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Abstract

The immune system is composed of a network of cells that are precisely
regulated to protect the body from infection. Abnormal activity of this cellular
network can result in numerous diseases and disorders including chronic
inflammation, rheumatoid arthritis, atherosclerosis, and cancer. Modulation of
immune cells via the targeted delivery of immunologically active compounds has
the potential to redirect the immune response and restore health.

The unique nanostructure and properties of single wall carbon nanotubes
(SWCNTs) are well-suited for cellular applications particularly in the
manipulation of immune cell function. SWCNTs must be properly functionalized
to maintain their inherent properties and to provide control over their uptake,
processing, and delivery. This thesis focuses on understanding the macrophage
cellular response to SWCNT-protein complexes and engineering the SWCNT-
protein complex interface to build new functionalities that preserve inherent
SWCNT properties while enabling targeting and delivery applications.

Kinetic parameters governing the uptake of SWCNT-protein complexes in
macrophages are determined using Raman spectroscopy. The cellular
inflammatory activity level is found to contribute more to uptake than different
SWCNT interfaces. The subcellular concentrations and distribution of SWCNT-
protein complexes processed by macrophages are revealed in the context of

aggregation state. Short SWCNTs-protein complexes are found to be concentrated



in highly bundled regions, whereas long SWCNTs-protein complexes and
SWCNTs in fibroblasts were not.

Protein structure is further engineered to direct the subcellular localization
of SWCNT-protein complexes in cells. A native cellular protein is engineered
with a favorable structure for SWCNT dispersion and an exposed nuclear
localization sequence for subcellular targeting to the nucleus. Finally, non-
covalent SWCNT-protein interactions are tuned to enable SWCNT loading and
delivery of molecules within cells. Delivery is achieved with chemotherapeutic
and immunosuppressive drugs resulting in enhanced anti-proliferative and anti-
inflammatory effects compared to non-complexed drugs.

The scientific discoveries reveal important information about macrophage
uptake and processing of SWCNTs that may be used to probe cell behavior or
develop delivery approaches for therapeutic applications. The strategies
developed to create excellent SWCNT dispersions with tailored functionalities
through protein modifications may be used generally by other researchers to

initiate new ways to modulate cellular response with nanomaterials.
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individual cells. Each pixel represents a Raman spectrum containing G-band
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with absorbance and Raman spectroscopy. SWCNTs-LB1 absorbance spectra are
indistinguishable with no concentration loss or peak broadening in water at the
dispersion yield concentration for 75 days (A) or complete cell culture media at
the maximum cell exposure concentration for 3 days (B). (C) Raman spectroscopy
of SWCNTs-LB1 shows similar RBM and NIR fluorescence features (magnified
in insets) in water and after 3 days in cell culture media indicating no significant
bundling or 10sS 0f NIR fIUOIESCENCE. .......c.coeiiiiiiiiiiieeeeee 119

Figure 5.4: Confocal Raman spectroscopy and imaging of SWCNT localization
in cells. (A) Phase contrast and confocal Raman spectral mapping overlays of
SWCNT G-band intensity show increased cellular internalization for SWCNTs-
LB1. The boxed regions indicate individual nuclei that were selected for further
confocal spectral mapping and Z-scans. (B) Small step size spectral mapping of
the nucleus reveals increased proximity and concentration of SWCNTSs in the
nucleus for SWCNTs-LB1. Dashed ellipses indicate the outside edge of the
nucleus. (C) Confocal Z-scans through the nucleus show SWCNT intensity in the
center of the nucleus is lowest for SWCNTs-BSA, but highest for SWCNTs-LB1.
............................................................................................................................. 121

Figure 5.5: Quantification of changes in cell proliferation in response to 24 — 72
h of SWCNT exposure time. SWCNTs-LB1 exposure significantly reduced
proliferation compared to SWCNTs-BSA at all exposure times. Data = mean *
SD. ***p<0.0001 between BSA and LB1 groups. For control and SWCNTs-BSA
treatments, > 2000 total cells on average over > 10 FOV were counted for each
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exposure time. For SWCNTs-LBI1 treatments, > 500 total cells on average over >
10 FOV were counted for each exposure time..........ccccocveveiiveve e seese e 122

Figure 5.6: Fluorescence lifetime imaging microscopy (FLIM) of DAPI labeled
nuclei. (A) Color coded mean fluorescence lifetime (tn,) images. SWCNTs-BSA
treated cell nuclei show a homogeneous distribution of <, similar to control with
minimal quenched (reduced) t, at the periphery of some nuclei, while treatment
with SWCNTs-LB1 results in a heterogeneous quenched lifetime throughout
nuclei. Selected nuclei are enlarged in the bottom row. Note that each pixel
represents a unique data point of tn,. (B) Histograms of DAPI t, for all nuclei
normalized to the maximum of each condition show SWCNTs-LB1 shift the
distribution of t, to lower values. (C) Quantitative comparison of the average ™
for each condition shows significant quenching for SWCNTs-LB1. Data = mean *
SD. *p<0.0001 between indicated groups. .........cccerererererenieeieienie s 124

Figure 5.7: NIR fluorescence imaging of SWCNT localization in cells over 24 —
72 h of SWCNT exposure time. (A) Phase contrast and NIR fluorescence imaging
overlays of SWCNT NIR fluorescence show SWCNTs-LB1 translocate to the
nucleus over time. The boxed regions indicate individual nuclei that were selected
and magnified for nuclear co-localization analysis with DAPI stain. NIR
fluorescence heat map intensity is represented on a log scale. (B) After 72 h
SWCNTs-LB1 NIR fluorescence in red strongly co-localized with DAPI
fluorescence in blue labeling DNA in the nucleus. SWCNT NIR fluorescence and
DAPI fluorescence are both indexed linearly. ...........ccoooiiiiiiniie 126

Figure 5.8: Quantification of NIR fluorescence intensity in subcellular regions
over 24 — 72 h of SWCNT exposure time. (A) The percentage of cells with a
majority of SWCNTSs in the nucleus increases over time for SWCNTs-LB1. Data
= mean + SD. (B) SWCNT NIR fluorescence intensity in the nuclear (N) and
perinuclear (P) regions normalized to the SWCNT NIR fluorescence intensity in
the cytoplasm. SWCNT NIR fluorescence intensity for SWCNTs-LB1 treated
cells shows a transition from perinuclear to nuclear regions over time. Data =
mean + SEM. *p<0.07, *p<0.05, **p<0.01, ***p<0.0001 between SWCNTs-BSA
ANd SWCNTS-LBL GrOUPS. ..c.ceveeiiiiisiesiieieee et 128

Figure 6.1: Complex formation between BSA and SWCNTs. (A) The lowest
interaction energy binding modes from molecular docking for 4 different SWCNT
chiralities show a similar preference for association with BSA in the cleft region
formed between subdomains IB (red) and I11B (light green). (B) SWCNT binding
occurs at many different orientations within the BSA cleft with slightly less
favorable interaction energies indicating flexibility in the BSA cleft for
accommodating rigid SWCNTs. (C) Energetically favorable SWCNT binding
modes in the BSA cleft do not directly involve interactions with albumin drug
binding cavities colored in BIUE. ..........cooiiiiiii 159
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Figure 6.2: Optical characterization of SWCNT ternary complex dispersion with
BSA-RB. (A) UV-vis-NIR absorbance spectroscopy of SWCNTs-BSA and
SWCNTs-BSA-RB. The sharp peaks arise from the van Hove singularities of the
density of states indicating individually dispersed SWCNTs. For SWCNTs-BSA-
RB, the intense absorbance peak at ~550 nm results from RB loaded onto
SWCNTs after removal of unbound RB though ultracentrifugation and re-
dispersion in water. (B) Raman spectroscopy of SWCNTs-BSA and SWCNTSs-
BSA-RB confirms the dispersions maintain SWCNT structure with low Ip:lg ratio
and result in minimal aggregation with NIR fluorescence. The insets magnify the
radial breathing modes (200-275 cm™) and the broad peak (~2100-3100 cm™)
resulting from unfiltered real space SWCNT NIR fluorescence. (C-D) NIR
fluorescence spectroscopy heat maps show SWCNT fluorescence intensity
confirming the presence of individual SWCNTs for both SWCNTs-BSA and
SWCNTs-BSA-RB with a similar distribution of chiralities. The dynamic range in
both maps is scaled to the maximum NIR fluorescence intensity for SWCNTs-
B S A ettt b reare s 162

Figure 6.3: Quantification of SWCNTs-BSA-RB fluorescence intensity changes
in response to thermal or enzymatic degradation of BSA. (A) SWCNTs-BSA-RB
fluorescence intensity increases largely around 40 °C indicating separation from
the fluorescence quenching SWCNT complex with little increase beyond the
denaturation temperature of native BSA at ~68 °C. Red line represents fit to 4
parameter logistic curve. (B) SWCNTs-BSA-RB fluorescence intensity increases
rapidly after typsin treatment indicating fast dissociation from the complex before
reaching steady state after 20 min. Without trypsin, RB fluorescence intensity
increases to a lower steady state value at slower rate. Red lines represent fit to a
first order rate law assuming first order kinetic release from the SWCNT
complex. Non-linear fits give rate constants Kirypsin = 0.327 + 0.025 min and Kyater
= 0.232 + 0.093 min, where + represent 95% confidence intervals to the fitted
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Figure 6.4: Fluorescence imaging and quantification of RB delivered to HelLa
cells and J774A.1 macrophages. (A-B) Widefield fluorescence images for (A)
HelLa cells and (B) macrophages exposed to 10 pug/mL SWCNTs-BSA-RB or
equivalent concentration of loaded RB and BSA-RB for 48 h. (C-D)
Quantification of mean widefield RB fluorescence intensity normalized to total
cells for exposure to 1 or 10 ug/mL SWCNTs-BSA-RB and equivalent loaded RB
concentrations for 48 h. Data = mean = SEM, *p < 0.001 compared to control, “p
< 0.001 compared to RB and BSA-RB..........ccccciviiiiieiece e 171

Figure 6.5: Fluorescence lifetime imaging microscopy (FLIM) of RB in
macrophages and HeLa cells over 24 — 48 h of SWCNT exposure time. (A) Color
coded mean fluorescence lifetime (t,) images. After 24 h of SWCNTs-BSA-RB
exposure, macrophages show a homogeneous distribution of reduced (quenched)
tm compared with exposure to only RB. After 48 h of SWCNTs-BSA-RB
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exposure, tm largely returns to RB only exposure lifetimes for macrophages with
a few remaining quenched regions, while HelLa cells show a heterogeneous
distribution of quenched rt, through the cytoplasm. Note that each pixel
represents a unique data point of t,. (B) Histograms of RB t,, for all cells
normalized to the maximum of each condition show 24 h SWCNTs-BSA-RB
exposure shifts the distribution of 1, to significantly lower values for
macrophages. After 48 h SWCNTs-BSA-RB exposure, macrophages show a
nearly complete return to the RB only distribution, while the distribution of t,
remains bimodal in HelLa cells. (C) Quantitative comparison of the average t, for
each condition shows significant quenching for 24 h SWCNTs-BSA-RB exposure
in macrophages returns close to RB only average t, after 48 h. The average t, for
HeLa cells exposed to SWCNTs-BSA-RB remains significantly quenched after
48 h. Data = mean + SD, **p<0.0001, *p<0.05 compared to RB. ..................... 173

Figure 6.6: Fluorescence imaging of RB and SWCNT localization in
macrophages after 48 h exposure to 10 pg/mL SWCNTs-BSA-RB. NIR
fluorescence imaging overlays of SWCNT NIR fluorescence with RB
fluorescence show a majority of subcellular locations with spatially separate
SWCNTS ANU RB. ...ttt 175

Figure 6.7: Fluorescence imaging of DM and SWCNT localization and
quantification of cellular effects in HeLa cells after 48 h exposure to SWCNTSs-
BSA-DM. (A) NIR fluorescence imaging overlays of SWCNT NIR fluorescence
with DM fluorescence shows SWCNTSs localize to the perinuclear region while
DM separates from SWCNTSs and translocates into the nucleus. (B) Exposure to 1
ug/mL SWCNTs-BSA-DM for 48 h significantly enhanced anti-proliferative
effects of DM compared to equivalent concentrations of loaded DM alone or with
BSA. Data = mean + SEM, *p < 0.001 compared to control, “p < 0.001 compared
t0 DM and BSA-DM......ociiiiiiiieieice et 178

Figure 6.8: Suppression of macrophage intracellular inflammatory proteins and
cytokines in response to delivery of anti-inflammatory drugs with SWCNTSs-
BSA-PRD and SWCNTs-BSA-PSL ternary complexes. The GMFIs of treatment
groups were normalized by the GMFI of the untreated control without LPS to
generate the stimulation index (SI). SWCNT ternary complex dispersions lower
the SI for MyD88 and IL-13 more than BSA-drug or drug alone. Other markers
show less effect for SWCNT ternary complex dispersions than SWCNTs-BSA
without drugs. Data = mean £ SD for a single culture of J774A.1 macrophages.
All treatment populations were statistically different from the untreated control
determined by Kolmogorov-Smirnov (K-S) and chi-square probability binning
Ccomparison algorithmS. .......cveiiiiie e 181
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1 Introduction

The immune system is composed of a complex and vital network of
tissues, cells, and molecules that are precisely regulated to protect the body from
infection and disease.® Abnormal activity of this cellular network can result in
chronic inflammation which contributes significantly to the pathogenesis of
numerous diseases and disorders including rheumatoid arthritis, multiple
sclerosis, inflammatory bowel disease, diabetes, atherosclerosis, and cancer.?
Macrophages are an important cellular component of inflammatory diseases. In
cancer, for instance, inflammation promotes the recruitment of tumor associated
macrophages which stimulate angiogenesis and enable tumor growth.® In
rheumatoid arthritis, macrophages are fixed in an inflammatory phenotype
releasing pro-inflammatory cytokines that perpetuate T-cell activation and
destruction of healthy tissue.*> On the other hand, healthy physiological
processes, such as macrophage-mediated wound healing and subsequent tissue
remodeling, involve controlled transitions between inflammatory and anti-
inflammatory phenotypes.®” Studies show the phenotype of macrophages can be
reprogrammed in situ, suggesting that modulation of immune cells via targeted
delivery of immunologically active compounds has the potential to redirect the
immune response and restore health.®

Engineered nanomaterials based therapies that can directly interact with
immune cells are highly desirable and currently of great interest to modulate,

regulate, and monitor immune cell function in pathological disease states as well



as physiological processes.® Single wall carbon nanotubes (SWCNTs) are a
recently discovered class of nanostructured material'® that has flooded the
application scene across diverse scientific fields due to their exceptional
electrical,™ optical,”® mechanical,”® and thermal®* properties. SWCNTs fill many
basic nanoparticle design qualities for biomedical applications including chemical
stability, small size, large surface area, and high cell uptake. SWCNTSs possess
extremely large surface area-to-volume ratio allowing for substantial
functionalization, which can be leveraged for multimodal targeting and molecular
loading.™™® The distinct nanostructure of SWCNTSs results in several inherent

1718 and near-

imaging modalities including unique Raman scattering modes
infrared (NIR) fluorescence'® *® which can be used to identify SWCNTs without
interference from tissues and cells. Further, the sensitivity of SWCNT optical
properties to their local environment can be utilized for molecular sensing.?’ The
strong optical absorbance of SWCNTs in the NIR combined with their high
thermal conductivity can induce significant local heating and may be used to
photothermally ablate cells.?

