lasting PEG brush layers.}*! In one
case, conjugation of PEG to carboxylic acid groups of the SWCNT carbon lattice resulted in
reduced inflammation in mouse lungs compared to non-PEGylated SWCNT after intravenous
injection.*? However, performing these reactions on the carbon nanotube graphene lattice can
ablate nIR photoluminescence, as defect sites on the pristine carbon lattice can act as exciton
quenchers.}4314 physisorption of PEG or PEG containing molecules is another avenue of imbuing
surfaces with anti-fouling properties. These electrostatic or hydrophobic interactions are less stable
than the previous category of PEGylation and are prone to PEG desorption through changes in pH
and other environmental factors.!** Nevertheless, this class of modification preserves SWCNT
photoluminescence and consequently, sensing ability.

Dispersants such as PEGylated phospholipid are commonly used to mitigate protein
adsorption and increase the stability of SWCNT suspensions in biological environments. SWCNTSs
have previously been dispersed using PEGylated phospholipids to form highly disperse
suspensions.'®® These PEG-phospholipid SWCNTSs have enabled imaging of brain blood vessels
through the skull,” and tracking of particle diffusion throughout the brain extracellular space.®
However, the creation of a hybrid ssDNA and PEG-phospholipid SWCNT surface coating for dual
sensing and biocompatibility purposes remains unexplored.

This chapter focuses on evaluating the biocompatibility of SWCNT constructs for brain
imaging by quantifying their impact on microglial cells, utilizing methodologies and metrics
established in previous sections including FAM-fibrinogen adsorption, cell form factor, and
cytokine expression to evaluate and compare novel neuro-sensor constructs. In parallel, the
efficacy of novel, engineered nanosensors is tested using in vitro experiments to ensure that the
SWCNT modifications cause no loss in catecholamine sensing ability. Finally, modified
nanosensors are implanted in excised mouse brain tissue for catecholamine imaging and compared
to existing, unmodified nanosensor to prove unequivocal improvement to the nIRCat platform.
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5.2 Noncovalent Adsorption of Phospholipids to SWCNT Surface

To mitigate tissue response to sSDNA-SWCNTs, we developed a noncovalent modification
strategy for passivation of (GT)s-SWCNT nanosensors using PEGylated phospholipids which
display a high affinity for the SWCNT surface. We used saturated 16:0 PEG-
phosphatidylethanolamines (PEG-PE) with varying PEG molecular weights ranging from 750 Da
to 5000 Da to form co-suspensions with (GT)s-SWCNTS, then assessed their effect on nanosensor
biocompatibility and efficacy. Sonication of (GT)s-SWCNTSs with PEG2000-PE at a 1:1 SWCNT
to phospholipid mass ratio caused a decrease in SWCNT nIR fluorescence intensity and a red
shifting of the fluorescence emission (Figure 5.1a—b), indicating an increase in the polarity of the
SWCNT dielectric environment, consistent with biomolecular adsorption phenomena.??%% This
result is recapitulated in the absorbance spectra of (GT)s-SWCNTS, where nIR absorbance peaks
corresponding to SWCNT Ez; transitions are red-shifted upon passivation with PEG-PE with
variable PEG molecular weights (Figure 5.1c). The 750 Da PEG phospholipid caused the highest
magnitude wavelength shift, whereas larger 2000 Da and 5000 Da PEG phospholipids induced
intermediate red-shifting. This larger solvatochromic shift may indicate higher surface density of
PEG750-PE on the SWCNT surface compared to larger PEG chains.
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Figure 5.1 Passivation of (GT)s-SWCNTs with PEG-PE phospholipid. (a) Schematic of PEG-PE adsorption to
(GT)e-SWCNTSs and subsequently deterring FAM-fibrinogen adsorption. (b) Comparison of nIR fluorescence spectra
of 5 pg/mL (GT)s-SWCNT (black) vs. PEG2000-PE/(GT)s-SWCNT (blue). (c) UV-vis-nIR absorbance of 20 ug/mL
(GT)s-SWCNT, PEG750-PE/(GT)s-SWCNT, PEG2000-PE/(GT)s-SWCNT, and PEGsogo-PE/(GT)s-SWCNT. Spectra
collected on a UV-3600i Plus UV-Vis-NIR Spectrophotometer using dual beam measurement with stair correction.
(d) Concentration of adsorbed FAM-FBG on 5 pg/mL (GT)s-SWCNT. Initial concentration of FAM-FBG added to
solution was 40 pg/mL. Error bars represent standard error of the mean (N = 3).

Nonspecific protein adsorption was quantified on PEG-PE/(GT)s-SWCNT passivated
nanosensor constructs using a previously developed method for tracking biomolecular adsorption
on nanoparticle surfaces in real-time 22. Blood coagulation protein fibrinogen (FBG) was selected
as a representative binding protein owing to its high affinity for the SWCNT surface.?? SWCNT-
induced quenching of the fluorophore fluorescein conjugated to fibrinogen (FAM-FBG) was used
to determine the degree of adsorption of 40 ug/mL FAM-FBG to 5 pg/mL (GT)s-SWCNTSs with
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and without PEG-PE passivation (Figure 5.1d, S5.1). All molecular weight PEG-PEs caused a
reduction in total concentration of adsorbed FAM-FBG after 1 h incubation. Phospholipids with a
PEG molecular weight of 2000 Da best mitigated against protein adsorption, showing a 28 + 2%
reduction in adsorption of FAM-FBG after 1 h compared to unmodified (GT)s-SWCNT
nanosensors. The degree of FAM-FBG adsorption on PEG2000-PE/(GT)e-SWCNTs was
comparable to SWCNTSs suspended with solely PEG2o00-PE (Figure 5.2). Furthermore, this
methodology was also effective in mitigating nonspecific protein adsorption on COOH-SWCNT
(Figure S5.2). These covalently modified carbon nanotubes adsorbed ___ -fold more FAM-FBG
than ssDNA wrapped pristine SWCNTSs. PEG-PE passivation reduced adsorption by 6.8 + 0.3%,
6.+0.3%, and 4.4 £ 0.6% for 750, 2000, and 5000 Da PEG molecular weights respectively. Further
analysis of the interactions between carboxylated SWCNTSs and phospholipids is needed to further
optimize the protocol for COOH-SWCNT passivation. Nevertheless, this points to the
generalizability of this noncovalent modification strategy to other nanomaterial platforms.
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Figure 5.2 Protein adsorption on PEG-PE suspended SWCNTSs. Adsorption of 40 pg/mL FAM-FBG determined
by quenching of conjugated FAM fluorophore to 5 pg/mL (GT)s-SWCNTS passivated with PEG-PE of varying PEG
molecular weights vs. SWCNTS suspended with PEG-PE.

Unlike covalent modification of the pristine carbon lattice surface, this passivation method
preserved both the intrinsic SWCNT nIR fluorescence and the (GT)s-SWCNT molecular
recognition for dopamine (Figure 5.3a-b). Interestingly, the in vitro nanosensor response (AF/Fo)
upon addition of 200 uM dopamine increased upon (GT)s-SWCNT nanosensor passivation with
PEG2000-PE ata 1:1 mass ratio, relative to the unpassivated (GT)s-SWCNT nanosensor, with AF/Fo
= 2.01 and AF/Fo = 1.44, respectively. This effect was driven primarily by phospholipid-induced
quenching of SWCNT baseline fluorescence. Furthermore, we tested whether PEG-passivated
nanosensors would better withstand biofouling and nanosensor attenuation by blood plasma
proteins. We found that the attenuation of (GT)s-SWCNT dopamine nanosensor response by
plasma proteins was mitigated by PEG2o00-PE passivation, where nanosensor incubation in 2%
plasma caused nanosensor AF/Fg fluorescent response to decrease by 73% for unpassivated (GT)s-
SWCNTSs, compared to a 50% fluorescent response decrease for PEG2000-PE/(GT)s-SWCNTS
(Figure 5.3c).
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molecular weights of 750, 2000, and 5000 Da (grey). Dopamine response in biological milieu was simulated by pre-
incubating SWCNT suspensions with 2% human blood plasma for 15 min (green). Each data point represents an
distinct SWCNT preparation and response assay. N values are listed in the x axis label.

The change in sensor behavior imparted by PEG-PE passivation did not cause any negative
effects to sensor selectivity to chemical neurotransmitters. For all ten molecules screened, PEG2q00-
PE/(GT)e-SWCNT showed similar magnitude of response as unpassivated (GT)s-SWCNT neuro-
sensor (Figure 5.4). The largest turn-on responses were observed for catecholamines
(ephinephrine, norepinephrine, and dopamine) as has previously been reported in the literature.®*?
Serotonin showed a moderate fluorescence response, 55.3 + 4.5% and 75.6 £ 2.2% that of the
response to dopamine by (GT)s-SWCNT and PEG2000-PE/(GT)e-SWCNT respectively. This is
consistent with prior studies which show that serotonin interacts with ssDNA functionalized
SWCNTs with high ssDNA sequence dependence.? Furthermore, the fluorescence response to
each analyte was improved by passivation with PEGylated phospholipid. In particular,
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catecholamine AF/Fo increased by 25.2 + 7.8% for epinephrine, 25.6 + 4.3% for norepinephrine,
and 42.8 + 9.4% for dopamine. Hence, this noncovalent modification maintains sensor selectivity
while improving response to all potential analytes. The higher increase in response to serotonin
relative to catecholamines may potentially be leveraged for further improving the sensitivity of
ssDNA-wrapped SWCNT-based serotonin sensors.

35 T T T T T T T T T

I (GT);-SWCNT

- PEG-PE/(GT),-SWCNT

w

2.5

2+

Figure 5.4 Selectivity of phospholipid passivated neuro-sensor. Near-infrared fluorescence response of 5 pg/mL
(GT)e-SWCNT and PEG2000-PE/(GT)s-SWCNT to neurotransmitters (100 uM). Fluorescence response, AF/Fo, is
measured using integrated fluorescence from 850 — 1350 nm. Error bars represent standard error of the mean (N = 3).

5.3 Mitigation of Microglial Response with Passivated Sensor

We next examined the interaction of PEG-PE/(GT)s-SWCNTSs nanosensors with SIM-A9
microglia, first testing the extent to which these probes affect cell morphology. Analogous to our
protein adsorption mitigation results, the 2000 Da PEG length showed the greatest mitigation in
SIM-A9 morphology change (Figure 5.5a—c). Unmodified (GT)s-SWCNTSs caused mean form
factor to decrease to a minimum of 0.490 + 0.013, whereas the PEG2000-PE/(GT)s-SWCNTS
merely led to a minimum of 0.618 + 0.005. PEG-PE modified samples also exhibited a return to
baseline morphology returning to untreated control levels after 9, 6 and 15 h respectively for 750,
2000, and 5000 Da PEG molecular weights. Conversely, unmodified (GT)s-SWCNT nanosensors
did not show a return to baseline morphology within the 24 h experiment.
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Figure 5.5 Effect of PEG-PE phospholipid passivation on microglial activation. (a—b) Phase contrast images of
SIM-A9 microglial cells incubated with (a) (GT)s-SWCNTSs and (b) PEGao00-PE passivated (GT)s-SWCNTSs at 5
pg/mL for 6 h. Scale bars are 100 pm. (c) Mean form factor time traces of SIM-A9 microglia incubated with PEG-PE
passivated vs. unpassivated (GT)s-SWCNTSs compared to no treatment control. Shaded regions represent standard
error of the mean (N = 3). (d) Quantitative reverse transcriptase PCR expression-fold change of SWCNT inflammatory
cytokine markers upon stimulation with 5 ng/mL lipopolysaccharide, 5 pg/mL (GT)s-SWCNT, and 5 pg/mL PEG2000-
PE/(GT)s-SWCNT. Incubation time was 2 h. Error bars represent standard error of the mean (N = 3). Statistical
analyses compare LPS and PEGz00-PE/(GT)s-SWCNT relative expression changes to that of (GT)s-SWCNT: * p <
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Using quantitative reverse transcriptase PCR (RT-gPCR), we quantified the inflammatory
response of SIM-9 microglia exposed to PEG2o00-PE/(GT)s-SWCNT nanosensors. Noncovalent
passivation of ssDNA-wrapped SWCNTs with PEG-PE phospholipid caused a reduction in SIM-
A9 inflammatory response, exemplified by a decrease in the expression of inflammatory cytokines
previously identified as upregulated in our transcriptomic studies. Specifically, genes Cxcl2, 111b,
116, Pdgfb, Ccl4, and Ccl7 were selected as SWCNT-specific upregulated biomarkers from the
(GT)s-SWCNT and COOH-SWCNT libraries of the RNA-seq screen. As measured by gPCR,
PEG2000-PE/(GT)e-SWCNT suspensions induced either marginally or significantly lower
upregulation of all 6 genes in SIM-A9 microglia compared to (GT)s-SWCNTs (Figure 5.5d). In
particular, Cxcl2 expression change decreased significantly by 90 + 2% when nanosensors were
treated with PEG2000-PE. Upregulation of 111b decreased by 47 + 8%. Overall, SWCNT-induced
expression changes of Cxcl2, 111b, 116, and CCL4 were significantly lower than those induced by
LPS.
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5.4 Imaging Dopamine Release

We imaged striatal dopamine release in acute mouse brain slices to evaluate the utility of
PEG-phospholipid passivated SWCNT nanosensors as dopamine probes. PEG2000-PE/(GT)s-
SWCNTs and (GT)s-SWCNTs were introduced into acute coronal brain slices, as previously
described, by incubating fresh, 300 um thick coronal brain slices in artificial cerebral spinal fluid
(ACSF) containing 2 mg/L of dopamine nanosensor (Figure 5.6a).! The nanosensor-labeled slices
were then washed with ACSF and imaged in a continuously perfused ACSF bath. We electrically
stimulated dopamine release from dopamine-containing axons within the dorsal lateral striatum
and simultaneously imaged SWCNT nIR fluorescence response to changes in extracellular
dopamine concentration. As expected, slices labeled with (GT)s-SWCNTs showed low nIR
fluorescence signal prior to stimulation, followed by an increase in fluorescence response
immediately after 0.3 mA electrical stimulation, and an eventual return to the low intensity -
baseline ~5 s after stimulation (Figure 5.6b). Brain slices labeled with PEG2000-PE/(GT)s-
SWCNTSs showed a similar nIR fluorescence response to 0.3 mA electrical stimulation (Figure
5.6¢), suggesting both the native dopamine probe and the PEG2o00-PE-passivated probe enable
imaging of dopamine release and reuptake kinetics in brain tissue.
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Figure 5.6 Imaging of dopamine release and reuptake dynamics in acute mouse striatal brain slices. (a)
Schematic of acute mouse brain slice preparation and incubation with SWCNT nanosensors before dopamine release
and reuptake imaging. (b—c) Representative images showing normalized nIR fluorescence signal (AF/Fo) of (b) (GT)e-
SWCNT and (c) PEG2000-PE/(GT)s-SWCNT in striatum of mouse brain before stimulation, at peak AF/Foshortly after
0.3 mA single-pulse stimulation, and after SWCNT nanosensor signal returned to baseline. Scale bars are 10 um. (d)
Fluorescence response time trace of identified regions of interest (ROI) in brain slices labeled with (GT)s-SWCNT
(blue) and PEGa000-PE/(GT)s-SWCNT during electrically evoked dopamine release. Dashed line indicates time of 0.3
mA single-pulse electrical stimulation. Solid lines represent mean traces and shaded regions represent one standard
deviation around the mean for 3-4 mice, 1 brain slice per mouse, and 3 recordings per slice ((GT)s: N = 9, PEG-
PE/(GT)s: N = 12). (e—g) Violin plots showing the distribution of metrics from each mean nanosensor fluorescence
trace for (e) peak AF/Fosignal, (f) number of identified regions of interest (ROIs), and (g) decay constant from fitting
mean nanosensor AF/Fq time trace a first-order decay function. Dark points represent measurements calculated from
a single stimulation recording. White dots represent the mean. The gray bar spans the spread of the data while the bold
portion of the bar spans from the first to third quartiles. The shaded regions represent the probability density of the
data across the range of the metric measured. * p < 0.05.