The delivery of SWCNTs to immune cells, including macrophages, has
tremendous potential for probing and modulating cell function for diagnosis and
development of therapies related to inflammation, cancer, and regenerative
medicine. The unique optical properties of SWCNTs may be leveraged to label
immune cells*® to visualize pathological regions with large numbers of immune

cells or to sense intracellular activation during inflammatory response.”? The

physical properties of SWCNTs promote cell internalization and high molecular
2



loading, enabling their use as efficient delivery vectors for cytokines or drugs to
reprogram local immune cell phenotype and inhibit detrimental immune
responses.?®

SWCNTSs are naturally hydrophobic and must be dispersed in water for
biomedical applications. Hydrophilic moieties may be attached to the SWCNT
surface to promote solubility and stability in aqueous environments through non-
covalent or covalent functionalization.®> Non-covalent approaches are preferred to
covalent chemistries which alter inherent SWCNT properties.?* Thus, the choice
of a non-covalent dispersing agent is crucial to maintain SWCNT properties,
confer stability, direct interaction with cells, and promote subcellular delivery
applications.”> Non-covalent functionalization of SWCNTs with copolymers,*®
lipids,?® polysaccharides,?” and DNA? has been used to impart biocompatibility
and maintain SWCNT properties. However, these dispersing agents do not
promote interactions with cells, nor do they contain inherent functionalities
required for specific cellular and subcellular applications.

To impart biofunctionality necessary for delivery applications with
immune cells, we consider surfactant-like proteins with structures well-suited for
individually dispersing SWCNTs and associating with other biomolecules.
Globular albumin proteins produce high yield dispersions of individual SWCNTs
with stability in high ionic strength biological solutions.? Proteins also cloak
SWCNTs with a biological surface facilitating increased biocompatibility and
interaction with cells. Further, globular albumin proteins contain internal

hydrophobic regions that bind fatty acids and other hydrophobic molecules,
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including many drugs.®* We find purified and well-dispersed SWCNTs-protein
complexes enter cells by the millions without acute toxicity.?® 3433

However, there remains limited mechanistic understanding of how
SWCNT-protein complexes interact with a complex, dynamic cellular state, such
as those found in inflammatory immune cells. To engineer effective dispersions
for cellular delivery, it is necessary to understand the contributions of protein
bioactivity and inflammatory cell activity to SWCNT uptake in macrophages.
Insight into the subcellular processing, distribution, and interactions of SWCNT-
protein complexes in cells is also critical for designing specific SWCNT-protein
complex functionalities for subcellular applications aimed at modulating cell
function including subcellular targeting and delivery of bioactive molecules.
Thus, the first major focus of this thesis is to determine the role of non-covalent
protein functionalization on mechanisms of cellular uptake and processing of
SWCNT-protein complexes. The second major focus is the development of
multifunctional non-covalent protein dispersions of SWCNTs that preserve
inherent SWCNT properties while enabling subcellular targeting and drug

delivery within cells through specific protein structure features and cellular

processing of SWCNT-protein complexes.



1.1 Thesis Objectives

1.1.1 Determine the effects of SWCNT-protein bioactivity and cell

inflammatory activity on SWCNT uptake in macrophages.

Developing a quantitative understanding of SWCNT uptake mechanisms
in macrophages is important for tuning macrophage specific delivery for
therapeutic applications. In Chapter 3, we quantify the uptake of SWCNTs in
macrophages at various exposure concentrations to establish intracellular SWCNT
concentration as well as elucidate the key tunable parameters for controlling
cellular delivery. To determine the role of surface coating bioactivity in SWCNT
uptake, we compared non-covalent bioinert SWCNT-polymer and bioactive
SWCNT-protein complexes. We also compared SWCNT uptake in non-
inflammatory and inflammatory macrophage phenotypes to determine the role of
cell activity in SWCNT uptake. Using Raman spectroscopy, the uptake of
SWCNTSs is precisely determined, and physical models of the data are generated
to extract uptake parameters. We test the hypothesis that the biological nature of

protein and the inflammatory response of cells will increase SWCNT uptake.

1.1.2 Establish subcellular distribution and cellular processing of

SWCNT-protein complexes in macrophages.

In Chapter 4, we build on the previous cellular level analysis to develop
insight into the subcellular underpinnings controlling the processing of

internalized SWOCNT-protein  complexes. Understanding the intracellular
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distribution of SWCNTSs is important for controlling the rates of accumulation and
delivery to specific subcellular compartments, which have direct impacts on
toxicity and therapy. Using Raman spectroscopy to quantify and characterize
SWCNT-protein complexes within cells, local subcellular concentrations are
determined and spatially correlated to measures of SWCNT dispersion state
(individual or bundled). For macrophages with size dependent uptake
mechanisms, the lengths of SWCNTs are varied to examine the cellular
processing resulting from different SWCNT internalization processes. Subcellular
processing of SWCNT-protein complexes in macrophages is also compared to
other non-immune cell types. We test the hypothesis that distinct highly
concentrated subcellular regions of SWCNTSs in macrophages arise from bundling

of SWCNT-protein complexes.

1.1.3 Engineer protein structure to direct the subcellular localization

of SWCNT-protein complexes.

After determining the uptake and cellular processing of non-specific
SWCNT-protein complexes, we engineer a low molecular weight globular protein
through recombinant protein expression for non-covalent SWCNT dispersion and
specific subcellular function in Chapter 5. The protein has a central hydrophobic
core for SWCNT association and stabilization as well as an exposed nuclear
localization sequence to promote active nuclear import and subcellular targeting.

We track the subcellular localization of engineered SWCNT-protein complexes in



cells over time relative to non-specific SWCNT-protein complexes using a
combination of Raman spectroscopy, SWCNT NIR fluorescence imaging, and
fluorescence lifetime imaging microscopy. We test the hypothesis that the
engineered protein possesses a macromolecular structure appropriate to stably

disperse and target SWCNTSs subcellularly.

1.1.4 Utilize protein structure to load and deliver molecules within

cells using SWCNT-protein complexes.

A major barrier to effective immunotherapy is the ability to precisely
control intracellular delivery of drugs with broad effects for the prevention of
adverse off-target and systemic responses. In Chapter 6, we explore the structural
functionality of albumin proteins to bind hydrophobic molecules, including many
drugs, to develop multifunctional non-covalent SWCNT-protein-molecule ternary
complexes for controlled drug delivery. Molecular docking studies are performed
to reveal the binding sites for SWCNTs and molecules within the protein. We
quantify the delivery and intracellular release of loaded fluorophore molecules
using SWCNT-protein-molecule ternary complexes with a combination of visible
and NIR fluorescence imaging and fluorescence lifetime imaging microscopy.
Anti-cancer drugs and immunosuppressant corticosteroids are substituted for the
fluorophore and measures of anti-proliferative and anti-inflammatory effects are
quantified for the SWCNT-protein-drug ternary systems, relative to non-

complexed drugs. We test several hypotheses: proteins can non-covalently load



molecules onto SWCNTs resulting in stable dispersions; SWCNT-protein-
molecule ternary complexes increase the intracellular delivery of loaded
molecules; molecules release from SWCNTSs in vitro and intracellularly as a result
of enzymatic disruption of the SWCNT-protein complex; and fluorophore studies

translate to bioactive molecules with cellular response.
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2 Background

2.1 SWCNT Structure and Properties

Single wall carbon nanotubes (SWCNTSs) are a recently discovered class
of nanostructured material with unique chemical and physical characteristics.
The atomic arrangement of covalent bonded carbon atoms in SWCNTS results in
inherent electrical,? optical,® thermal,* and mechanical® properties that have
motivated diverse interest in research fields from energy to medicine. Pristine
SWCNTs are composed entirely of sp?-hybridized carbon atoms resulting in
structures that are chemically inert, even within the cellular environment.
SWCNTs may be conceptualized as a sheet of graphene rolled into a seamless
cylinder with closed ends. The angle at which the graphene sheet is rolled imparts
chirality to the SWCNT. Thus, unique SWCNT species with different chiralites
are given by a pair of indices (n,m) defined by the number of unit vectors
(na;,may) along the hexagonal lattice contained in the chiral vector (Cy). The
particular chirality of SWCNTs affects the electronic character (i.e., n — m = 3j,

where j is an integer are metals; the rest are semiconductors with varying gap

sizes).

13



A ) B
Y

(5:3) i

2 T T
IS AL
V77777
'y////////////

4 1////;/
2 conduction

3 -’//A// E
S
v
SIS

2 Ytz c
v/ 2

E
01 fluorescence absorption]

— V,, 4

0 2 4 6 8 10
Density of Electronic States

Figure 2.1: SWCNT nomenclature and electronic structure. (A) The chiral
vector C, = 5a; + 3a; represents one way the two-dimensional graphene sheet
many be rolled into a tube. Lattice vectors a; and a;, shown for the (5,3)
nanotube.® (B) Density of electronic states of a semiconducting SWCNT. The van
Hove singularities arise due to quantum confinement.’

SWCNTSs have diameters between ~0.7 — 2 nm and lengths ranging from
tens of nanometers to microns placing them on a similar size scale as many bio-
macromolecules.® The ratio of SWCNT length to diameter contributes to large
aspect ratios, while their small size gives high surface area-to-volume ratios
resulting in a large amount of surface sites for highly specific functionalization
compared to similar-sized nanomaterials. SWCNTs also have exceptional
mechanical and thermal properties including a Young’s modulus over 1 TPa,” a
persistence length between 26 — 138 pm,” and thermal conductivity ~3000
W/mK.*

The one-dimensional structure of SWCNTSs gives rise to van Hove

singularities in the nanotube density of states.™®

At energies associated with the
van Hove singularities, sharp transitions between valence and conduction bands

result in distinct peaks in optical absorption and fluorescence spectra. The
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sharpness of peaks in the optical absorbance of SWCNTSs provides a qualitative
indicator of dispersion quality.® Individually dispersed, semiconducting SWCNTs
excited in the visible range exhibit fluorescence in the NIR spectrum (800 — 1600
nm).> SWCNTs emit fluorescence at distinct wavelengths in the NIR
corresponding to their electronic band-gap set by the van Hove singularities.” The
excited state is excitonic rather than electronic. SWCNT fluorescence can be
quenched by bundles of SWCNTSs, which contain metallic SWCNTs.® The NIR
fluorescence of SWCNTSs is also length dependent™ as fluorescence is quenched
by exciton diffusion to quenching sites consisting of SWCNT end caps, sp*-
hybridized defects, and doping.*?*®

SWCNTs have strong resonance enhanced Raman active vibrational
modes resulting in a unique Raman signature that can be utilized to characterize
and quantify the presence of SWCNTs.** A Raman spectrum results from the
partial absorption of incident light due to interactions with surface vibrations.
SWCNT Raman signature allows for the imaging of all SWCNTs (metallic and
semiconducting) regardless of dispersion status. The radial breathing mode
(RBM) features appearing at 100 — 300 cm™ are unique to carbon nanotubes and
correspond to atomic vibrations of carbon atoms in the radial direction.'* RBM
signal > 250 cm™ has been associated with van der Waals contact and can be used

to infer aggregation or bundling of SWCNTs.>*®

The tangential mode for
graphene, or G-band, appearing at ~1590 cm™ corresponds to atomic
displacements along the tube axis and along the circumferential direction. The G-

band is quantitative for the amount of sp?-hybridized carbon in the sample and
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can be used to determine the concentration of SWCNTSs with the aid of a standard
curve. Finally, the disorder mode, or D-band, found at ~1300 cm™ indicates the
presence of sp® carbon defects. Therefore, the D-band to G-band intensity ratio

can be used to determine the structural quality of SWCNTSs.

2.2 SWCNT Purification and Length Fractionation

SWCNTSs can be produced through several different synthesis methods
including pulsed laser deposition, electric arc discharge, catalytic decomposition,

and chemical vapor deposition.”?°

Essentially, all methods involve the
conversion of carbon precursors to SWCNTSs in the presence of catalyst. While
there are subtle differences in the distribution of chiralities and diameters
produced, the main impact on cellular systems are the impurities produced
including residual metal catalysts (e.g., Fe, Ni, Y, Co) and non-SWCNT carbon
phases (e.g., fullerenes, multi-wall carbon nanotubes, and amorphous carbon).
Commercial vender purification leaves substantial quantities of residual
amorphous carbon and residual metals, much of which is still bioavailable.?* The
presence of toxic metals can result in non-SWCNT induced oxidative stress and
other inaccurate toxicity assessments.?? Further, impurities lower the mass
fraction of SWCNT in a prepared sample. To avoid uncertainties introduced by
SWCNT synthesis impurities, we highly purified our SWCNTs. RAW high
pressure carbon monoxide conversion synthesis (HIPCO) SWCNTSs were purified

by wet air burn, acid treatment, annealing, and magnetic fractionation.??%
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Thermogravimetric analysis and wide-angle X-ray scattering confirmed that the
purified sample contained < 5 wt% carbonaceous impurities and ~0.3 wt%
metallic impurities, with the rest of the sample being unaltered SWCNTs.2%
SWCNT synthesis also produces samples with varying lengths which can
range from tens of nanometers to several microns. For cellular experiments, we
performed length fractionation to select SWCNTs with lengths ~145 + 17 nm
which have been shown to promote endocytosis-mediated uptake into cells.?®
Purified SWCNTSs were dispersed in water using sodium deoxycholate (DOC) and
centrifuged at 21,000xg for 2 h to remove remaining SWCNT bundles.?*?
Individualized SWCNTs were length fractionated using density gradient
ultracentrifugation.?® SWCNTs in the 10™-12" fractions with lengths of 145 + 17

nm were collected® and subsequently pelleted and burned at 300 °C in wet air in

the presence of H,O; to remove DOC and then washed in water several times.

2.3 SWCNT Dispersions

SWCNTSs are hydrophobic materials that readily aggregate in aqueous
environments due to significant van der Waals forces of ~40 kT/nm**° forming
large bundles or rope-like structures which are known to diminish their inherent
properties.> % Specifically in a biological context, large bundles of SWCNTSs
have been associated with a number of deleterious cellular effects, such as
changes in focal adhesions, cell shape, proliferation, and differentiation.** Thus,

for biomedical applications including cellular delivery, SWCNTs need to be
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stably dispersed in solution. SWCNTSs can be dispersed in solution by covalent or
non-covalent functionalization of the hydrophobic surface with water soluble
moieties. Chemical modification of the SWCNT sidewall through covalent
functionalization changes the bond structure of the carbon backbone and alters
intrinsic SWCNT properties desired for biomedical applications.** Non-covalent
functionalization relies on the hydrophobic domains of amphilphilic molecules,
such as surfactants, polymers, or biomolecules, which interact with the
hydrophobic SWCNT surface. Functionalization with traditional surfactants such
as sodium dodecyl sulfate and sodium dodecylbenzene sulfonate produce
excellent dispersions that maintain SWCNT properties,?® but destroy cell
membranes.®®* Biocompatible non-covalent SWCNT dispersions have been
created using surfactant-like copolymers,®*®° lipids,***!, peptides,’*** DNA,*
enzymes,** and proteins.** "> Antibodies, RGD peptides, folic acid, and other
targeting molecules have since been covalently added to basic non-covalent
dispersions creating multi-component systems to target overexpressed receptors
on specific types of cells and to promote specific types of endocytic entry.*% >3
Well-dispersed individual SWCNTs can be used in cellular applications without
acute toxicity.*

Another important consideration for SWCNT dispersions is stability,
particularly in the high ionic strength and complex protein environment of cell
culture media or even the bloodstream. Dispersions using the protein lysozyme

were high quality in water, but flocculated rapidly in cell culture media.> Studies

have shown displacement of copolymer coating and exchange with serum proteins
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in animals.>” Other work indicates that proteins on the surface of SWCNTSs

exchange rapidly with free proteins in the bulk.®?

2.4 SWCNT Properties Leveraged for Biomedical Applications

Individual SWCNTSs have been used as NIR fluorophore labels for cells
and widely utilized in a variety of imaging applications. Imaging in the NIR
spectrum offers high optical transparency and low autofluorescence from
biological tissue, allowing for greater penetration depth and higher contrast
images.®® SWCNTs have several other advantages over typical organic
fluorophores including no photobleaching,®* reduced ROS mediated cell toxicity,
and large Stokes shift.> SWCNT NIR fluorescence has been used to image
individual cells,®* blood vessels in mice,%® quantify SWCNT concentration in
blood over time,>” and to image tumors. ¢’ However, while NIR fluorescence has
generated much interested on the imaging and detection front, clinical translations
is unlike with penetration depths limited to ~1 cm by tissue absorbance and
scattering limiting applications to animals. %

Along the same lines, SWCNT optical properties have also been
developed as sensors as SWCNT NIR fluorescence is highly sensitive to the
immediate surrounding environment. Perturbations in NIR fluorescence have
been used to detect DNA polymorphism,®® glucose with implantable sensors,”

nitric oxide in cells,” and many others.”
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SWCNTs have a large available surface area for functionalization. This
has been engineered to deliver a wide variety of cargos into cells through both
covalent and non-covalent interactions. Biomacromolecules including DNA,*
small interfering RNA (siRNA),”®"® and proteins’®® have all been transported
into cells via SWCNTs. Small molecule drugs including doxorubicin® and

paclitaxel®

have been loaded onto SWCNTs through non-covalent r-stacking or
cleavable linkages for intracellular delivery and release.®®

SWCNT thermal properties are currently under investigation for cancer
cell hyperthermia. Strong optical absorbance of SWCNTs in the NIR results in
molecular vibration energies which can induce significant local heating to cells.*
Most biological tissue chromophores exhibit low NIR absorbance, thus preventing
heat induced damage where SWCNTSs are absent.®* SWCNTSs have been used to
induce selective photothermal heating and toxicity towards cancer and tumor

85-89

cells®**° and inflammatory macrophages.*

2.5 Immune Cells and Inflammation

The immune system contains a diverse group of cells with specialized
functions, collectively aimed at maintaining tissue homeostasis. Professional
phagocytes such as neutrophils, monocytes, macrophages, and dendritic cells have
important functions in the innate immune response and are largely responsible for
the ingestion of microorganisms, foreign particles, and dead cells. Cells ingest
recognized targets through phagocytosis and subsequently engage in destruction
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of the identified pathogen. Neutrophils and monocytes circulate the bloodstream
until they are recruited into tissues to respond to inflammation, whereas most
macrophages and dendritic cells reside in tissues.

Monocytes comprise a small percentage of circulating white blood cells at
just ~5 — 10%, however, they are capable of further differentiation in tissues to
macrophages, and other specialized cells such as dendritic cells and osteoclasts.®*
Monocytes circulate the bloodstream for a few days before migrating into tissue
to replace resident macrophages. Prior to this natural process, circulating
monocytes can be actively recruited to sites of inflammation in the presence of
cytokines. Upon migration into tissue and exposure to the inflammatory
environment, monocytes typically differentiate into macrophages with enhanced
pro-inflammatory activity.*!

Large populations of macrophages are maintained in tissues, primarily in
tissues such as the liver and spleen, as well as other areas prone to infection.
While all tissue associated macrophages arise from monocytes in the blood, they
typically exist in an immuno-regulatory state until a foreign body invades the
tissue. They are the first cells to encounter pathogens in tissues and are
responsible the secretion of signaling molecules that alert and recruit neutrophils

and monocytes from the bloodstream.
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2.6 Uptake Mechanisms in Phagocytes

Neutrophils, monocytes, macrophages, and dendritic cells are capable of a
specialized form of uptake known as phagocytosis, in addition to traditional

endocytosis pathways.?>

Phagocytosis is a multi-step, actin-driven process
initiated by particle recognition.” Immune cells and macrophages are equipped
with a myriad of surface receptors to bind particles directly or indirectly through
adsorbed complement proteins. The best studied phagocytic receptors are Fcy
receptors and complement receptors. While Fcy and complement receptors are
thought to bind conserved sequences, other receptors such as scavenger receptors
have been reported to bind less specifically. Phagocytosis is a process triggered
for the ingestion of larger particles where binding to the phagocyte surface
initiates the extension of pseudopods to engulf the particle. Macrophages are also
capable of less specific uptake via membrane ruffling in a process referred to as
macropinocytosis. Macropinocytosis is a process for the ingestion of larger
membrane associated particles and solutes which is accomplished by ingesting
parts of the cell membrane and the surrounding fluid. Unlike phagocytosis, which
requires a binding event, macropinocytosis occurs continuously. In fact, a

macrophage ingests the equivalent of its entire plasma membrane in about a half

hour.®
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2.7 Delivery of Nanomaterials to Immune Cells

Physiochemical properties of synthesized nanomaterials including size,
shape, and charge can have large impacts on delivery into cells.®® Local particle
shape has been reported to dictate whether macrophages will engage in
phagocytosis of the particle or spreading along the nparticle surface.®’
Opsonization of nanomaterials with serum proteins can influence the mechanism
and efficiency of delivery to phagocytes through surface receptor interactions.”
Charged particles have been reported to increase phagocytosis, presumably as the
result of nonspecific interactions with cells,®® while coating the particle surface
with neutrally charged molecules, such as polyethylene glycol (PEG) helps to
avoid macrophage recognition and reduces protein adsorption.!® In direct
comparison, immune cells and macrophages show increased nanoparticle uptake
efficiency over epithelial, astrocytes, and endothelial cells.*

A wide variety of nanoparticles with inherent imaging properties such as
gold nanoparticles, iron oxide nanocrystals, and quantum dots have been targeted
to immune cells for medical diagnostic applications.'® using anionic surface

charge,'® peptides,*® and monoclonal antibodies.*®

Interesting, the attachment
of simple glycine molecules has been demonstrated to increase the selectivity of
modified iron oxide nanoparticles for activated macrophages from a library of
modifications.'®® The delivery of nanovehicles carrying drugs and imaging agents
such as polymeric nanoparticles and liposomes to immune cells has also been

widely investigated.’®  Anionic liposomes have been used to target to

macrophage scavenger receptors, while incorporation of peptides, mannose, and
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immunoglobulins into the structures have resulted in increased macrophage

delivery via integrins, lectin receptors, and Fcy receptors, respectively.*”’

2.8 Delivery of SWCNTSs to Immune Cells

Primary immune cells and model macrophage cell lines have been

18 and

routinely exposed to SWCNTs to investigate mechanisms of toxicity
immune cell response.'® Intracellular delivery of SWCNTSs to the cytoplasm of
human monocyte derived macrophages has been directly observed in vitro using
transmission electron microscopy.’*® Pluronic F108 functionalized SWCNTs*,
BSA functionalized SWCNTs,"™' and DNA-wrapped SWCNT-iron oxide
complexes™? have been delivered to model macrophage cell lines for imaging
applications.

Targeted delivery of SWCNTSs to immune cells has been reported through
the use of various covalent chemical modifications. Delivery of multi-wall CNTs
(MWCNTSs) with small molecule chemical modifications has been reported to
target SWCNTs to specific macrophage surface receptors, inducing different
downstream immune response.”®  SWCNTs covalently modified with
phosphatidylserine were found to increase delivery to immune cells including
human monocyte derived macrophages, dendritic cells, and rat brain microglia.**
SWCNTSs used in this study were also reported to deliver apoptosis inducing
cytochrome ¢ to immune cells. In other work, SWCNT delivery to human

neutrophils was increased by covalent chemical attachment of immunoglobulin
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G.M* Interestingly both human neutrophils and macrophages were observed to

digest pre-oxidatively functionalized SWCNTs. 41

2.9 Immune Cell Modulation

Different types of nanoparticles including SWCNTs have been
investigated for the potential to interact directly with immune cells to stimulate or
suppress cellular response. A polymer-nanotube composite was used to efficiently
expand T-cells in vitro for immunotherapy.'*® Oxidized MWCNTs were found to
up regulate acute inflammatory pathways in monocytes but not T-cells acting as a
specific immunostimulators.**” The most common use of SWCNTSs has been for

delivery of antigenic molecules to dendritic cells for vaccine production.*#?2
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3 Decoding Membrane- versus Receptor-Mediated
Delivery of Single Wall Carbon Nanotubes into
Macrophages wusing Modifications of Nanotube

Surface Coatings and Cell Activity

3.1 Introduction

Understanding the interactions between nanomaterials and immune cells
and quantifying uptake precisely are important both for determining toxicity and
for developing medical therapeutics related to cancer, inflammation, wound
healing, and regenerative medicine. Macrophages from monocytes and resident
tissue macrophages are responsible for removing unwanted materials and cellular
debris from the body, particularly in the M1 or pro-inflammatory phenotype.*
These cells would likely be the first to encounter therapeutic materials? and thus
are largely responsible for dictating the fate, processing, and ultimate effect of
those materials. Local macrophage concentration increases in regions of infection,
inflammation, and wound healing, as well as in pathological regions including
tumor environments and regions of atherosclerosis.** Targeted delivery of
nanomaterials to macrophages could potentially be utilized for more precise
imaging of macrophages within the body, as well as drug delivery and thermal

ablation of macrophages.® Additionally, macrophages loaded with nanomaterials
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offer the exciting potential of cell-mediated drug delivery as these cells can cross
the blood-brain barrier.°®

Recent studies have shown the potential for single wall carbon nanotubes
(SWCNTSs) as drug and gene delivery vectors,” imaging probes for cellular

1012 and molecular sensors.®*'* SWCNTs are

labeling,®  tracking agents
hydrophobic materials that aggregate in water leading to diminished optical
properties™ and deleterious cellular effects.'® SWCNTs have been dispersed
through various covalent modifications and non-covalent functionalization with
poly(ethylene oxide) (PEO) based copolymers,® ' lipids,> '* DNA,* peptides,®
and proteins.?® Well-dispersed individual SWCNTs have been used in cellular
applications without acute toxicity.’

Cellular uptake of and response to SWCNTs are also impacted by
SWCNT functionalization and cell type. In direct comparisons, macrophages
show increased nanoparticle uptake efficiency over epithelial, astrocytes, and
endothelial cell types.?® For targeting to macrophages, it is unclear if nanomaterial
surface coating or cell activation state is the dominant factor for cell uptake.
Macrophages treated with lipopolysaccharide (LPS) to produce an M1 phenotype®
show altered immune response after treatment with functionalized
nanomaterials.?’” Conversely, some functionalized SWCNTs provoke pro-
inflammatory cytokine secretion.”® However, there has been no quantitative

evidence to determine how cellular activity is related to amount of SWCNT

uptake.
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An understanding of the mechanism of uptake is required both to gauge
toxicity and to dose nanomaterials for cellular therapy. Traditionally, cellular
uptake mechanisms are determined using either fluorescence labeling of cellular
components or blocking cellular pathways with chemical agents. However, these
methods are inapplicable with SWCNTs since nanotubes nonlinearly quench
fluorescence,”® which limits or eliminates the ability to precisely track materials
within subcellular compartments. Also, the SWCNT—cell interaction is inherently
non-specific and determining cellular uptake mechanisms using chemical
blocking agents may lead to inconclusive results since chemical agents have
broad, overlapping effects on cell processes.

Herein, we extract details of mechanistic uptake and underlying cellular
effects by modulating SWCNT surface coating and quantifying associated
variations in cellular activity. We employ Raman confocal imaging and
spectroscopy to systematically measure nanotube uptake and subcellular
localization as functions of nanotube surface coating with bioinert triblock
copolymer, Pluronic F127 (PF127), and bioactive bovine serum albumin (BSA).
We also quantify nanotube delivery with altered macrophage activity using LPS
stimulation. Macrophages show a 100-fold increase in SWCNT uptake and
adaptation of cellular size to accommodate SWCNTSs, in contrast to fibroblasts.
We combine these experimental measurements with models of passive and active

30-31

cellular uptake to estimate membrane- versus receptor-mediated uptake of

SWCNTSs into macrophages.
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3.2 Materials and Methods

3.2.1 SWCNT Dispersion Preparation and Characterization

Unpurified SWCNTSs (HiPCO (high-pressure carbon monoxide conversion
synthesis), Carbon Nanotechnologies, Inc.) were purified according to previous
methods, resulting in purified, unaltered SWCNTs (< 5 wt% carbonaceous
impurities, ~0.3 wt% metallic impurities).>>* As described previously, individual
SWCNTSs were isolated from bundles**** and length fractionated using a density
gradient,® resulting in SWCNTSs with lengths®’ of 145 + 17 nm and diameters of
1 + 0.3 nm. For this work, purified and length fractionated SWCNTs were
dispersed in ultrapure water using either Pluronic F127 (PF127; BASF) or bovine
serum albumin (BSA; Sigma-Aldrich) at a SWCNT:PF127 or SWCNT:BSA ratio
of 1:10 by weight for a final SWCNT concentration of 0.1 wt%. The solutions
were probe-tip sonicated in large volumes (~6 mL) for 2 h at 60 W. Solutions
were centrifuged (Beckman Coulter Allegra 25R Centrifuge with TA-15-1.5
rotor) at 21,000xg for 30 min (SWCNTs-PF127) or 7 min (SWCNTs-BSA) to
remove bundles. The supernatants were collected and examined using UV-vis—
NIR absorption spectroscopy (Varian Cary 5000 Spectrophotometer), and
concentrations were determined using an extinction coefficient of 2.6 (absorbance
mL (mg mm)™) at 930 nm.*® Characterization of PF127 and BSA dispersed
SWCNTSs in water has been examined in detail elsewhere.’” % Here we used UV-
vis-NIR absorbance spectroscopy and confocal Raman spectroscopy to examine
the stability of SWCNTs-PF127 and SWCNTs-BSA in complete cell culture

media over the full 48 h exposure time at 50 ug/mL which was the average
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experimental concentration tested. For Raman spectroscopy, samples were
analyzed on an inverted, inVia confocal Raman microscope (Renishaw) using a
50x dry objective with 0.75 numerical aperture (NA) and a 785 nm laser (100
mW). Spectra were acquired between 100 — 3200 cm™. Each Raman spectrum
was normalized by it graphene band (G-band) intensity. Supernatants were

sterilized by ultraviolet light for 1 h before use in cell experiments.