We next characterized the spatial extent of nanosensor response to evoked dopamine
release from striatal tissue. As described previously by Beyene et al.,' we programmatically
identified spatial regions of interest within the imaged brain tissue in which statistically significant
increases in SWCNT fluorescence were recorded upon electrical stimulation (0.3 mA) of
dopamine release. These regions of interest (ROI) represent spatial sub-regions where dopamine
release and re-uptake modulation occurs during electrical stimulation. Fluorescence time traces
from ROIs were normalized to baseline fluorescence (AF/Fo) and averaged across four brain slices
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per SWCNT treatment and three stimulation recordings per slice. Average AF/Fo of time traces
from both (GT)e-SWCNT and PEG2000-PE/(GT)s-SWCNT labeled slices show that both
nanosensors demonstrate a robust fluorescence response to dopamine released in living brain slices
followed by a rapid return to baseline as dopamine is cleared from the extracellular space (Figure
5.6d). For the same 0.3 mA stimulation intensity, PEG2000-PE/(GT)s-SWCNTSs exhibited a peak
AF/Foof 0.032 = 0.002 compared to 0.021 + 0.003 for unmodified (GT)s-SWCNTSs (Figure 5.6e).
This increased peak AF/Fo indicates improved dopamine responsivity by PEG2o0-PE/(GT)e-
SWCNTs compared to the unpassivated counterpart. PEG-phospholipid modified SWCNTSs also
improved ROI identification. In acute brain slices labeled with PEG2000-PE/(GT)s-SWCNTS, 158
+ 37 ROI were identified vs. 81 + 15 ROI in (GT)e-SWCNT labeled slices (Figure 5.6f). The
higher ROl number may indicate improved extracellular access to dopaminergic terminals within
the brain tissue. Conversely, PEG2000-PE/(GT)s-SWCNTs show 1.8 + 0.4-fold higher decay
constant, indicating a slower return to baseline fluorescence (Figure 5.6g). As an additional
control, stimulation at higher intensity (0.5 mA) revealed similar trends for the above metrics
(Figure S5.3). However, the increase in peak AF/Foand ROl number from PEG2o00-PE passivation
was diminished and no statistically significant difference was observed between modified and
unmodified sensors (Figure S5.3a—c). This may indicate saturation of sensor response from
increased dopamine release at the higher electrical stimulation intensity. Nevertheless, the AF/Fo
time trace decay constant was again significantly higher for PEG2000-PE/(GT)s-SWCNTS, showing
a 1.7 £ 0.4-fold increase for the passivated neuro-sensor (Figure S5.3d). To determine if this effect
arises from altered sensor kinetics, we analyze the concentration-dependent fluorescence response.
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Figure 5.7 Neuro-sensor equilibrium kinetics. Dopamine response curve for 1 pg/mL (GT)s-SWCNT and PEG2000-
PE/(GT)s-SWCNT. Lines are Hill equation fits. Error bars represent standard error of the mean (N = 3).

Sensor equilibrium Kinetics were evaluated by measuring fluorescence response with
respect to dopamine concentration (Figure 5.7). Both (GT)s-SWCNT and PEG2000-PE/(GT)s-
SWCNT exhibit a concentration dependent response between 1 and 100 nM dopamine. The
fluorescence response data was fit to the Hill equation (Equation 5.1).

g =" (Eq. 5.1)

Kp+[L]"?
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The dissociation constant (Kp) and sensor cooperativity (n) were calculated using a least squares
curve fit (Table 5.1). This reveals extremely similar values for Kp for both sensors ranging from
12.3 — 19.0 nM, consistent with results from prior studies.>*? However, phospholipid-passivated
sensor showed lower Hill coefficient with n = 1.18 compared to n = 1.62 for unmodified sensor.
This indicates positive cooperativity in dopamine binding ability of (GT)s-SWCNT or an increase
in dopamine affinity at higher adsorbed concentrations. PEG2000-PEG/(GT)s-SWCNT may display
a lower cooperativity constant due to decreased contact between adjacent adsorbed dopamine
molecules as a result of separation of ssSDNA molecules by PEG-PE within the SWCNT corona.
Subsequently, this suggests that at low dopamine concentrations, near the limit of detection, the
unmodified SWCNT probe displays a higher AF/Fo. This may account for the lower decay constant
assuming extracellular dopamine concentrations are less than the dissociation constants of the
sensors, roughly 12.3 nM. However, due to the proximity of the dopamine response curves of both
sensors, this effect is more likely manifests due to the improved diffusive abilities and higher
response in protein-rich environments.

Table 5.1 Hill equation fitting parameters

Sensor Ko (nM) n
(GT)s-SWCNT 19.0 1.62
PEG-PE/GTs-SWCNT 12.3 1.18

Regardless, the PEG2000-PE/(GT)s-SWCNT sensor displays higher dopamine sensitivity in mouse
brain tissue over (GT)e-SWCNT, particularly at lower stimulation intensities, suggesting
dopamine nanosensors and other SWCNT-based neurotechnologies may benefit from this
passivation approach.

5.5 Conclusions

Passivation of exposed graphene lattice of (GT)e-SWCNT nanosensor by physisorbed
PEGylated phospholipid is a simple, inexpensive process which greatly improves sensor function.
Sonication of PEGa200-PE phospholipid with (GT)s-SWCNT imparted anti-fouling capability,
causing a 28% reduction in adsorption of FAM-fibrinogen. This coincides with a 23% lower
reduction of in vitro AF/Fo after incubation in blood plasma. Upon exposure to these modified
SWCNTs, SIM-A9 microglial cells exhibited mitigation of morphology change and upregulation
of pro-inflammatory genes. Furthermore, the limited morphology change by PEG2000-PE/(GT)s-
SWCNTSs showed a return to mean form factor baseline within 6 hours of incubation, a similar
timeframe as the small degree of ramification induced by LPS. It is unknown if this change in
time-dependence of response is also reflected in transient cytokine gene expression.