3.2.2 Cell Culture and Treatment

J774A.1 murine macrophage-like cells (ATCC, Catalog #TIB-67) were
cultured in Dulbecco’s Modified Eagle’s Medium (high glucose (4500 mg/L), 4.0
mM L-glutamine and with no sodium pyruvate; Thermo Scientific Hyclone)
supplemented with 10% v/v fetal bovine serum (Invitrogen) and 1% v/v
penicillin-streptomycin (Invitrogen). NIH-3T3 murine fibroblast cells were
cultured in similar media with newborn calf serum, not fetal bovine serum
(Invitrogen).

J774A.1 cells were seeded at 2.0 x 10* cells/cm? or NIH-3T3 cells were
seeded at 3.0 x 10* cells'em? in 96-well plates and maintained for 24 h.
SWCNTs-PF127 or SWCNTs—BSA were diluted to the indicated concentrations
in fresh cell culture media and added to the cells. Ultrapure, sterile filtered water
was diluted in cell culture media for sham experiments to ensure the same total
volume and dilution for every well. Each treatment condition was performed in
triplicate. For indicated cases with J774A.1 cells, lipopolysaccharide (LPS;

Invitrogen, Catalog #L4391) was added with SWCNTSs at a concentration of 5
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ug/mL. Cells were maintained in culture for 48 h, after which the media was
removed. Cells were then gently washed once with phosphate-buffered saline
(PBS; Invitrogen).

To determine cells per well, 180 uL of PBS was added to each well, and
the cells were quickly imaged using phase contrast on a Nikon Eclipse TS100
with a 20x (0.4 NA) dry objective (n > 5 fields of view with ~ 0.1 mm? per field).
The total cell count per well was determined by manually counting cells per field
of view and extrapolating the density to the entire well area. Projected cell area
was measured by tracing cell outlines and quantified using ImageJ. For J774A.1
and NIH-3T3 cells, > 250 and > 80 cells, respectively, per condition were
analyzed. Statistical analysis between indicated groups was performed with a

Student’s t-test of means.

3.2.3 Determination of Proliferation and Viability

J774A.1 cells were seeded at 5.0 x 10° cells‘cm? in 6-well plates and
maintained in culture for 24 h. As in other experiments, SWCNTSs were diluted to
the indicated concentrations in fresh cell culture media and added to the cells; 1
wt% PF127 or BSA solutions were also investigated for cellular effects. Cells
with the indicated treatments were maintained in culture for 48 h. Subsequently,
the media with SWCNTs was removed and replaced with fresh media (without
phenol red) for imaging. Hoechst 33342, a cell permeable nucleic acid stain, and
propidium iodide (PI), a cell impermeable nucleic acid stain, were added for

quantification of total cells and dead cells, respectively. Images were taken (n >
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10 fields of view with ~ 0.4 mm? per field) in phase contrast, blue fluorescence
(Hoechst 33342) and red fluorescence (PI) on a Leica DMI 6000B inverted light
and fluorescence microscope maintained at 37 °C with a 20x (0.4 NA) dry
objective. For each condition, > 10 fields of view with ~2000 cells were analyzed.
Nuclei were automatically segmented and enumerated using ImageJ with manual
verification for accurate segmentation. Proliferation was measured as a percentage
of cells normalized to control cell count. Viability was measured by PI exclusion

normalized to total cell count with Hoechst.

3.2.4 Quantification of SWCNT Uptake

After imaging, cells were incubated in lysis buffer (Cell Signaling
Technologies) at 4 °C for 1 h and then exposed to probe tip sonication for 10 s at
6 W. To quantify the concentration of SWCNTSs per well, the sonicated lysate
solutions were pipetted into a 24-well glass (#1.5) bottom plate (MatTek) and
subjected to Raman confocal imaging (inVia Raman microscope, Renishaw) with
a 785 nm laser (100 mW) and a 50x (0.75 NA) dry objective. SWCNT
concentration was determined from the intensity of the G-band at 1590 cm™ using
a standard curve previously reported by our group.? Precise measurements of G-
band intensity relative to the standard curve across multiple days were ensured by
calibrating to the same silicon standard before each experiment. Uncertainties in
our measurement of SWCNTSs per cell reflect the propagation of uncertainties in
measurements of total cell count per well and G-band intensity. We calculated an

approximate number of SWCNTSs from the experimentally measured mass using
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the molecular weight of a single SWCNT. Briefly, the molecular weight was
determined by considering the number of unit cell repeats along the average 1 nm
diameter and an average length of 145 nm for our SWCNTSs, using a sp® carbon-

carbon bond length of 1.421 A.

3.2.5 Model and Parameter Fitting
The receptor-mediated model was fit to SWCNTs—-BSA uptake data using
a nonlinear least squares method available in the MATLAB Curve Fitting

Toolbox software (MathWorks).

3.2.6 Raman Confocal Imaging and Spectroscopy

For imaging experiments, J774A.1 cells were seeded at 5.0 x 10° cells/cm?
onto sterilized 22 x 22 mm glass coverslips (Fisher), placed in 35 mm cell culture
dishes and maintained for 24 h. SWCNTs-PF127 and SWCNTs-BSA were
diluted to 30 ug/mL in fresh cell culture media and added to the cells. After 48 h,
the media containing SWCNTs was removed. Cells were then gently washed
three times in PBS and subsequently fixed with 3.7% v/v formaldehyde (Sigma-
Aldrich) for 15 min. Phase contrast imaging and Raman confocal imaging were
performed on an inverted Raman confocal microscope (inVia Raman microscope,
Renishaw) with a 785 nm laser (100 mW) and a 100x (1.4 NA) oil immersion
phase objective. Static scans for 100 ms around the G-band (1327 — 1819 cm™)

were collected with an acquisition step size of 1 um over a concatenation of 9
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fields of view. Spatial maps of the G-band signal intensity (1590 + 15 cm™)

above the baseline signal were performed in WIiRE software (Renishaw).

3.3 Results and Discussion

3.3.1 SWCNT Dispersion Stability in Media

SWCNTs were well-dispersed at high mass yields in water using either
PF127 or BSA.*" % However, cellular applications require SWCNT use in
complex solutions with high ionic strength, proteins, lipids, and other
biomolecules. Therefore, the stability of SWCNT dispersions in biologically
relevant media is critical for determining accurate interaction mechanisms with
cells and maintaining SWCNT properties for application. To assess SWCNT
dispersion stability, we diluted SWCNTs to 50 ug/mL in water or media
supplemented with 10% v/v serum protein and tracked their dispersion state using
UV-vis-NIR absorbance spectroscopy and Raman spectroscopy over 48 h. For
both SWCNTs-PF127 and SWCNTs-BSA, the absorbance peaks in the NIR
showed no significant peak shift, broadening, or loss of intensity upon dilution in
complete cell culture media over 48 h (maintained at 37 °C), suggesting
dispersions remain stable in the supernatant with little displacement or exchange
of the original surface coatings (Figure 3.1). For SWCNTs in media, the
difference in absorbance at ~550 nm was due to the background subtraction of the
pH sensitive indicator phenol red in the media. We also confirmed that SWCNTSs

retained their Raman signature with no increase in RBM intensity > 250 cm™
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associated with SWCNT bundles and for SWCNTs-BSA maintained NIR
fluorescence at ~2300 cm™ in media (Figure 3.1). The lack of spectroscopic
change indicated SWCNT surface coatings were stably covering the surface and

limited SWCNT aggregation and settling in solution which was not observed

macroscopically.
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Figure 3.1: Spectroscopic analysis of SWCNT stability in complete cell
culture media over 48 h. Absorbance spectra of SWCNTs-PF127 (A) and
SWCNTs-BSA (B) diluted in water (solid line) and in complete cell culture media
after 0 and 48 h at 37 °C (broken lines). Absorbance spectra show that distinct
van Hove peaks were maintained after 48 h in cell culture media. Raman spectra
of SWCNTs-PF127 (C) and SWCNTs-BSA (D) diluted in water (solid line) and
in complete cell culture media after 0 and 48 h at 37 °C (broken lines), normalized
to the intensity of the G-band at ~1590 cm™. Raman spectra show no change in
the intensity of the D-band at ~1300 cm™ associated with sp® carbon or RBM
above 250 cm™ associated with SWCNT bundles after 48 h in cell culture media.
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3.3.2 Subcellular Localization of SWCNTSs Inside Macrophages

We investigated the subcellular localization of SWCNTs inside
macrophages with high magnification phase contrast imaging superimposed with
Raman confocal imaging and spectroscopy. We used Raman spectroscopy for
imaging and quantification since the Raman G-band signal of SWCNTSs is linear
with concentrations over several orders of magnitude®’. Cells exposed to
SWCNTs-PF127 and SWCNTs-BSA at 30 ug/mL for 48 h were fixed and
imaged under phase contrast and Raman microscopy. Raman intensity maps of
the G-band signal (1590 cm %) were taken at the midline of the cell in the same
field of view and co-registered to the phase contrast images to generate a
quantitative spatial distribution of SWCNT concentration inside macrophages
(Figure 3.2). We observed a relatively homogeneous uptake of SWCNTSs within
the population of cells for each condition. Cells treated with SWCNTs—PF127
showed small pockets of concentrated subcellular localization. Cells treated with
SWCNTs-BSA showed a homogeneous distribution of less concentrated uptake,
but larger pockets of highly concentrated SWCNTSs were also observed. With both
types of surface coating, the majority of concentrated SWCNT intensities were
located in the perinuclear space and regions along the cell periphery, consistent
with normal cell processing from phagocytosis and pinocytosis accumulation

(Figure 3.2).
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Figure 3.2: High magnification images of SWCNT uptake in macrophages.
Phase contrast images were co-registered to quantitative intracellular SWCNT
signal (G-band, 1590 cm™) to generate spatial maps of SWCNT uptake. Cells
treated with SWCNTs-PF127 exhibited small pockets of relatively low-level
uptake. Cells treated with SWCNTs-BSA showed a homogeneous distribution of
low-level uptake, as well as larger pockets of high-level uptake. In both cases, the
majority of concentrated SWCNT pockets were located in the perinuclear space
and regions along the cell periphery. The color scale bar is the approximate local
concentration of SWCNTSs in the range of 95-2400 pg/mL. (Scale bar = 20 um).

3.3.3 SWCNT Dosage and Surface Coating Alters Macrophage

Morphology

Since macrophages internalized high levels of SWCNTSs, possibly by
compartmentalization, we examined gross changes in macrophage morphology.
Bioinert SWCNTs-PF127 caused no observable changes in macrophage
morphology, but bioactive SWCNTs-BSA dramatically altered cellular
morphology with increasing SWCNT concentration (Figure 3.3A). At SWCNTs—

BSA concentrations > 30 pg/mL, we observed distinctly phase-dense cytoplasmic
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regions. To compare these morphological changes, we measured projected
macrophage area with increasing amounts of SWCNTs—-BSA. At SWCNTs-BSA
concentrations > 30 pg/mL, we observed statistically significant, dose-dependent
increases in projected cell area (Figure 2B). These phenotypic changes associated
with SWCNTs-BSA were cell-type specific: fibroblasts exposed to the same
range of SWCNT concentrations showed neither phase-dense cytoplasm nor
dramatic size differences with exposure to SWCNTs-BSA (Figure 3.3C). Note
that SWCNT uptake into epithelial and mesenchymal stem cells showed little

change in cell morphology at SWCNTs—BSA concentrations up to 30 pg/mL.?
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Figure 3.3: SWCNT concentration- and surface coating-dependent effects on
macrophage morphology. (A) Low magnification images show a dose-
dependent change in morphology with noticeable phase dense regions for
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macrophages treated with SWCNTs—BSA but not SWCNTs-PF127. Fibroblasts
treated with SWCNTs-BSA did not show morphology changes. (Scale bar = 50
um). (B) Projected cell area for J774A.1 macrophages treated with SWCNTs—
BSA increased with SWCNT concentration (mean £ SD, 40 cells/FOV, 2
FOV/well, 3 wells; *p < 0.001 compared to control, *p < 0.05 compared to 30
ug/mL, 4p < 0.05 compared to 60 ug/mL). (C) Quantified cell area for NIH-3T3
fibroblasts was found to be independent of treatment with SWCNTs-BSA (mean
+ SD, 20 cells/FOV, 4 FOV/well, 1 well).

3.3.4 SWCNT Dosage and Surface Coating Affect Macrophage

Proliferation

Since we aim to effectively deliver SWCNTs to macrophages, we
examined how SWCNTs impact macrophage viability and proliferation in
addition to cell morphology. Previously, we showed that SWCNTs are not
acutely toxic but significantly reduce cell proliferation.'” Similar to morphology,
we found that cell viability and proliferation were not significantly impacted at
any concentration for SWCNTs-PF127 (Figure 3.4). SWCNTs-BSA statistically
reduced macrophage viability, but > 95% of cells remained viable even at
extremely high SWCNT concentrations (Figure 3.4A). Despite minimal effects on
cell survival, SWCNTs-BSA dramatically reduced cell proliferation in a dose-
dependent way at concentrations > 30 ug/mL (Figure 3.4B). The reduction in
proliferation also corresponded to the increase in cell size observed for SWCNTs—
BSA > 30 ug/mL (Figure 3.4). However, macrophages treated with 30 pug/mL of
SWCNTs-BSA showed a much different physical morphology (Figure 3.3) and
altered viability and proliferation (Figure 3.4) compared with an equivalent (100

ug/mL treatment) number of internalized SWCNTs—PF127. Macrophages may
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be comparatively more sensitive to bioactive SWCNTs-BSA than SWCNTs—
PF127 not only because of the greater internalized SWCNT concentration but
perhaps also due to preferential receptor based uptake and subsequent cellular

processing.