Labeling of ex vivo mouse brain tissue with these modified sensors also resulted in
immediate improvements. Compared to unmodified (GT)e-SWCNTs, PEG2000-PE/(GT)s-
SWCNTSs showed an increase in both fluorescence signal and responsivity in acute mouse brain
slices, increasing the max AF/Fofollowing 0.3 mA electrical stimulation by 52 + 8%. Furthermore,
PEG2000-PE/(GT)s-SWCNTSs increased the number of identified ROI by 160 + 50% potentially
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indicating improved dispersion of nanosensors or higher nanosensor sensitivity to dopamine
release in tissue. However, PEG-PE passivated sensor labeled brain slices exhibited delayed return
to fluorescence baseline post electrical stimulation. In vitro experiments showed this may arise
from a change in cooperativity of sensor-analyte kinetics due to separation of SWCNT-adsorbed
ssDNA molecules by PEG-PE. As such, a correction accounting for sensor-analyte kinetics is
necessary in order to yield the true dopamine release and reuptake kinetics. However, this is a
requirement of any sensor used in dynamic molecular imaging.

Taken together, our data suggest that phospholipid PEG passivation of carbon nanotubes
provides an avenue for improving both the biocompatibility and in vivo functionality of numerous
SWCNT-based technologies already in proliferous use for neurobiological studies. Further
research using methodologies presented herein may reveal molecules analogous to PEG-PE which
perform even better at preventing negative molecular interactions and promoting selective
molecular recognition.
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5.6 Materials and Methods

Fluorescence tracking of protein adsorption

FAM fluorophore was conjugated to fibrinogen (FBG) using N-Hydroxysuccinimide
(NHS) ester chemistry according to the protocol described in Pinals et al 22, SWCNT and FAM-
FBG were mixed in a 1:1 volume ratio, 50 uL total in a 96 well PCR plate (Bio-Rad) and placed
in a CFX96 Real-Time PCR System (Bio-Rad). Final concentrations were 5 pg/mL SWCNT and
40 ug/mL. FAM-FBG. Scans were collected across all fluorescence channels (FAM, HEX, Texas
Red, Cy5, Quasar 705) at 30 s intervals with temperature set to 22.5°C, lid heating off. A FAM-
FBG fluorescence standard curve was used to convert fluorescence readings to unbound FAM-
FBG concentrations.

Near infrared fluorescence measurements

SWCNTs were diluted to a concentration of 5 ug/mL in PBS. A 40 pL aliquot was added
to a 384 well plate with optical bottom (Corning). The plate was placed on a motorized stage of an
inverted Zeiss microscope (Axio Observer.D1) coupled to an InGaAs array detector (Princeton
Instruments). SWCNT nIR fluorescence spectra were measured using a 10x objective with 721
nm laser excitation. Fluorescence response to dopamine was measured by collecting spectra before
and after addition of 10 uL, 100 uM dopamine hydrochloride.

RT-gPCR

Total RNA was collected from adherent SIM-A9 cells with varying treatment conditions
as previously described using the Quick RNA Miniprep Kit (Zymo Research) following
manufacturer instructions. RNA was reverse transcribed to cDNA libraries using the iScript cDNA
Synthesis Kit (Bio-Rad) with a 1 ug RNA input. Next, 2 uL. of cDNA was used with the PowerUp
SYBR Green Master Mix (Thermo Fisher) and 500 nM of forward and reverse primers (Table
S5.1). The housekeeping genes, Gadph and Pgkl were used. Samples were cycled in a CFX96
Real-Time System (Bio-Rad) for 40 cycles (denature at 95°C for 15 s, anneal at 55° for 15 s, and
extend at 72°C for 1 min). Data was analyzed using CFX Maestro software (Bio-Rad). Relative
gene expression was calculated using the AACq method. P values were calculated using an
unpaired t-test (N = 3). RNA-seq experiments revealed that Pgkl housekeeping gene did not
undergo differential expression upon any treatment conditions. Melt curve analysis of RT-gPCR
products was performed to ensure specific amplification.

Mouse brain slice preparation and imaging

Acute brain slices were prepared from Male C57BL/6 Mice (JAX Strain 000664:
https://www.jax.org/strain/000664) between the ages of 43-46 days. All mice were group-housed
after weaning at postnatal day 21 (P21) and kept with nesting material on a 12:12 light cycle. All
animal procedures were approved by the University of California Berkeley Animal Care and Use
Committee. Preparation of acute brain slices followed previously established protocol 1. Mice were
deeply anesthetized via intraperitoneal injection of ketamine/xylazine and perfused transcardially
using ice-cold cutting buffer (119 mM NacCl, 26.2 mM NaHCO3, 2.5 mM KCI, 1 mM NaH2PO4,
3.5 mM MgCI2, 10 mM glucose, and 0 mM CaCl2). The perfused brain was extracted and the
cerebellum removed. The brain was then mounted on to a vibratome (Leica VT1200 S) cutting
stage using super glue and cut into 300 um thick coronal slices containing the dorsal striatum.
Slices were then transferred to 37°C oxygen-saturated ACSF (119 mM NaCl, 26.2 mM NaHCO3,
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2.5 mM KCI, 1 mM NaH2P0O4, 1.3 mM MgClI2, 10 mM glucose, and 2 mM CaCl2) for 30 minutes
and then transferred to room temperature ACSF for 30 min. At this point, slices were ready for
incubation and imaging and maintained at room temperature.

Prepared coronal slices were transferred into a small-volume incubation chamber
(AutoMate Scientific) containing 5 mL oxygen-saturated ACSF. Two hundred microliters of 50
mg/L GTe-SWCNT or PEG2000-PE/(GT)s-SWCNT was added to the incubation chamber and the
slice was allowed to incubate for 15 min. The slice was subsequently rinsed three times in baths
of oxygen-saturated ACSF to wash off excess nanosensor. The labeled slice was transferred to an
imaging chamber continually perfused with ACSF at 32°C. A bipolar stimulation electrode (125
pm Tungsten, 0.1 mQ, WE3ST30.1A5 Micro Probes Inc.) was positioned in the dorsomedial
striatum using a 4x objective (Olympus XLFluor 4x/340). The stimulation electrode was then
brought into contact with the top surface of the brain slice 200 um away from the imaging field of
view using a 60x objective. All stimulation experiments were recorded at video frame rates of 9
frames per second for 600 frames and single, mono-phasic pulse (1 ms) electrical stimulations
were applied after 200 frames of baseline were acquired. Each slice received pseudo-randomized
stimulation at 0.3 mA and 0.5 mA, which were repeated three times each. Slices were allowed to
recover for 5 min between each stimulation, with the excitation laser path shuttered. The excitation
laser path was un-shuttered 1 min before beginning video acquisition.

Timeseries image stacks were processed using a suite of custom written MATLAB scripts
(2019b MathWorks, https://github.com/jtdbod/Nanosensor-Brain-Imaging). A grid was
superimposed over each frame to generate ~7 um x 7 um regions of interest (ROISs). For each ROI,
the mean pixel intensity F(t) was calculated for each frame to generate an average intensity time
trace. AF/Fo(t) = (F(t) — Fo)/Fo traces were generated with Fycalculated by averaging the mean
ROI intensity of 10 frames prior to electrical stimulation followed by subtracting a linear offset to
correct for drift. We estimated baseline noise (co) of AF/Fo(t) by fitting a Gaussian to negative
fluctuations from a moving averaged baseline. ROI’s were discarded from further analysis if no
transient greater than 3co was observed following stimulation. Remaining ROIs were then
averaged to generate field of view (FOV) averaged AF/Fo traces for each recording.

From each mouse brain, two brain slices were selected at random and incubated with either
(GT)e-SWCNTs or PEG2000-PE/(GT)e-SWCNTSs. For each brain slice, three nIR fluorescence
movies were collected at each stimulation intensity. A total of four mice brains were used. One
sample was excluded for (GT)s-SWCNT incubation due to poor slice quality for a total of N =9
and N = 12 recordings per stimulation intensity for (GT)s-SWCNT and PEG-PE/(GT)e-SWCNT
neuro-sensors respectively. Statistical analysis of metrics calculated from AF/Fo time traces was
performed using an unpaired t-test to determine p values comparing (GT)s-SWCNT to PEGa2000-
PE/(GT)s-SWCNT incubated brain slices.
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Figure S5.1 Quantification of real-time FAM-fibrinogen adsorption to SWCNTs. (a) FAM-FBG fluorescence
calibration curve. (b) Concentration time series of unbound FAM-FBG. Protein added at total concentration of 40

pHg/mL FAM-FBG to 5 ug/mL SWCNT.
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Figure S5.3 Striatal dopamine release in acute mouse brain slice with 0.5 mA electrical stimulation. (a) Near-
infrared fluorescence time traces of regions of interest (ROI) identified in acute mouse brain slice labeled with (GT)s-
SWCNTSs (blue) and PEGa2000-PE/(GT)s-SWCNTs (red). Dashed line indicates 0.5 mA single-pulse electrical
stimulation. Solid lines represent mean traces and shaded regions represent one standard deviation around the mean
for 4 mice, 1 brain slice per mouse, and 3 recordings per slice (N = 12). (b—d) Violin plots showing the distribution
of metrics from each mean nanosensor fluorescence trace for (b) peak AF/Fo, (¢) number of identified regions of
interest (ROIs), and (d) decay constant from fitting mean nanosensor AF/Fq time trace a first-order decay function.
Dark points represent mean values calculated from each fluorescence video containing a single stimulation event.
White dots represent the mean and the gray bar spans from the first to third quartiles. * p < 0.05.

Table S5.1 Primers for RT-gPCR

Gene Forward Strand (5° -> 3) Reverse Strand (5’ -> 3°)

GADPH ACCACAGTCCATGCCATCAC CTGGTTCCTGAAGCGACAAC
Pgkl CTGACTTTGGACAAGCTGGAC GCAGCCTTGATCCTTTGGTTG
Cxcl2 CTCTCAAGGGCGGTCAAAAAGTT TCAGACAGCGAGGCACATC
IL-1b GCACTACAGGCTCCGAGATGA TTGTCGTTGCTTGGTTCTCCTTG
IL6 CCTCTGGTCTTCTGGAGTACC ACTCCTTCTGTGACTCCAGC
PDGFb GTTGCAACGAGAAAGCCGGAG GTCTGTCTATCTACCCACTCGC
CCL4 CCCAGCTCTGTGCAAACCTA CCATTGGTGCTGAGAACCCT
IL-1b TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC
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Chapter 6: Summary

Portions of this chapter are reproduced and adapted with permission from Ref 23. Copyright 2020
American Chemical Society.

The popularity of single-walled carbon nanotubes as fluorescent molecular probes has
continued to rise, owing to their unique material properties. However, these same properties lead
to unintended consequences once applied to complex biological systems. In this work, | show that
the hydrophobic graphene lattice structure of the SWCNT serves as an ideal platform to adsorb
polymers such as single-stranded DNA which confer molecular recognition to catecholamine
neuromodulators with high specificity. However, this same surface is highly prone to protein
adsorption and subsequent sensor biofouling. Biofluids cause significant decrease in near-infrared
fluorescence response of SWCNT nanosensors to dopamine. In particular, a 5% blood plasma
dilution caused an 81.0 £ 0.9% decrease in response in (GT)s-SWCNT. This effect was showed to
be largely due to adsorption of high affinity proteins including fibrinogen, a blood clotting factor.
Fibrinogen was found to adsorb 168% more than albumin and caused 26% more signal attenuation
upon addition of dopamine. A fluorescence quenching tracking assay was developed to monitor
the kinetics of protein adsorption and ssDNA desorption from the SWCNT surface. This assay
allowed for simultaneous tracking of adsorption of multiple biomolecule species and enabled
identification of protein corona composition on the SWCNT surface. Fitting of adsorption time
traces to a competitive adsorption model produced kinetic rate constants for biomolecular ad- and
desorption consistent with above trends. Furthermore, adsorption modeling revealed a large
SWCNT loading capacity and an initial sSSDNA surface coverage of approximately 1%, a value
lower than others cited in the literature. This lends to the possibility of passivation of unoccupied
SWCNT surface to prevent subsequent protein adsorption and unfavorable interactions with cell
surface receptors. Studying the dynamics of SWCNT-protein interactions provided invaluable data
for understanding the fundamentals of sSSDNA-SWCNT interaction with biological environments.
These findings are then applied to advance the development of ssSDNA-SWCNT sensors with
neuroscience applications where major concerns have arisen over the potential for the carbon
lattice to cause immune cell activation, an effect which may significantly perturb homeostasis in
the very tissue under study by these nanomaterial probes.

Herein, we assess the impact of SWCNTs on SIM-A9 microglial cells. Microglial
activation manifests in multiple cellular mechanisms, including a rapid change in cell morphology
and upregulation of genes and pathways specific to the microglial immune response. We find that
(GT)s-SWCNT nanosensors caused a large and persistent change in SIM-A9 morphology,
transitioning from round, motile cells to multipolar, ramified cells with higher adhesion. This
morphological effect which manifested at SWCNT concentrations where cytotoxicity was not
observed, was greater in magnitude than that induced by common immunogen lipopolysaccharide,
and was associated with extensive growth of actin cytoskeletal protrusions. The greater persistence
and magnitude of morphology change induced by carbon nanotubes over LPS may be due to the
relative persistence of SWCNTSs within cellular environments, with degradation times on the order
of days to weeks in tissue.!*® The full transcriptomic response induced by (GT)s-SWCNT
nanosensors was evaluated at 0.5 and 2 h time points using RNA-seq. This response was then
compared to that elicited by 2 h exposure to other commonly used neuro-imaging and neuro-
delivery probes.
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Using high-throughput sequencing, we showed that both noncovalent (GT)s-SWCNTSs and
covalent carboxylated SWCNTSs cause significant perturbations to the SIM-A9 transcriptome at
shorter incubation times than LPS. This indicates that while LPS causes a stronger inflammatory
response through toll-like receptor binding, as observed by higher fold changes in cytokine gene
expression, SWCNTs may interact with cell signaling pathways through faster mechanisms.
Differential gene expression analysis was used to identify genes expressed by SIM-A9 microglia
that are highly upregulated in the presence of (GT)e-SWCNT nanosensors. These include Cxcl2,
I11b, 116, Pdgfb, Ccl4, and Ccl7. Statistical analysis of DE genes revealed that the predominant
transcriptomic response to SWCNTSs is an inflammatory response, whereby similarities in gene
ontologies over-represented by differentially expressed genes from both (GT)s-SWCNT and LPS
libraries suggest this effect is due to activation of TLR2/4 and the NF-«B signaling pathway. Gene
set enrichment analysis using Hallmark gene sets identified Wnt/p-catenin signaling pathway as a
pathway activated by (GT)s-SWCNT but not by LPS. This cytoskeleton associated cell process
may be a contributing factor to the morphological change induced by carbon nanotube samples.
Comparison of (GT)se-SWCNT treatment to that of calcium dye Fura-2, voltage sensitive probes
DiSBAC>(3) and Di-ANEPEQ, and adeno-associated virus vector revealed that SWCNT
catecholamine sensor impacts the SIM-A9 cell transcriptome far more significantly than these
other common neuroscience probes, which also failed to elicit a cellular morphological response.
We note that the inflammatory response caused by 5 pg/mL (GT)s-SWCNTSs is significantly lower
in magnitude than that induced by a 1000-fold lower mass concentration of LPS. As such, the
degree of neuroinflammation caused by SWCNTSs is expected to be lower than that of a targeted
pathogenic response. Nevertheless, mitigation of these effects is vital in developing a non-
biologically impactful sensor for use in healthy brain tissue.