A BPF127 @BSA
100 i * *% * k% * * k%
X 75 -
>
= 50 -
3
; 25 N
0 -
PBS 1% 1 30 60 100
SWCNT Concentration (ng/mL)
B BmPF127 @BSA
< 100 4 i =
S 75- .
©
qq“_, 50 - *x
o 25 - -
o
0 -

PBS 1% 1 30 60 100
SWCNT Concentration (Lg/mL)

Figure 3.4: Macrophage viability and proliferation with SWCNT
concentration and coating. (A) No significant reduction in viability was
observed for SWCNTs-PF127, while a minor, yet statistically significant,
reduction (to 95%) was observed for SWCNTs—BSA at the highest concentration.
Viability was measured as the percentage of propidium iodide (PI) negative cells.
(B) Macrophage proliferation remained statistically unaltered for SWCNTs—
PF127 but was statistically reduced in a dose-dependent manner for high
concentrations of SWCNTs-BSA. Proliferation was measured by cell
enumeration and represented relative to control. Data represent mean £ SEM, >
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50 cells/FOV, 10 FOV/well, 1 well; *p < 0.05, **p < 0.01 compared to PBS
control.
3.3.5 Modeling of Receptor- and Membrane-Mediated Uptake via

Modulation of SWCNT Surface Coating

We quantified SWCNT concentration inside cells using a calibration curve
that relates G-band intensity of the Raman spectra at 1590 cm™ to SWCNT
concentration.* We treated cells with SWCNTSs for 48 h, washed with phosphate
buffered saline (PBS), lysed the cells and measured internalized and membrane-
associated SWCNTs using Raman spectroscopy of the lysates. Cells treated with
SWCNTs-PF127 showed increased uptake with increased exposure
concentration, from 0.1 pg per cell at 1 pg/mL SWCNT to 15 pg per cell at 100
ug/mL SWCNT (Figure 3.5). Pluronics are membrane active and we have
previously reported that Pluronic F127 coating increases the association of
SWCNTs with cell membranes and other cell structures.***° We attribute
SWCNTs-PF127 internalization to association with the cell surface and express

SWCNT internalization via membrane uptake with first order kinetics.

[SWCNT]int = Kmem [SWCNT] ext (3-1)

[SWCNT]ix and [SWCNT]ex are the internal and external concentration of
SWCNTSs, respectively, and Kmem has units of (pg cell™*)/(ng mL™* SWCNT). Kiem
represents a superposition of steps including diffusion, membrane association, cell

endocytosis, and other cellular processes. From data of [SWCNT]iy versus
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[SWCNT]ex: in Figure 3.5 and Equation 3.1, we determine Knyem to be 0.1 (pg cell

Y/(ng mL™* SWCNT).
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Figure 3.5: Quantified uptake per cell for macrophages with different
SWCNT surface coatings and cellular activity levels. SWCNTs—BSA showed
enhanced uptake per cell compared to SWCNTs-PF127. For indicated points,
cells were pre-stimulated with 5 ng/mL lipopolysaccharide (LPS), which further
increased uptake. Treatment of LPS stimulated macrophages with SWCNTs-BSA
shows saturated uptake. Lines represent the best linear or nonlinear fits to the data
(see Methods). Data represent mean + SEM obtained through error propagation, >

3 FOV/well, 3 wells.

SWCNTs-BSA showed increased cellular uptake with a maximum uptake
of 27 pg per cell at 100 pg/mL (Figure 3.5). Macrophages have surface receptors
designed to bind numerous proteins** and show affinity for albumins and
albumin-coated nanomaterials.** We hypothesize that the protein coating on
SWCNTs enhanced uptake through stimulation or interaction with cell surface
receptors leading to accelerated internalization. Thus, uptake is a function of Knyem

from above as well as a receptor mediated effect K.

55



[SWCNT]int = (Kmem + Krec) [SWCNT] ext (3-2)

Krec IS dependent on receptor concentration. A reasonable form for K. can be
taken as Kre = Krec'[R], but Kree’ and receptor concentration, [R], cannot be
decoupled experimentally. From the data in Figure 3.5 and Equation 3.2, we
determine (Kmem + Krec) to be 0.3 (pg cell™)/(ug mL™ SWCNT), and Kec = 0.2 (pg
cell™/(ug mL™ SWCNT). The receptor mediated uptake is double the uptake

from nonspecific membrane association.

3.3.6 Modeling of Receptor- and Membrane-Mediated Uptake via

Modulation of Macrophage Activity

Specific targeting of SWCNTs to activated M1 macrophages has many
potential uses including treatment of cancer, sensing, and ablation in regions of
chronic inflammation. To determine what role cell activity plays in SWCNT
uptake, we stimulated macrophages with LPS, an endotoxin that specifically
activates macrophages.* LPS induced activation of macrophages to an M1
phenotype® and increased pinocytosis and phagocytosis.***> Macrophages were
pre-stimulated with 5 pug/mL and treated with either SWCNTs-PF127 or
SWCNTs-BSA.

With bioinert SWCNTs-PF127, we observed a 4—fold increase in uptake,
leading to a maximum uptake of 55 pg per cell at 100 ug/mL (Figure 3.5). We

attribute this increased uptake to increased pinocytosis and membrane processing,
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K'mem, in Equation 3.3.

[SWCNT] int = K’mem [SWCNT] ext (3-3)

We found the experimental relation of external and internal concentration to be
mostly linear, and K'mem = 0.5 (pg cell™)/(ug mL™ SWCNT). Comparing uptake
of SWCNTs-PF127 (Kmem versus K'mem), we observed a 5-fold increase in
membrane uptake with LPS stimulation. This 5-fold increase in membrane
processing is consistent with previous reports of macrophage pinocytosis of small
molecules such as with stimulating conditions.** Thus, SWCNTs—PF127 provided
a good approximation of membrane-mediated uptake.

LPS-enhanced uptake of bioactive SWCNTs-BSA exhibited a
substantially different trend compared to previous experiments without cell
stimulation. Uptake of SWCNTs-BSA by activated macrophages was impacted
by both BSA bioactivity and cell activation state at low concentrations (< 30
ug/mL) showing a 7—fold increase over SWCNTs-BSA in non-stimulated cells.
However, at a dosage level > 30 ug/mL, uptake increased linearly with dosage
with a similar rate to that of SWCNTs-PF127. With high levels of SWCNTs-BSA
we observed a nonlinear response (Figure 3.5). This change in functional form of
uptake could arise from receptor saturation. Previously, immune cell uptake of
acetylated low density lipoprotein®® and starch particles*’ also demonstrated
saturation at high exposure concentrations. We modeled the receptor mediated

portion of SWCNT-BSA uptake with a saturation model.
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a[SWCNT]ext

[SWCNT]int = K'nem [SWCNT ] eyt + B+[SWCNT ] oxt

(3.4)

The parameters a and B reflect receptor saturation. When [SWCNT]ex: IS low,
compared with levels of receptors, the [SWCNT]inx Equation 3.4 becomes

Equation 3.5.

[SWCNT]int = (K'mem + K'rec) [SWCNT ] ey (3.5)

Below 30 pg/mL, we determined that (K'mem + K'ec) = 2.0 (pg cell)/(ug mL™
SWCNT). From K'mem = (pg cell)/(ng mL™* SWCNT), we approximate K'rec =
1.5 (pg cell™)/(ug mL™ SWCNT). Thus, in the limiting case of low SWCNT
exposure concentration, the receptor-mediated processes contribute three times as
much as membrane-mediated processes to overall macrophage uptake of
SWCNTs, before losing effectiveness at high SWCNT exposure concentration as
receptors begin to saturate. Providing these comparable guantitative parameters of
cell uptake is not possible with traditional methods, such as chemical blocking of
cellular processes (e.g., endocytosis blocking with dynamin inhibitors). Since (i)
the equilibrium coefficients are less than an order of magnitude different from one
another, and (ii) SWCNTs enter cells by both non-specific membrane turnover
and receptor-mediated processes, it would have been nearly impossible to
decouple the quantitative effects of both with blocking.

We found that protein-coated SWCNTs entered cells using both non-

specific and receptor-mediated processes; ~25 pg per cell SWCNTs-BSA was
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delivered to activated macrophages with as little as 10 pg/mL extracellular
concentration. When considering SWCNT size (~145 nm long), this mass

correlates to more than 50 million SWCNTSs per cell.?

This same level of delivery
would require > 100 pg/mL SWCNTs-BSA in non-stimulated macrophages. This
suggests that SWCNTSs can be preferentially delivered to activated macrophages
(10:1) at 10 pg/mL. Further, the apparent saturation of receptor-mediated uptake
over 30 ug/mL suggests that additional SWCNTs—BSA would have little added
benefit. Previous studies of SWCNT delivery to macrophages examined

conditions of 5-20 pg/mL,%*#?® which was below the receptor threshold that we

have observed.

3.3.7 Comparison of SWCNT Uptake in Fibroblasts versus

Macrophages

We are able to show an optimal SWCNT concentration for targeting
activated macrophages. Another common cell type found in niches associated
with macrophages — in wound healing, inflammation, and repair — is a fibroblast.
Therefore, we examined SWCNT uptake by fibroblasts using similar conditions
to macrophages. The results followed the same trend observed for SWCNT
uptake in macrophages; SWCNTs-BSA increased uptake 5-fold compared to
SWCNTs-PF127 with maximum uptake of 3 and 14 pg per cell for SWCNTs—
PF127 and SWCNTs-BSA, respectively (Figure 3.6). Generally, macrophage

uptake was 5 — 10 times greater than fibroblast uptake for comparable SWCNT
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dispersions. Since fibroblasts have intrinsically different sizes than macrophages,
and macrophage size varies with SWCNT uptake, we considered the SWCNT
uptake data with respect to projected cell area. The uptake of SWCNTs—BSA per
unit area for macrophages showed a stronger concentration dependence than
SWCNTs-BSA uptake for fibroblasts (~6 times greater). Taken together with the
intracellular Raman maps (Figure 3.2), macrophages appear to concentrate
SWCNTs-BSA within their intracellular space compared to fibroblasts. As
macrophages increase their uptake per cell, not only do they become larger in

size, but the larger macrophages are packed more densely with SWCNTSs.
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Figure 3.6: Differential surface coating mediated SWCNT uptake in J774A.1
macrophages and NIH-3T3 fibroblasts. (A) Similar to macrophages, SWCNTs—
BSA showed enhanced uptake per cell compared to SWCNTs-PF127 in
fibroblasts. For comparable surface coatings, macrophages showed increased
uptake trends compared to fibroblasts for both PF127 and BSA coatings. (B)
Concentration-dependent uptake of SWCNTs-BSA per projected cell area was
enhanced for macrophages, which is more than the 2—fold enhancement observed
on a per cell basis. Data represent mean + SEM obtained through error
propagation, > 3 FOV/well, 3 wells.

In comparison to other published results of SWCNT uptake by
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macrophage cell lines, we observe 2— to 40—fold higher uptake. While no direct
comparison exists, RAW 264.7 macrophages showed slightly reduced uptake
(~2—fold less) of lipid-functionalized SWCNTSs than observed here.*® Extremely
long, dispersed SWCNTs (10 times longer than the ones studied here) show a 40—
fold reduced uptake by J774A.1.° However, most studies do agree that

professional phagocytes have increased nanoparticle uptake over other cells.

3.4 Conclusions

Bioactivity of the SWCNT coating and macrophage activity are both
important for SWCNT uptake, but macrophage activity contributed more to levels
of uptake. Even non-activated macrophages were able to internalize an order of
magnitude more SWCNTs-BSA than fibroblasts, possibly by cell adaptation to
engulfed materials. However, treatment concentrations > 30 ug/mL are limited,
likely since cell surface receptors were saturated. At these high exposure levels,
macrophages also showed altered morphology and proliferation. Thus, we suggest
a high potential for selective delivery of SWCNTSs to M1 activated macrophages

for imaging, sensing, drug delivery and ablation.
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4 Length Selective Delivery and Altered Subcellular
Processing of Protein Stabilized Single Wall Carbon

Nanotubes in Macrophages

4.1 Introduction

Understanding the uptake and intracellular distribution of nanoparticles
within cells is important for controlling the rates of accumulation and delivery to
specific subcellular compartments, which have direct impacts on toxicity and
therapy. Various therapeutic molecules require site specific delivery within the
cell, including delivery of DNA to the nucleus, trafficking to lysosomes for drug
release, or escape from endosomes for protein based therapeutics.! Diagnostic and
sensing applications not only require specific compartment delivery but also
appropriate concentrations that enable detection without inducing toxicity.? Single
wall carbon nanotubes (SWCNTSs) have received much attention as subcellular
nanoparticles due to their low toxicity, small size, and ability to easily cross
cellular membranes. SWCNTSs also have high specific surface area for delivery as
well as unique electrical, optical, thermal, and mechanical properties® which have
motivated their use as subcellular sensors,* cellular labels,® and in photothermal
ablation.®

Immune cells, in particular macrophages, have emerged as attractive
targets for subcellular nanoparticle and SWCNT delivery. Macrophages are

involved in many physiological and pathological conditions including wound
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healing, inflammation, and cancer, thus motivating a broad interest in modulating
and tracking macrophages for therapy and diagnosis.”® As such, the subcellular
distribution, functional state, and residence time of SWCNTSs in macrophages are
important parameters to establish. For other cell types including fibroblasts,
individual SWCNTs of varying lengths have been observed to enter cells and
were subsequently expelled at later times.>*® Aggregated SWCNTS, on the other
hand, were observed to remain in murine myoblast stem cells after 3 months.**
However for macrophages, which take up significantly more SWCNTs than other
cell types,*? it is unclear how the physical properties of SWCNTSs or the cell
specific processing of macrophages affect the subcellular distribution, and
importantly the aggregation state of SWCNTSs within the cell.

The specific subcellular trafficking and ultimate fate of internalized
nanoparticles is largely determined by the mechanism of cellular entry.**** In
addition to specific associations with cell membrane components, uptake
mechanisms are highly size dependent.”® Macrophages are capable of two size
dependent entry mechanisms: endocytosis of small (< 200 nm) material and
specialized phagocytosis of large (> 500 nm) particles. To investigate the
subcellular distribution and aggregation state of SWCNTs in macrophages
internalized through these mechanisms, we prepared dispersions of two different
length SWCNTSs. In order to maintain SWCNT optical properties and promote
cellular uptake into macrophages, we non-covalently dispersed SWCNTs with

bovine serum albumin (BSA).> ** 17 We also compared the subcellular
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distribution in macrophages to fibroblasts to determine the effects of immune cell
specific processes.

Using Raman spectroscopy, we quantify cellular uptake as well as track
the intracellular state of SWCNTSs as a function of length in macrophages. We
find that bulk uptake in cells decreases with increasing SWCNT length, but
selectivity for macrophages enhances. For macrophages, short SWCNTSs were
highly bundled and located in concentrated phase dense regions, whereas longer
SWCNTs forced to enter through phagocytosis remained relatively isolated with
preserved SWCNT properties. Macrophages also showed increased SWCNT
bundling compared to fibroblasts, which were found to release a larger percentage
of their internalized SWCNTs over time compared to macrophages. Taken
together, the results suggest both macrophage cellular processes and the short
length of SWCNTSs facilitate high subcellular concentrations in macrophages that
are more bundled and less likely to release from macrophages than from
fibroblasts. This differential cellular processing further suggests that macrophages
may be used in novel applications such as live cell carriers of SWCNTSs into

tumors and regions of inflammation for therapy and imaging.