To mitigate the immunological effects prompted by DNA-SWCNTs in microglia, we
developed a noncovalent modification strategy to passivate the exposed SWCNT surface with
physisorbed PEGylated phospholipids. This methodology reduced nonspecific protein adsorption
by 28 + 2%, and when applied to SIM-A9 microglia, resulted in a reduction of both inflammatory
cytokine upregulation and a decrease in mean form factor change. This modification retains the
selective SWCNT-based nanosensor nIR fluorescence response to dopamine and reduces
attenuation of nanosensor signal by protein adsorption. Lastly, we apply the passivated PEG2oo0-
PE/(GT)s-SWCNT nanosensor to image electrically stimulated dopamine release and reuptake in
acute mouse brain slices where immediate benefits were observed in fluorescence signal as well
as dispersion of viable, extracellular nanosensor.

The work presented herein represents a research arc bridging carbon nanotube surface
science to the biological, system-wide effects this class of artificial nanoparticle can inflict on brain
tissue if left unchecked. I show that degree of nonspecific protein adsorption to different SWCNT
constructs—as measured using a novel fluorophore quenching assay—can be used to distinguish
these SWCNTSs in terms of biocompatibility. Next, | present quantification of mechanisms
identified in SIM-A9 microglial cells which were particularly affected by carbon nanotubes. These
metrics then enable design of novel catecholamine sensors with improved sensing ability and
reduced biological impact. This dissertation advances the field of carbon nanotube sensors towards
in vivo molecular imaging. These experiments and methodologies provide the groundwork on
which to develop carbon nanotube catecholamine sensors into a viable neuroscience tool for
shining light on the complex chemical signaling occurring within our brains.
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Appendix A:
Endotoxin Contamination of Carbon Nanotubes

Endotoxin is another term for lipopolysaccharides, or molecules found in the cell wall of
Gram-negative bacteria such as E. Coli. These molecules are in a class of compounds known as
pyrogens, substances which induce fever in a host organism when introduced into the bloodstream
at sufficiently high concentrations. Testing for pyrogen and endotoxin contamination in
intravenous drugs is a strict requirement of the United States Food and Drug Administration
(FDA). Most commonly, endotoxins are detected using the Limulus amoebocyte lysate (LAL)
assay which utilizes immune cell lysate from the eponymous horseshoe crab species. Four forms
of the LAL assay are approved for use by the FDA, including the traditional gel-clot method and
the more sensitive chromogenic assay. Since 1984, the FDA has imposed a limit of 0.25 EU/mL
for injectable sterile water, where EU refers to endotoxin units (roughly 1 EU equates to 0.1-0.2
ng LPS).**” However, this limit is meant to prevent pyrogenic effects which occur at dosages of
approximately 5 EU/kg in humans.'*® Endotoxin limits for research applications are not as well-
defined. Studies have shown significant activation of human immune cells with LPS
concentrations as low as 0.02 ng/mL.1° In the context of the brain, endotoxin induced activation
of glia cells in the brain has been linked to incidence of neurodegenerative diseases such as
Parkinson’s disease.’®® Therefore, identifying and quantifying the presence of endotoxin in
injectable neuro-technologies is of utmost importance.

Endotoxin contamination is an emerging issue in the field of bionanotechology. Many
novel, synthetic nanomaterials have been found to have high affinities for lipopolysaccharides.
Furthermore, the nonsterile environments in which these nanomaterials are produced leads to
frequent bacterial contamination.’® Moreover, in researching the biological impact of
nanomaterials, endotoxin contamination can cloak the nanomaterial specific response by inducing
a secondary inflammatory response causing significant activation of pro-inflammatory signaling
cascades. Hence, | first tested pristine and carboxylated SWCNT stocks for endotoxin
contamination using the Pierce Chromogenic Endotoxin Quant kit (Thermo Fisher).

High concentrations of carbon nanotubes have been shown to cause coagulation of LAL
proteins resulting in false positive results.’® For the chromogenic LAL assay, MWCNT
concentrations greater than 0.3 ug/mL caused initiation of this effect. Consequently, all LAL
assays were run using this value as an upper limit to SWCNT concentration. Both (GT)e-SWCNT
and COOH-SWCNT stocks showed endotoxin concentrations below the LAL assay limit of
detection (Figure A.1). Extrapolated to a 10 ug/mL, this lower bound equates to 3.33 EU/mL, a
value above the max allowable concentration for intravenous injection. Higher sensitivity assays
can achieve a theoretical lower bound of 0.33 EU/mL however SWCNT concentration dependent
assay inhibition/activation is not characterized for these protocols. As a result, I next explored
options of endotoxin decontamination as a potential approach for ensuring endotoxin free
conditions.
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Figure A.1 LAL assay endotoxin concentration in SWCNTSs used in SIM-A9 microglia RNA-seq experiments.
Black dashed lines denote upper and lower limit of detection, 1 and 0.1 EU/mL respectively.

The ability to eliminate or decrease existing endotoxin contamination in nanomaterial
samples is notoriously difficult, with many sources stressing the importance of avoiding
contamination during synthesis.'®>!% Nevertheless, recent results in the literature suggest
protocols of decontaminating multi-walled carbon nanotubes (MWCNTSs) by autoclaving or
heating solid nanomaterial stocks to 180°C in an oven, whereby MWCNTSs following these
protocols elicit different responses in macrophages.'®*>® These methods are aimed at selectively
degrading organic molecules such as lipopolysaccharides due to their lower heat stability relative
to carbon nanotubes.'® To test the efficacy of these methods, I spiked pristine and carboxylated
SWCNT stocks with small quantities of LPS. SWCNTs were mixed with water and small
quantities were added to 4 mL glass scintillation vials. Next, | heat treated the solid SWCNTs
either in an autoclave on the gravity cycle (40 min, 121°C) or in a heating element covered in sand
for varying lengths and temperatures. Heating under atmospheric conditions above 200°C for over
1 h caused clear oxidation of the SWCNT, noted by a change in color from black to orange (Figure
A.2a). This effect was mitigated by heating under N2; however, longer heating times caused a
noticeable decrease in solid SWCNT volume (Figure A.2b).

-3

Stock 200°C, 40 min  Autoclaved 15!0°c'
Air 40min 40 min, Ny 40 min, N,

Figure A.2 Images of raw HiPCO SWCNTs before and after heating. (a) Heating in a sand bath under atmospheric
conditions results in oxidation noted by a change in color to red-orange. (b) Heating under nitrogen mitigates visible
oxidation but results in a decrease in solid SWCNT volume.

After heating, SWCNTSs were suspended using Pluronic F-68, a non-ionic surfactant used
to minimize potential interference with LAL proteins. Suspensions were diluted to 0.3 ug/mL
before tested using the chromogenic LAL assay. Heating pristine SWCNTs for up to 3 h at 250°C
only reduced endotoxin concentration by 8% (Figure A.3a). Heating for 24 h at 300°C in an argon
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purged oven resulted in a 9% reduction for pristine SWCNTs (Figure A.3b). This treatment
method was more effective for carboxylated SWCNTSs, showing a 25% decrease in initial
endotoxin concentration. However, the change in physical appearance of the solid SWCNT
powder potentially indicates an undesirable change to the SWCNT chemistry which warrants
further investigation.

a b
0.05 T T T : - 0.3 .
I Pristine SWCNT
0.04L 0.25¢ I COOH-SWCNT
) )
E E o2
-] -]
I:U”O.03 o
£ £ 015
x >
g 0.02 g
'g 'g 0.1
L i
0.01

0.05¢

Stock  Autoclaved 250°C 1 hr250°C 2 hr250°C 3 hr 0 Stock 300°C 24 hr

Figure A.3 Endotoxin concentration in SWCNT stocks before and after heating. (a) Endotoxin content of pristine
SWCNTSs with heat treatment (autoclave or heating under Ny). (b) Effect of heating pristine or carboxylated SWCNT
in an Ar purged oven for 24 h on LAL assay quantified endotoxin concentration.

To quantify changes to the SWCNT graphene lattice due to heating, we use X-ray
photoelectron spectroscopy (XPS) to analyze the SWCNT surface chemistry before and after
treatment. Survey spectra from 0-1000 eV binding energy reveals an increase in the relative
oxygen O1s orbital abundance compared to carbon C1s after 2.5 h at 250°C under N3, suggesting
oxidation of the carbon lattice from residual Oz (Figure A.4). The Si2p vibrational mode likely
originated from the solid substrate on which the SWCNT was deposited. Fe3p and Fe2p peaks
were from iron catalyst from HiPCO SWCNT synthesis. Latent iron catalyst comprised only 3.8%
of the total atomic composition.
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Figure A.4 XPS spectra of carbon nanotube stocks before and after heating. (a—b) XPS spectra of (a) untreated
and (b) 2.5 h 250°C heat treated (under N2) HIPCO SWCNT. Notable peaks are identified. (b—c) Deconvolution of
spectra into relative atomic quantities with respect to atomic orbital binding modes. Samples are (c) untreated and (d)
heat treated.

We further collected high-resolution spectra of O1ls, Fe2p, and Fe3p vibrational modes to
determine whether which element was predominantly affected by oxidation (Figure A.5a-c).
These were deconvoluted into the different chemical states,>’-1%° and the relative abundances were
computed.
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Figure A.5 High-resolution XPS spectra of O1s, Fe2p, and Fe3p vibrational modes. (a—c) High-resolution spectra
of untreated, solid-phase HIPCO SWCNT for (a) Cls, (b) Fe2p, and (c) Fe3p vibrational modes. Spectra were
deconvoluted into individual chemical components. Black dashed line indicates the summed spectra (d-e)
Quantification of relative abundance for each chemical component with respect to the overall electron orbital signal
for (d) Cls and (e) Fe2p and Fe3p orbitals.

The C1s deconvolution reveals no significant changes in carbon oxidation state (Figure A.5d).
However, iron showed large increases in oxidation (Figure A.5e). Metallic Fe2p and Fe3p states
were completely eliminated after 2.5 h at 250°C. This coincided with an increase in the relative
atomic percentages of oxidized iron. In particular, Fe2Os contribution of the Fe3p band reached
100% after heating at 250°C for only 40 min. Thus, while total oxygen content on the SWCNT
surface increased dramatically upon heating, oxidation of residual iron catalyst was preferential
over oxidation of the graphene lattice. Although the carbon lattice is maintained by heating, it is
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unknown how the presence of iron oxides will affect SWCNT suspension properties. The
conditions during the suspension process are crucial determinants of SWCNT surface density and
photoluminescent properties.*®! Furthermore, the differential biological response observed for so-
called ‘decontaminated’ MWCNTSs may be due to oxidation of the SWCNT surface by heating in
the presence of oxygen. Therefore, it is unknown how heating SWCNTSs may impact downstream
sensing or delivery applications.

While heat decontamination methods may marginally decrease endotoxin contamination
in solid SWCNT stocks, the downsides of this method (e.g. alteration of the SWCNT surface
chemistry) outweigh the benefits. Presently, sterile manufacturing processes for carbon
nanomaterials are not yet widespread. Consequently, the most suitable approach for most
laboratories working with carbon nanotubes is to prevent downstream bacterial contamination
using sterile handing protocols in conjunction with containment systems.'®? LAL assay testing of
carbon nanotube suspensions can then be used to ensure that beneath an acceptable threshold or
the assay’s limit of detection, where the latter limit is partially imposed by nanotube induced assay
activation.

96



Appendix B:
Adsorption of Cell Lysate Proteins to SWCNT

Herein, we attempt to characterize the composition of the SWCNT corona phase in the
presence of a protein rich biofluid. The following data are from initial experiments aimed at
determining whether preferential adsorption of proteins can disproportionately favor proteins
involved in specific cellular components and/or biological processes. To accomplish this, the pull-
down assay for SWCNT protein corona characterization developed by Pinals et al. was performed
using SIM-A9 cell lysate as the biofluid.!*® Lysate was prepared by adding 3 mL Native lysis
buffer (Abcam) to approximately 5.0 x 10° cells on a 150 mm dish. Lysate was centrifuged at
1,000 rcf for 5 min to pellet cell debris. The supernatant was added to 100 ug/mL (GT)s-SWCNTSs
ina 1:1 volume ratio and the resulting mixture was incubated for 1 h at room temperature causing
formation of a protein corona and aggregation of SWCNTSs. Protein corona was characterized as
previously described (see 3.7 Materials and Methods). Mass spectrometry analysis of the corona
composition resulted in identification of 1,281 unique protein species, 171 of which were not
detected in the lysate control (Figure B.1). This subset of proteins was highly enriched by
adsorption to the SWCNT surface to concentrations greater than the protein mass spectrometry
limit of detection. Furthermore, 2 proteins were identified in lysate but not found in appreciable
concentrations on the SWCNT corona. These proteins were depleted relative to the lysate only
control.

Lysate SWCNT
(1112) (1281)

Figure B.1 Number of unique proteins identified in SIM-A9 cell lysate vs. SWCNT corona. Proteins identified
by mass spectroscopy in SIM-A9 cell lysate compared to proteins extracted (GT)s-SWCNT corona phase after 1 h
incubation.

To gain an understanding of the overall corona composition, we identify the most highly
abundant proteins in the (GT)s-SWCNT corona phase following incubation in SIM-A9 microglial
cell lysate (Table B.1). The 25 most prevalent proteins comprise 35.6% of the corona phase in
terms of molar concentrations. Of these 25 proteins, 8 are nuclear proteins including 4" ranked
nucleophosmin, a nucleic acid binding protein found in the nucleolus. Furthermore, 3
mitochondrial proteins were identified. DNA-wrapped SWCNTSs are not thought to internalize
within the nucleus or the mitochondrion of mammalian cells.!%®* Therefore, these proteins are
not expected to be in the protein corona of SWCNTSs in a live tissue culture. Nevertheless,
biologically relevant stress response proteins such as clusterin and heat shock proteins are also
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identified in high abundance on the SWCNT surface following incubation in lysate. Hence, while
this large dataset is primarily representative of corona formation in a complex and diverse protein
mixture, it may contain valuable insights into cellular components which contain proteins of high
affinity to the SWCNT surface and warrants further investigation.

Table B.1 Top 25 most abundant SIM-A9 lysate proteins in (GT)s-SWCNT corona.