4.2 Materials and Methods

4.2.1 SWCNT Dispersions
Long length SWCNTs-BSA dispersions were prepared from unpurified
high pressure carbon monoxide conversion synthesis (HIPCO) SWCNTs (Carbon

Nanotechnologies, Inc.) with diameters of 1 £ 0.3 nm and polydisperse lengths.
70



As produced HIPCO SWCNTSs contain a wide distribution of lengths with many
SWCNTs > 500 nm.  Dispersions of individual SWCNTSs preserving longer
lengths were produced following similar methods previously reported for other
surfactant dispersing agents that resulted in SWCNTs > 1 um in length.*® ~87 mg
of hydrated SWCNT powder (~2.2 mg dry mass equivalent) was dissolved in 2.2
mL of 10 wt% BSA (Sigma-Aldrich) solution in ultrapure deionized water and
exposed to 30 min of low power, high frequency (12 W, 55 kHz) bath sonication
(Cole-Parmer Ultrasonic Cleaner). Long SWCNTSs-BSA suspensions were mildly
centrifuged for 30 min at 10,000xg to remove large SWCNT aggregates.

Short length SWCNTs-BSA dispersions were prepared using purified and
length fractionated SWCNTSs from the same synthesis batch. The purification and
length fractionation procedures, described previously in greater detail,*>**
resulted in a SWCNT sample containing < 5 wt% carbonaceous impurities and
~0.3 wt% metallic impurities®?° with lengths of 145 + 17 nm.*** Short
SWCNTs were dispersed at 0.1 wt% in 1.0 wt% BSA via high power, low
frequency probe-tip sonication (Fisher Scientific, Model 100; 3 mm tip diameter)
at 6 W for 2 hours. Under these conditions, the ~150 nm SWCNTs were not
shortened from sonication induced scission.®> To separate bundles from isolated
SWCNTSs, suspensions were centrifuged at 21,000xg for 7 minutes (Beckman
Coulter Allegra 25R Centrifuge with a TA-15-1.5 rotor). For both long and short
SWCNTs-BSA, the supernatant after centrifugation was collected and sterilized

under UV light for 1 h prior to cell experiments.
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4.2.2 SWCNT Dispersion Characterization

UV-vis-NIR absorbance spectroscopy: To quantitatively determine

SWCNT concentration and qualitatively assess dispersion quality, SWCNT
dispersions were examined using UV-vis-NIR absorbance spectroscopy (Varian
Cary 5000 UV-vis-NIR spectrophotometer). Concentration was determined using
an extinction coefficient of 2.6 (absorbance mL)/(mg mm) at 930 nm.?* The
stability of long SWCNTs-BSA dispersion in ultrapure deionized water was
monitored over 3 months using absorbance spectroscopy by quantifying the peak
width at half max of the van Hove peaks in the NIR region.

Raman spectroscopy: SWCNT structure after dispersion and initial

aggregation state in solution were characterized with Raman spectroscopy.
Samples diluted to ~0.1 absorbance/cm in water were analyzed on an inverted,
inVia confocal Raman microscope (Renishaw) using a 50x air objective with 0.75
numerical aperture (NA) and a 785 nm laser (100 mW). Spectra were acquired
between 100 — 3200 cm™. Each Raman spectrum was normalized to the G-band
intensity. The D-band-to-G-band intensity ratio (Ip:1g) was calculated by dividing
the D-band intensity at ~1300 cm™ by the G-band intensity.

NIR fluorescence spectroscopy: SWOCNT dispersion quality was

characterized with NIR fluorescence spectroscopy (Horiba Jobin Yvon Nanolog
spectrofluorometer). SWCNT samples were diluted to ~0.1 absorbance/cm in
water and NIR fluorescence spectra were collected at 60 s integration time with
excitation and emission slit widths of 10 nm using a liquid nitrogen cooled

detector (Symphony InGaAs-1700). The excitation grating was 1200 grooves/mm
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and blazed at 500 nm and the emission grating was 150 grooves/mm and blazed at
1200 nm. A NIR fluorescence heat map of corrected fluorescence intensity
normalized to excitation intensity was constructed using FluorEscence and
Nanosizer software with chirality peak fits generated using a VVoight 2D model.
SWCNT quantum yield (QY) was determined at 785 nm. The total corrected
SWCNT NIR fluorescence signal per absorbance was normalized to fluorescence
per absorbance of NIR dye indocyanine green with known quantum efficiency

and the same system parameters.

4.2.3 Cell Culture and Treatment

J774A.1 mouse macrophage-like cells (ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; 4500 mg/L glucose, 4.0 mM L-
glutamine, without sodium pyruvate; Thermo Scientific Hyclone), supplemented
with 10% v/v fetal bovine serum (FBS; Invitrogen) and 1% v/v penicillin-
streptomycin (P/S; Invitrogen). NIH-3T3 mouse fibroblast cells were cultured in
similar medium, except with newborn calf serum (CS; Invitrogen) instead of FBS.
HeLa cells were cultured in DMEM (1000 mg/L glucose, 4.0 mM L-glutamine,
with 110 mg/L sodium pyruvate; Thermo Scientific Hyclone), supplemented with
10% v/v FBS (Invitrogen) and 1% v/v P/S (Invitrogen). Cells were maintained at
37 °C and 5% CO..

SWCNT Uptake per Cell: For bulk uptake measurements, J774A.1 cells

were seeded at 2 x 10* cell/cm? or HeLa and NIH-3T3 cells were seeded at 3x10*

cells/cm? into 24-well plates and maintained in culture for 24 h. Short or long
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SWCNTs-BSA were diluted to a final concentration of 1 ug/mL in fresh media
and cells were exposed for 48 h. Each treatment was performed in duplicate.
Exposure media was removed and cells were gently washed once in PBS. Fresh
pH independent media without phenol red was added, and cells were labeled with
Hoechst 33342 and propidium iodide (PI) for quantification of proliferation and
viability. Images were taken for > 5 fields of view of ~0.4 mm? each on a Leica
DMI 6000B inverted light and fluorescence microscope maintained at 37 °C with
a 20x (0.4 NA) air objective. Nuclei were segmented and counted in ImageJ and
the average cell density was extrapolated to determine the cells per well for
uptake normalization.

SWCNT _Subcellular _Imaging: For subcellular Raman mapping

measurements J774A.1 cells were seeded at 1 x 10 cell/lcm® or NIH-3T3 cells
were seeded at 3x10* cells/cm? onto sterilized #1.5 coverslips and maintained in
culture for 24 h. For length dependent processing comparisons in macrophages,
short or long SWCNTs-BSA were diluted to a final concentration of 10 ug/mL in
fresh media, and cells were exposed for 48 h. For cell type dependent processing
comparisons in fibroblasts and macrophages, short SWCNTs-BSA were diluted to
a final concentration of 30 ug/mL in fresh media, and cells were exposed for 24 h.
For recovery conditions, fibroblasts were subcultured and re-seeded in fresh
media for 24 h. For macrophage recovery, treatment media was removed,
exchanged for fresh media, and cells were maintained in culture for an additional

24 h. At the completion of cell exposure or recovery, media was removed and
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cells were washed 3 times in PBS and fixed with 3.7% v/v formaldehyde (Sigma-

Aldrich) for 15 min and mounted onto glass slides.

4.2.4 Quantification of SWCNT Uptake

Cells were lysed using a combination of Triton X-100 and one freeze thaw
cycle and were probe-tip sonicated for ~10 seconds at 6 W (Fisher Scientific,
Model 100; 3 mm tip diameter). Cellular lysate solutions were then pipette into
24-well MatTek #1.5 glass bottom plates and subjected to confocal Raman
spectroscopy (inVia Raman microscope, Renishaw) using a 785 nm laser with a
50x (0.75 NA), air immersion objective. SWCNT concentration was determined
from the height of the G-band above baseline using a standard concentration
curve relating G-band intensity to SWCNT concentration determined via UV-vis-

NIR absorbance spectroscopy for either short or long SWCNTs-BSA (Figure 4.1).
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Figure 4.1: Raman spectroscopy standard curves. Standard curve relates
SWCNTs Raman G-band height above the baseline to concentration for 50x (0.75
NA), air immersion objective used for solutions (A), and 100x (1.4 NA) oil
immersion objective used for Raman mapping experiments (B). The highest
concentration sample was made by diluting SWCNT stock dispersion with known
concentration from UV-vis-NIR absorbance spectroscopy. The sample was
serially diluted, and Raman spectroscopy was performed on each diluted sample
with the indicated integration times. The G-band signal was linear with SWCNT
concentration over the indicated concentration ranges. Reproducibility of G-band
counts measurements were insured by calibrating to the same silicon standard
wafer before each experiment. Data = mean + SEM from > 5 acquisitions.

4.2.5 Subcellular Raman Spectroscopy Mapping

Phase contrast imaging and Raman spectroscopy mapping were performed
on an inverted, inVia confocal Raman microscope (Renishaw) using a 0.9 NA air
condenser, a 100x (1.4 NA) oil immersion objective, and a 785 nm laser (100
mW). Control of mapping parameters and imaging processing were performed
using WIRE software (Renishaw). For Raman mapping, Raman spectra were
acquired with an X-Y step size < 1.4 um for single cell images and < 3.0 um for

multi-cell fields of view. Excitation laser power of 5% was used to prevent
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sample degradation and ensure accurate bundle fraction quantification. Spectra
corresponding to the G-band, radial breathing modes (RBMs), and NIR
fluorescence region were taken sequentially over the same X-Y coordinates all
with integration times of 2 s. For G-band, spectra between 1188 — 1696 cm™
(centered at 1450 cm™) were collected with 0.88cm™ resolution. For RBMs,
spectra between 27 — 650 cm™ (centered at 350 cm™) were collected with 1.08cm’
! resolution. For NIR fluorescence, spectra between 2238 — 2659 cm™ (centered at

2450 cm™) were collected with 0.71cm™ resolution.

4.2.6 Spatial Maps and Quantification

Spatial maps of the G-band intensity, bundle fraction, and NIR
fluorescence were performed in MATLAB (MathWorks). The maximum G-band
intensity between 1540 — 1610 cm™, maximum individual RBM intensity between
200 — 250 cm™, and maximum bundle RBM intensity between 250 — 285 cm™
above the baseline in the respective regions were calculated for each data pixel.
For NIR fluorescence, integrated area under the spectral curve between 2238 —
2659 cm™ was tabulated. Bundle fraction was quantified by normalizing the
maximum bundle RBM intensity by the sum of maximum individual and
maximum bundle RBM intensity. NIR fluorescence was quantified by
normalizing the integrated area by the G-band intensity. Local SWCNT
concentration was determined using a calibration curve relating G-band intensity
to SWCNT concentration determined via UV-vis-NIR absorbance spectroscopy

for short SWCNTs-BSA and long SWCNTs-BSA (Figure 4.1). Spectra with G-
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band signal-to-noise ratio < 3 were excluded from the analysis. Subcellular phase
dense regions of interest were manually segmented in ImageJ and the
corresponding individual and bundle RBM intensities within the segmented

region were quantified.

4.3 Results and Discussion

4.3.1 Long SWCNTs are Individually Dispersed by BSA

We have previously worked with SWCNTSs that were purified and length
fractionated to 145 + 17 nm to promote cell uptake.?*?® To develop comparable
SWCNT dispersions with longer lengths, we used the same synthesized batch of
SWCNTs in their as-received state before our additional in-house purification and
length fractionation. The HIPCO synthesis of SWCNTs is known to produce
nanotubes with polydisperse lengths ranging from tens of nm to several pm.”® To
stably disperse SWCNTSs into solution while maintaining their length, we used a
low power, high frequency bath sonication in the presence of BSA, similar to
other approaches used to produce high length (> 1 um) dispersions with other
surfactant molecules.™® We characterized the dispersion quality of long SWCNTs-
BSA and compared to our length fractioned short SWCNTs-BSA using UV-vis-
NIR absorbance, Raman, and NIR fluorescence spectroscopy.

Both short and long SWCNTs-BSA showed similar dispersion quality
with sharp peaks in absorbance which arise from van Hove singularities,

indicating the presence of individually dispersed SWCNTs (Figure 4.2A).%° We
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determined the concentration of dispersed SWCNTSs using a known absorption
coefficient at 930 nm.?* For short SWCNTSs-BSA, we obtained ~30% mass yield
for the chosen dispersion parameters. By comparison, long SWCNTs-BSA had a
slightly higher dispersion concentration but were also prepared with different
sonication and centrifugation procedures to aid in the preservation of longer
SWCNTSs (see Methods). The increased absorbance may also reflect an additional
contribution from amorphous carbon which was removed during the purification
step for short SWCNTSs-BSA dispersions. We further determined long SWCNTSs-
BSA dispersions were stable in water for > 3 months, evidenced by no
flocculation induced concentration changes or broadening of van Hove peaks in

NIR absorbance (Figure 4.3).
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Figure 4.2: Optical characterization and quantification of the aggregation
state of length fractionated (short) SWCNTs-BSA and RAW HiPCO (long)
SWCNTs-BSA. (A) UV-vis-NIR absorbance spectroscopy of short and long
SWCNTs-BSA shows sharp van Hove peaks in absorbance indicative of
individually dispersed SWCNTSs. (B) Raman spectroscopy of SWCNT dispersions
confirms SWCNT structure is maintained with small Ip:lg ratio. The inset
magnifies the radial breathing modes (RBMs) between 200 — 275 cm™ which are
sensitive to the aggregation state of SWCNTSs. The broad peaks between ~1100 —
3100 cm™ result from unfiltered real space SWCNT fluorescence detected on the
system. (C) Quantification of RBM bundle fraction relates resonance Raman
intensity of individual SWCNTSs < 250 cm™ to bundled SWCNTs > 250 cm™ for
Elaser = 1.58 €V (785 nm). Both short and long SWCNTs-BSA dispersions have
significantly lower bundle fractions than undispersed SWCNT powder (p <
0.001). The gentle dispersion with long SWCNTSs results in a significantly higher
bundle fraction than short SWCNTs (**p < 0.01). (D) Quantification of NIR
fluorescence intensity between ~2240 — 2660 cm™ resulting from individual
SWCNTs normalized to the G-band height. Both dispersions have significantly
greater NIR fluorescence than SWCNT powder (p < 0.05), and despite the
increased bundle fraction, long SWCNTs-BSA show increased NIR fluorescence
intensity compared to short SWCNTSs. Data = mean + SEM from > 2 acquisitions.
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Figure 4.3: Long SWCNTs-BSA stability in water characterized with
absorbance spectroscopy. UV-vis-NIR absorbance spectroscopy shows
indistinguishable spectra with no concentration loss or peak broadening at the
dispersion yield concentration for 3 months.