Rank Protein

[

Glyceraldehyde-3-phosphate dehydrogenase

2 Elongation factor 1-alpha 1

3 Alpha-enolase

4 Nucleophosmin

5 Actin, cytoplasmic 1

6 Nucleolin

7 60S ribosomal protein

8 Polyadenylate-binding protein 1

9 ATP synthase subunit alpha, mitochondrial
10 Heterogeneous nuclear ribonucleoprotein K
11 Heterogeneous nuclear ribonucleoprotein U
12 Heat shock cognate 71 kDa protein

13 40S ribosomal protein S17

14 Ras GTPase-activating-like protein IQGAP1
15 Receptor of activated protein C kinase 1

16 60 kDa heat shock protein, mitochondrial
17 60S ribosomal protein L3

18 60S ribosomal protein L23

19 Heterogeneous nuclear ribonucleoprotein Q
20 Nucleolar protein 58

21 40S ribosomal protein S6

22 Heterogeneous nuclear ribonucleoprotein F
23 ATP synthase subunit beta, mitochondrial
24 Heterogeneous nuclear ribonucleoprotein A/B
25 40S ribosomal protein S7

The 1,110 commonly identified proteins were compared in terms of the protein abundance
from corona sample vs. lysate alone (Figure B.2a). The degree of enrichment/depletion or fold
change was defined as the ratio of normalized corona protein concentration to normalized lysate
protein concentration. The majority of proteins show positive enrichment from SWCNT
adsorption (fold change > 1) which points to the importance of low concentration proteins in the
formation of the protein corona. A two-way ANOVA was used to determine the p value of
enrichment/depletion for each protein. Plotting the negative logio of the p value against the
concentration logz fold change reveals a biased subset of proteins with low statistical significance
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despite relatively high log> fold change (Figure B.2b). This trend was not observed in subsequent
mass spectrometry analyses (see Figure 3.8c—d and Figure B.4) and may arise from the exclusion
of an internal protein control which was included in later experiments to allow for protein
concentration quantification. Nevertheless, downstream data analysis utilized a p < 0.05 cutoff to
identify significantly enriched or depleted proteins.
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Figure B.2 Quantification of proteins identified from SWCNT corona pull-down assay vs. lysate alone. (a)
Scatter plot of protein abundance in lysate control vs. in dissociated SWCNT corona. Protein concentrations are
normalized to the total protein concentration in each sample. Each data point represents a protein identified in both
SIM-A9 lysate and SWCNT corona. Proteins with zero or infinite enrichment are not shown. Dashed line represents
enrichment fold change equal to 1. (b) Volcano plot of log fold change between protein abundance in corona over
lysate alone vs. the negative log of p value calculated using a two-way ANOVA (N = 3). Dashed line represents a p
value of 0.05. Proteins which were statistically significantly depleted or enriched are designated by red data points.

log, Fold Change

Next, the identified proteins were annotated with Gene Ontology (GO) cellular component
terms using PANTHER?® and protein lists were classified by the frequency of occurrence for these
terms (Figure B.3). Three protein lists were analyzed: (1) all proteins found in the corona phase,
(2) proteins which were enriched by SWCNT adsorption, and (3) proteins which were statistically
significantly enriched. Change in the number of annotated proteins for each category from list (1)
to list (3) may reflect enrichment of that cellular component within the SWCNT corona phase. Of
note, organelle components showed an increase in representation among tightly adsorbed proteins
whereas membrane proteins were less represented in latter data sets.
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Figure B.3 Cellular component gene ontology terms represented by SWCNT protein corona. Top 9 most
represented cellular component GO terms within lists of proteins found within the (GT)s-SWCNT protein corona
formed after incubation with SIM-AQ9 cell lysate. Protein lists comprise either all corona proteins identified (1281 total
proteins), proteins which were enriched by adsorption to SWCNT (i.e. log fold change in protein concentration greater
than 0, 1018 proteins), or (3) proteins underwent statistically significant enrichment (p < 0.05, 547 proteins). p values
were calculated using a two-way ANOVA (N = 3).

Statistical analysis was performed in order to determine terms which showed significantly higher
representation among the list of highly enriched corona proteins. An overrepresentation test was
run using topGO™° (Fisher’s exact algorithm and false discovery rate correction) on GO cellular
component terms (Table B.2). Three of the four significantly enriched terms corresponded to
components within the cell nucleus: Chromosome, Nucleolus, and Nuclear speck. As such, upon
exposure to a complex mixture of cellular proteins, (GT)s-SWCNTSs appear to preferentially adsorb
proteins associated with the nucleus and mRNA processing in particular. Further research is
required to determine whether this arises from specific interactions between these proteins and the
SWCNT surface.

Table B.2 Significantly overrepresented GO cellular component terms by SWCNT corona
proteins following cell lysate incubation

GO ID Term Annotated Significant Expected p Value

G0:0005694 Chromosome 127 62 53.91 0.0002

GO0:0005730 Nucleolus 155 83 65.79 0.0080

GO:0005762 Mitochondrial Large Ribosomal 32 20 1358 0.0165
Subunit

G0:0016607 Nuclear Speck 71 39 30.14 0.0199

To probe the corona formation process in a more biologically relevant cellular biofluid, we
performed a similar experiment utilizing the supernatant of SIM-A9 cell tissue culture. Cells were
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incubated in sera free DMEM/F12 media for 24 h before the supernatant containing secreted
proteins was decanted and added to a suspension of 100 ug/mL (GT)s-SWCNTSs. Aggregated
SWCNTSs were pelleted and protein was extracted as detailed above. Mass spectrometry analysis
revealed only 44 proteins of adequate concentration within the unaltered supernatant. Of these, 30
were present to a quantifiable degree in the SWCNT corona following desorption, the most
abundant of which are listed below (Table B.3).

Table B.3 Top 25 most abundant SIM-A9 supernatant proteins in (GT)s-SWCNT corona.

Rank Protein
1 Galectin-3-binding protein
2 Nucleophosmin
3 Alpha-enolase
4 Clusterin
5 Nucleolin
6 Urokinase-type plasminogen activator
7 Heterogeneous nuclear ribonucleoprotein A/B
8 Myosin light polypeptide 6
9 Ran-specific GTPase-activating protein
10 H-2 class | histocompatibility antigen, Q10 alpha chain
11 Apolipoprotein E
12 Pyruvate kinase PKM
13 Stress-induced-phosphoprotein 1
14 Heat shock cognate 71 kDa protein
15 Endoplasmic reticulum resident protein 29
16 Peptidyl-prolyl cis-trans isomerase A
17 Actin, aortic smooth muscle
18 Heat shock protein HSP 90-beta
19 Cathepsin B
20 Heat shock protein HSP 90-alpha
21 Eukaryotic translation initiation factor 5A-1
22 Protein SET
23 Phosphoglycerate kinase 1
24 Serum albumin
25 Phosphoglycerate mutase 1

These results recapitulate findings from previous studies in which galectin-3-binding
protein was both highly abundant and highly enriched (Figure B.4).}* Furthermore,
nucleophosmin, nucleolin, and clusterin were highly enriched by the SWCNT surface and were
also highly abundant in the corona formed from cell lysate (Figure B.4). However,
overrepresentation analysis using significantly enriched proteins from this dataset failed to reveal
any significant GO terms represented. This may be due to the small reference subset of supernatant
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proteins arising from the low concentrations of the SIM-A9 protein secretome and relatively high
limit of detection of protein mass spectrometry.
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Figure B.4 Enrichment/depletion of SIM-A9 supernatant proteins in SWCNT corona phase. VVolcano plot of log
fold change between protein abundance in (GT)s-SWCNT corona over supernatant alone vs. the negative log of p
value calculated using a two-way ANOVA (N = 3). Dashed line represents a p value of 0.05. Proteins which were

statistically significantly depleted or enriched are designated by red data points.

These experiments lay the groundwork for further proteomics studies in evaluating the
biological impact of the SWCNT protein corona. Incubation of nanoparticles with these highly
complex protein mixtures produces a surplus of quantitative compositional data. Further analysis
using machine learning and other statistical analysis methods may also elucidate the
thermodynamics and mechanisms by which proteins bind to the SWCNT surface.
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