We performed Raman spectroscopy to further characterize dispersion
quality and the initial aggregation state of SWCNTSs using characteristic Raman
features of SWCNTs including the G-band at ~1590 cm™ for sp®-hybridized
carbon, D-band at ~1300 cm™ for sp>-hybridized carbon, and radial breathing
modes (RBMs) between ~200 — 275 cm™ (Figure 4.2B).3* Both short and long
SWCNTs-BSA showed low D-band intensity relative to G-band intensity (Ip:lg ~
0.03) similar to the starting SWCNT powder, indicating that neither sonication
procedure significantly altered SWCNT structure. The RBMs arise from
vibrations along the SWCNT radius and as such, the corresponding Raman shift is
different for each species, or (n,m) chirality of SWCNT.*" Further, the RBMs
which are detected depends on whether the unique electronic transition of a
particular chirality is in resonance with the excitation laser. For the distribution of

HIPCO SWCNTs in our dispersions with the 785 nm (Ejaser = 1.58 eV) used here,
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only individual nanotubes with RBMs < 250 cm™ are in resonance and
appreciably detectable.**** However, if nanotubes are aggregated in bundles, the
electronic transitions of bundled nanotubes have been shown to red-shift and
broaden, thus bringing the bundled nanotubes with RBMs > 250 cm™ into
resonance.*** Specifically, this happens for the (10,2) nanotube with RBM ~ 267
cm™ which is only detected if SWCNTs are bundled.?3 Therefore, to determine
the level of aggregation or amount of bundling, we quantified the intensity
percentage of the bundle RBM at ~ 267 cm™ relative to the max individual RBM
intensity < 250 cm™ (typically at ~234 cm™), i.e., bundle fraction =
Irem@267/(Irem@23s + lrBm@267). FOr both short and long SWCNTs-BSA, we
confirmed that dispersion with BSA significantly reduced the bundle fraction of
starting SWCNT power by ~5 — 10 times (Figure 4.2C). Dispersions of long
SWCNTs-BSA had ~2 times higher bundle fraction compared with short
SWCNTs-BSA. The difference may be due to the gentler sonication and
centrifugation procedure used to preserve SWCNT length which likely allowed
for a greater persistence of small bundles in the sample.

Complimentary to bundle fraction is SWCNT NIR fluorescence, which
arises only from non-bundled SWCNTSs.* We detected the presence of unfiltered
real space NIR fluorescence on our Raman system in the form of broad peaks at
~1450, ~1920, ~2430, and ~2610 cm™ resulting from individual SWCNTSs. We
quantified integrated NIR fluorescence signal between ~2240 — 2660 cm™
normalized to the G-band intensity. Both short and long SWCNTs-BSA

dispersions had significantly greater NIR fluorescence than heavily bundled
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SWCNT powder (Figure 4.2D). Despite the increased bundle fraction, long
SWCNTs-BSA showed increased NIR fluorescence intensity compared to short

SWCNTSs, likely due to the presence of SWCNTs with longer lengths.*

4.3.2 Long SWCNTs-BSA Dispersions Contain High Length SWCNTSs

with Increased Quantum Yield

The quantum efficiency of SWCNTSs is known to strongly depend on their
length.** For pristine SWCNTs, the main non-radiative decay mechanism is
believed to be exciton diffusion to quenching sites consisting of sp*-hybridized
defects, adsorbed molecules, or ends of nanotubes themselves.***® The probability
of diffusion to a quenching site within the lifetime of an exciton decreases with
increasing SWCNT length resulting in more fluorescence emission events. To
verify our long SWCNTSs-BSA dispersion prepared from as-received SWCNTSs
contained nanotubes with longer lengths, we used NIR fluorescence spectroscopy
to determine the relative change in quantum yield (QY) compared to our length-
fractionated short SWOCNTs-BSA  dispersion.  Individually  dispersed
semiconducting  SWCNTs fluoresce at distinct wavelengths in the NIR
corresponding to the unique electronic transition energies of each different
SWCNT chirality,®” whereas bundles containing metallic nanotubes quench
inherent SWCNT fluorescence.®® The NIR fluorescence spectroscopy two-
dimensional excitation-emission heat map shows NIR fluorescence intensity from
many different SWCNT chiralities, confirming the presence of individual

SWCNTs in the long SWCNTs-BSA dispersion (Figure 4.4A). We further
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determined a quantum yield (QY) of ~0.082% for long SWCNTs-BSA, which
was ~6 times greater than the QY of ~0.014% for short SWCNTs-BSA dispersed
with the same BSA protein concentration (Figure 4.4B). The substantial increase
in QY suggests the long SWCNTs-BSA dispersion contained a distribution of
SWCNTSs with longer lengths on average. We also verified that dispersion via low
power bath sonication preserved longer SWCNT lengths by directly comparing
methods with the high power probe-tip sonication used to disperse short
SWCNTSs. High power dispersion of the as-received SWCNTSs resulted in a ~35%
reduced QY of ~0.053%, likely from sonication induced cutting of the long length
SWCNTs.

Theoretical predictions which incorporate diffusional quenching only at
the ends of nanotubes approximate QY scales with L?, were L is the length of the
nanotube.®® Based on this approximation, we determined long SWCNTs-BSA
contain a distribution of SWCNTSs with longer lengths with an average length of
~355 nm. This likely represents a lower estimate since other quenching effects
including defects were ignored. Furthermore, we performed NIR fluorescence
imaging of dilute long SWCNTSs-BSA dispersions immobilized in agar. SWCNT
structures with lengths of ~1 um or greater were visible confirming that the
distribution of nanotubes in long SWCNTs-BSA, in addition to being at least ~2.5
times longer on average, also contains SWCNTSs with significantly longer lengths

(Figure 4.4C).
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Figure 4.4: NIR fluorescence characterization of long SWCNTs-BSA
guantum yield (QY) and length. (A) NIR fluorescence spectroscopy heat map
shows SWCNT fluorescence intensity confirming the presence of individual
SWCNTSs of many different chiralities. The dynamic range is scaled to the max
NIR fluorescence intensity. (B) Quantification of long SWCNTs-BSA QY shows
significant increase compared to short SWCNTs-BSA when prepared with a low
power bath sonication to preserve SWCNT length. High power probe tip
sonication artificially shortens SWCNTSs and reduces QY. (C) NIR fluorescence
images of long SWCNTs-BSA immobilized in agar shows individual SWCNTSs
with lengths exceeding 1 um. Data = mean = SD.

4.3.3 Differential Cellular Uptake of Long SWCNTs-BSA

We compared the uptake of short and long SWCNTs-BSA in multiple cell
types with different cell internalization mechanisms. HelLa cells and NIH-3T3
fibroblasts are primarily active in small sized endocytosis mechanisms which
typically have upper physical limits of ~200 nm due to the size of clathrin or
caveolin vesicles**. Macrophages are active in endocytosis as well as specialized

phagocytosis for internalization of particles > 1 um. To quantify cellular uptake,
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we exposed cells to SWCNTSs for 48 h and subsequently quantified internalized
and membrane associated SWCNTSs of the cell lysates using Raman spectroscopy
with a calibration curve relating G-band intensity to SWCNT concentration
(Figure 4.1). For exposure to 1 ug/mL of short SWCNTs-BSA we observed the
highest uptake by macrophages followed closely by fibroblasts and lower uptake
by HeLa cells (Figure 4.5A). Exposure to equal concentrations of long SWCNTs-
BSA resulted in a reduction in uptake for all cell types (Figure 4.5B). However,
uptake was reduced more for endocytosis dependent HelLa cells and fibroblasts
relative to macrophages, resulting in a ~2 times increase in macrophage
selectivity. We did observe non-negligible uptake of long SWCNTs-BSA for both
HeLa cells and fibroblasts. While many studies have determined optimal
nanoparticle uptake sizes < 200 nm, including 50 nm for gold nanoparticles in
HeLa cells,®® other recent studies in NIH-3T3 fibroblasts showed internalization
of DNA dispersed SWCNTs with lengths ranging 130 — 660 nm and maximum
uptake rate for 320 nm due to clustering of cell surface receptors.® Thus, we
cannot neglect the contribution of uptake process including macropinocytosis™* or
even large caveolin vesicles.” Further, the long SWCNTs-BSA sample also
contains polydisperse lengths including the ~150 nm SWCNTSs that were length

fractionated to generate the short SWCNTs-BSA sample.
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Figure 4.5: Uptake comparison of short and long SWCNTSs-BSA in multiple
cell types. (A) Average mass of short SWCNTSs internalized per cell quantified
using Raman spectroscopy shows slightly higher uptake for macrophages
compared to NIH-3T3 fibroblasts. (B) Uptake of long SWCNTs-BSA decreases
for each cell type, but less so for macrophages resulting in increased selectively
compared to short SWCNTs-BSA. For uptake measurements, cells were exposed
to 1 pg/mL SWCNTs-BSA. Data = mean + SEM from 2 replicate experiments.
Raman spectroscopy spatial maps of SWCNT intensity in macrophages for short
(C) and long (D) SWCNTs-BSA shows subcellular concentrations at 50 — 100
times greater than the 10 ug/mL exposure concentration.

We further compared the subcellular distribution and concentration of
short and long SWCNTs-BSA exposed to macrophages at 10 pg/mL. Raman
spectroscopy maps of intracellular SWCNT concentration revealed regions as
high as 100 times and 50 times more locally concentrated than the exposure
dosage for short and long SWCNTs-BSA, respectively (Figure 4.5C-D). The

extent of increased concentration within macrophages, particularly for short
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SWCNTSs-BSA, suggests that increased uptake is driven by efficient entry and
subcellular processing though endocytosis. We hypothesized this process might

occur though cell specific processes to aggregate SWCNTS.

4.3.4 Macrophages Selectively Bundle Short SWCNTs-BSA

To determine the effects of SWCNT length on subcellular distribution and
aggregation state within macrophages, we performed Raman spectroscopy maps
over several individual cells exposed to 10 ug/mL short or long SWCNTs-BSA.
Each pixel within the maps contained data from Raman spectra relating SWCNT
concentration with G-band, SWCNT aggregation state with RBMs, and the
presence of individual SWCNTs through NIR fluorescence (Figure 4.6A).
Exposure to both short and long SWCNTs-BSA resulted in subcellular regions
with markedly increased concentrations of SWCNTSs. For cells exposed to short
SWCNTSs-BSA, regions of localized SWCNT concentration correlated spatially
with distinct pockets of higher bundle fractions, as well as reduced NIR
fluorescence. For macrophages exposed to long SWCNTSs, subcellular regions of
equal SWCNT concentration did not appear to have increased bundle fraction or
severely reduced NIR fluorescence. We quantified the average bundle fraction
and NIR fluorescence for all signal pixels across multiple individual cells (Figure
4.6B). The bundle fraction histogram from cells treated with short SWCNTs-BSA
was shifted to higher values compared to cells treated with long SWCNTs-BSA,
indicating that short SWCNTSs are aggregated more within macrophages. The NIR

fluorescence histogram from cells treated with short SWCNTs-BSA was
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correspondingly shifted to lower values than cells treated with long SWCNTSs-
BSA, confirming the increased subcellular aggregation into bundles also resulted
in quenching of NIR fluorescence. Further, the bundle fraction of short, but not
long, SWCNTs-BSA was significantly increased in cells compared to the starting
dispersion (p < 0.0001), while the NIR fluorescence of both short and long
SWCNTs-BSA was significantly decreased (p < 0.05). To account for differences
in the starting bundle fraction and NIR fluorescence of short and long SWCNTs-
BSA dispersions, we normalized the quantified bundle fractions and NIR
fluorescence in cells to the starting SWCNTSs dispersions (Figure 4.6C). After
normalization, the bundle fraction of short SWCNTs-BSA in cells was increased
by ~6.1-fold compared to just ~1.9-fold for long SWCNTs-BSA, indicating
significantly greater bundling of short SWCNTs as a result of subcellular
processing by macrophages. Normalized NIR fluorescence for of short SWCNTs-
BSA in cells was reduced by ~2.1-fold, which was just slightly more than the

~1.9-fold reduction for long SWCNTs-BSA.
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Figure 4.6: Subcellular distribution and aggregation state of short and long
SWCNTs-BSA in macrophages. (A) Raman spectroscopy maps taken over
individual cells. Each pixel represents a Raman spectrum containing G-band
signal for SWCNT concentration, as well as radial breathing modes and NIR
fluorescence intensities used to quantify SWCNT aggregation state. SWCNT
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concentration maps show regions of similarly high subcellular concentrations of
both short and long SWCNTs-BSA. For cells treated with short SWCNTs-BSA,
localized regions of SWCNT concentration correspond spatially to regions with
higher SWCNT aggregation evidenced by increased bundle fraction and reduced
NIR fluorescence. (B) Frequency distributions for all bundle fraction and NIR
fluorescence intensity pixel measurements taken across multiple cells for short
and long SWCNTs-BSA. Cell exposure to short SWCNTSs-BSA results in a shift
of the distribution to higher bundle fractions and lower NIR fluorescence
compared with cell exposure to long SWCNTs-BSA. The lines represent
Gaussian or inverses Gaussian fits to the distributions for bundle fraction or NIR
fluorescence, respectively. (C) Quantification of the average fold change in
bundle fraction and NIR fluorescence for short and long SWCNTs-BSA in cells
relative to their respective starting values as dispersions in solution. The bundle
fraction of short SWCNTs-BSA was significantly increased in cells compared to
long SWCNTs-BSA, while NIR fluorescence was decreased slightly. Data =
mean + SEM from > 4 fields of view, ***p < 0.001 between indicated groups.

For cells exposed to short SWCNTs-BSA we observed that the
distribution of subcellular regions with increased bundle fraction also appeared to
correlate with changes in cellular morphology in the form of dense regions visible
under phase contrast microscopy. We saw similar pocketed phase dense regions in
a majority of other cells treated with short SWCNTs-BSA. Using Raman
spectroscopy, we selectively examined the average RBM intensity corresponding
to individual and bundled SWCNTSs within the phase dense regions (Figure 4.7).
We found SWCNTSs in these regions were highly aggregated, suggesting spatially
localized regions of preferential SWCNT bundling with the cell. These regions
may represent fused endocytic vesicles which were less abundant in cells treated

with long SWCNTSs-BSA.
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Figure 4.7: Subcellular processing of short SWCNTSs-BSA in macrophages.
Spatial correlation of phase dense subcellular regions identified in phase contrast
images with Raman spectroscopy mapping results shows these regions are
preferentially comprised of less individual and more bundled SWCNTSs. Data =
mean + SD.

Analyses of RBMs and NIR fluorescence from Raman spectra have been
utilized to characterize SWCNT dispersion quality and bundling in solution.®® Yet
there are limited works exploiting these features to analyze the dispersion status
of SWCNTSs in cellular systems. Raman spectroscopy has been used to visualize
live cell uptake dynamics of individual SWCNT chiralities in macrophages. Using
DNA dispersed unaltered HIPCO SWCNTs, very little intracellular SWCNT
bundling was observed over 30 minutes.* Here, we have length fractionated and
dispersed SWCNTs with BSA to compare the length dependent subcellular
distribution and intracellular state of SWCNTSs after 48 hours of exposure. The
concomitant increase in bundle fraction, reflecting perturbations to nanotube
electronic structure, along with decreases in NIR fluorescence indicating some
type of quenching may suggest direct SWCNT-SWCNT contact and removal of
the protein dispersing agent. This would not be surprising if SWCNTs are
clustered within intracellular compartments of a macrophage cell type containing
large amounts of digestive enzymes. Bundled SWCNTSs have been observed in the
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lysosomes of human macrophages directly under transmission electron
microscopy.*’ For long SWCNTs-BSA, the additional surface area available for
more extensive protein coverage may help to prevent cell induced aggregation.
Further, the high aspect ratio of long SWCNTs-BSA may prevent equivalent

levels of cellular processing or facilitate disruption of intracellular vesicles.*

4.3.5 Fibroblasts Bundle Short SWCNTs-BSA Less and Release More

SWCNTSs Over Time than Macrophages

Since we found macrophages increased cellular uptake of short SWCNTSs
by bundling them within distinct intracellular regions, we examined the
subcellular distribution and aggregation state of SWCNTSs in fibroblasts to see if
other endocytic cell types behaved similarly. Macrophages and fibroblasts were
exposed to a higher concentration of 30 ug/mL short SWCNTs-BSA for 24 h.
Subcellular Raman spectroscopy maps of fibroblasts showed a more
homogeneous distribution of lower SWCNT concentrations (Figure 4.8A).
Quantification over several multiple cell fields of view revealed fibroblasts had
significantly lower average bundle fraction and significantly increased average
NIR fluorescence compared to macrophages. Relative to the initial short
SWCNTs-BSA dispersion, the bundle fraction of short SWCNTs-BSA in
fibroblasts increased by ~1.9-fold compared to ~6.3-fold for macrophages, while
the NIR fluorescence increased by ~1.1-fold compared to the ~2.3-fold decrease
observed for macrophages. Since bundling of SWCNTSs in cells may result in part

from removal of the BSA surface coating, the cellular specific processing
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combined with higher protein digestive activity in macrophages could contribute

to the observed increased bundling compared to fibroblasts.
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Figure 4.8: Subcellular concentration, distribution, and aggregation state of
short SWCNTs-BSA over time in NIH-3T3 fibroblasts and macrophages. (A)
Raman spectroscopy maps of multi-cell fields of view for NIH-3T3 fibroblasts
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exposed at 30 ug/mL show subcellular distributions of SWCNTs with lower
bundle fraction and higher NIR fluorescence after 24 h exposure compared with
macrophages. Exposure cells were continued in culture for 24 h without SWCNTSs
providing an equal time period for cell recovery. For fibroblasts, the recovery
results in lower subcellular SWCNT concentrations with reduced bundle fraction
and slightly increased NIR fluorescence. (B) Raman spectroscopy maps of
macrophages show higher SWCNT concentrations with increased bundle
fractions and lower NIR fluorescence. After the recovery period, Raman maps
remain largely unchanged with slightly reduced concentration and minimal
change in bundle fraction and NIR fluorescence. (C) Quantification of the average
fold change in SWCNT concentration, bundle fraction, and NIR fluorescence for
short SWCNTSs-BSA in recovery cells relative to respective cell exposure without
recovery time. The concentration of SWCNTs was reduced more for fibroblasts
than macrophages which had lower initial bundle fraction and higher NIR
fluorescence. Data = mean = SEM from > 2 fields of view for exposure, data =
mean + SEM from 1 field of view for recovery.

Since our group and others have observed expulsion of SWCNTs from
fibroblasts,”® we characterized the state of SWCNTs remaining in cells and
compared fibroblasts with macrophages to determine if they would similarly
expel SWCNTs. After 24 h of short SWCNTs-BSA exposure, we removed
SWCNT treatment media and replaced with fresh nanotube free media, allowing
the cells to experience a 24 h “recovery” period without SWCNTs (Figure 4.8A).
After recovery, we found that fibroblasts had ~20% reduced bundle fraction and
~35% increased NIR fluorescence, in addition to ~35% less average subcellular
SWCNT concentration (Figure 4.8C). We compared the recovery process in
macrophages exposed similarly with 30 ug/mL for 24 h, followed by 24 h
recovery (Figure 4.8B). Before recovery, macrophages had largely increased
subcellular  SWCNT concentrations compared to fibroblasts along with
significantly increased bundle fraction and reduced NIR fluorescence. After

recovery, we observed just ~2% reduction in bundle fraction and ~38% increase
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in NIR fluorescence with ~17% decrease in average subcellular SWCNT
concentration (Figure 4.8C). Thus, macrophages recovered only half as efficiently
as fibroblasts while retaining nearly the full extent of initial intracellular nanotube
bundling, suggesting the aggregation state of SWCNTSs in cells may play an
important role in determining whether SWCNTSs are expelled or retained by the
cell. Bundling of SWCNTSs into larger intracellular aggregates may slow or inhibit
the release of SWCNTs from cells as exocytosis rates have been reported to
decrease for longer length SWCNTs.*

It is worth noting that cellular recovery in this context encompasses both
SWCNT expulsion®® and dilution of internalized SWCNTs between daughter
cells due to proliferation*® over the 24 h period. However, for cells studied here,
the doubling time for macrophages is lower than for fibroblasts. Further, studies
that measured SWCNT expulsion from fibroblasts involved either single particle
tracking on timescales much shorter than division' or quantification of expulsion
time constants well below proliferation time constants.” Release of SWCNTs
from macrophages and transfer to other cells has been reported, but only with the
stress induced release of microvesicles.** Enhanced retention of macrophages in
cells over extended periods of time without toxicity* may be beneficial for
diagnostic or tracking applications given that SWCNTSs retained their Raman
signature and some NIR fluorescence. Additionally, macrophages may serve as
useful SWCNT carriers with intrinsic trafficking across the blood-brain barrier*

and to hypoxic regions in tumors.*’
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4.4 Conclusions

Determining the subcellular distribution and processing in macrophages is
important for translating cellular uptake into controllable intracellular
applications. We used two different lengths of SWCNTs dispersed in BSA to
probe uptake and differential processing in macrophages compared to non-
immune cell fibroblasts. We determined that short SWCNTs-BSA were bundled
significantly more in macrophages than both long SWCNTs-BSA and short
SWCNTSs-BSA in fibroblasts. Further, we found that less bundled SWCNTSs in
fibroblasts were able to exit cells ~2 times more efficiently than highly bundled
SWCNTSs in macrophages. Both SWCNT length and cell-specific processing have
effects on the aggregation state of SWCNTSs in macrophages, which we suggest
may affect the cellular retention of SWCNTSs and find utility in cell based delivery

and tracking applications.
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5 Delivering Single Wall Carbon Nanotubes to the

Nucleus Using Engineered Nuclear Protein Moieties

5.1 Introduction

Controlled delivery of nanoparticles to subcellular structures including
actin filaments,? mitochondria,>* and the nucleus>’ has potential for numerous
biomedical applications including modulation of these structures, in situ sensors,’
ablation,'® and drug delivery.** Specifically, transport to the nucleus is required
for delivery of DNA for gene therapy, and many anti-cancer strategies include
nuclear targeting of small molecular drugs to inhibit DNA duplication or
induction of DNA damage by radiation or ablation. Single wall carbon nanotubes
(SWCNTSs) possess unique mechanical, thermal, electrical, and optical properties
making them attractive materials for subcellular imaging, sensing, ablation, and
modulation.** Most importantly for delivery to the nucleus, small SWCNTSs can
be internalized by cells at large numbers, and they have a large surface area
enabling functionalization for targeting and molecular loading.

Hydrophobic SWCNTs aggregate in water due to strong van der Waals
forces, and the resulting bundles have diminished optical properties® and
deleterious cellular effects.'* Covalent modifications of SWCNTs promote
dispersion into solution as well as adding moieties for targeting to the nucleus.” ™
" However, such chemical functionalizations of SWCNTSs alter the sp? structure

and diminish inherent properties desired for biomedical applications.*® Non-
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covalent attachments of SWCNTSs are preferred to retain SWCNT properties, and
surfactant-like copolymers, lipids, DNA, proteins and other biomolecules can
stably disperse SWCNTs into solution.’®®® Surfactant-like proteins, such as
albumins, are excellent dispersing agents for SWCNTs*! and promote SWCNT
cellular entry at extremely high levels (up to millions per cell).?® * However, the
interfacial thermodynamic requirements for proteins to individually disperse
SWCNTSs at suitable concentrations for cellular therapy limits the choice of
proteins.?

For nuclear targeting we consider SWCNT dispersion with an engineered
version of a nuclear protein. The tail domain of the lamin B1 nuclear protein
(LB1) lacks an ordered three-dimensional structure, aside from an
immunoglobulin (Ig)-fold with a hydrophobic pocket.®** The hydrophobic core
between [-sheets of the Ig-fold provides a globular character to LB1 proteins
which, along with the ~22 kDa size, present essential structural characteristics
likely suitable to disperse SWCNTs. Importantly, LB1 also contains a well-
presented nuclear localization sequence (NLS) at the C-terminus, which allows
active import of proteins and other larger materials (> 40 kDa) into the nucleus
through the nuclear pore complex (NPC).>*

Here, we report that SWCNTSs can be stably dispersed by LB1, hereafter
referred to as SWCNTs-LBL1, at reasonably high concentrations of at least 150
ug/mL with long-term stability of at least 75 days. We also compare cellular and
nuclear delivery of SWCNT-LB1 to SWCNTs dispersed by the nonspecific

protein bovine serum albumin (BSA). Nearly one million SWCNTSs-LB1 entered
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HelLa cells and translocated to the nucleus unlike SWCNTs-BSA, which entered
cells at similarly high numbers but remained largely in the cytoplasm. We
confirmed nuclear localization by near-infrared (NIR) fluorescence imaging of the
SWCNTs and examined molecular interactions between SWCNTs and DNA
within the nucleus using fluorescence lifetime imaging microscopy (FLIM). This
functional delivery of non-covalently dispersed SWCNTs holds numerous
possibilities in gene and cancer therapies as well as the potential for other

engineered protein fragments for specific subcellular delivery.

5.2 Materials and Methods

5.2.1 Protein Production and Characterization

LB1 cDNAs (from amino acid R386 to the C-terminus at amino acid
M586) were produced from full length cDNA (Accession number AAC37575) by
PCR and subcloned into the (Glutathione S Transferase) GST-parallel vector, as
described in previous work.®*=® The plasmids were expressed in E. coli BL21
Codon-Plus cells (Agilent) at 37 °C. Purification was performed with glutathione
magnetic beads (Pierce) and the protein was cleaved enzymatically with proTEV
cleavage enzyme (Promega) at 30 °C for 5 — 7 h. The cleaved protein was further
purified by exposure to agarose glutathione beads (Pierce) to remove excess GST.
Purified protein was dialyzed (Slide-A-Lyzer Dialysis Cassettes; Pierce) into
deionized water. Concentration was measured by Bradford assay, and protein
concentration was adjusted to 5 mg/mL. In our previous study, we fully

characterized protein purity using mass spectroscopy and gel electrophoresis as
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well as structure using fluorescence spectroscopy, calorimetry, and circular

dichroism.>*%8

5.2.2 SWCNT Dispersions

Unpurified HIPCO (high-pressure carbon monoxide conversion synthesis)
SWCNTSs (Carbon Nanotechnologies, Inc.) with diameters of 1.0 £ 0.3 nm and
polydisperse lengths were purified according to previously established methods.3*"
0 The purified SWCNT sample contained < 5 wt% carbonaceous impurities, ~0.3
wt% metallic impurities, and the rest unaltered SWCNTs.***  Length
fractionation was performed to obtain SWCNTSs with lengths of 145 + 17 nm, as
described previously.****

The SWCNT dispersion scheme using LB1 was similar to the methods we
have used to disperse SWCNTs with BSA and other proteins.?®?° Briefly, LB1 or
BSA (Sigma-Aldrich) proteins were dissolved in ultrapure deionized water
(resistivity 18.3 MQ/cm, total oxidizable carbon < 5 ppb) and added to SWCNTs
to achieve 5:1 protein:SWCNT by weight. The starting SWCNT concentration
was set at 0.025 wt%, i.e., 250 ug/mL. The mixtures of protein and SWCNTSs
were dispersed in water using a probe-tip sonicator (Fisher Scientific, Model 100;
3 mm tip diameter) at an average 5 W for 2 h. Under these conditions, the ~150
nm length SWCNTs were not shortened from sonication induced scission.”® To
separate bundles from isolated SWCNTSs, suspensions were centrifuged at
21,000%g for 7 min. The supernatants were collected and, for cell experiments,

were subsequently sterilized by ultraviolet light for 1 h.
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5.2.3 SWCNT Dispersion Characterization

UV-vis-NIR absorbance spectroscopy: To quantitatively determine

SWCNT concentration and qualitatively assess dispersion quality, SWCNT
dispersions were examined using a UV-vis-NIR absorbance spectrometer (Varian
Cary 5000). Concentration was determined using an extinction coefficient of 2.6
(absorbance-mL)/(mg-mm) at 930 nm.* The sharpness and amplitude of the van
Hove peaks qualitatively indicate dispersion quality.® The stability of the
SWCNTs-LBL1 dispersion in ultrapure water was monitored over 75 days using
UV-vis-NIR absorbance spectroscopy by quantifying the peak width at half max
of the van Hove peaks in the NIR region. The stability in complete cell culture
media was similarly monitored over 72 h at 30 pg/mL, which was the highest

experimental concentration and longest exposure time.

Raman spectroscopy: Structural integrity of SWCNTs after dispersion
using LB1 and stability in complete cell culture media were characterized with a
Raman spectrometer (Renishaw inVia) coupled to an inverted confocal Raman
microscope using a 50x air objective with 0.75 numerical aperture (NA) and a
785 nm laser (100 mW). Spectra were acquired between 100 — 3200 cm™. Each
Raman spectrum was normalized by its G-band intensity.

NIR fluorescence spectroscopy: SWCNTs-LB1 dispersion quality was

further characterized with a NIR fluorescence spectrometer (Horiba Jobin Yvon
Nanolog). SWCNTs-LB1 samples were diluted to 0.3 absorbance/cm in water and
NIR fluorescence spectra were collected with a 120 s integration time with

excitation and emission slit widths of 14 nm using a liquid nitrogen cooled
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detector (Symphony InGaAs-1700). NIR fluorescence intensity maps were

constructed using FluorEscence and Nanosizer software.

5.2.4 Cell Culture and Treatment

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (1000
mg/L glucose, 4.0 mM L-glutamine, and 110 mg/L sodium pyruvate; Thermo
Scientific Hyclone), supplemented with 10% v/v fetal bovine serum (FBS;
Invitrogen) and 1% v/v penicillin-streptomycin (Invitrogen). Cells were
maintained at 37 °C and 5% CO,. HelLa cells were seeded at 3x10* cells/cm? onto
sterilized #1.5 coverslips. For 24 h exposure condition, cells were maintained in
culture for 72 h. For 48 and 72 h exposure conditions, cells were maintained in
culture for 24 h. Then, SWCNTSs were diluted to the exposure concentration (10
ug/mL for Raman spectroscopy and imaging experiments or 30 pug/mL for NIR
fluorescence imaging experiments) in fresh cell culture media and added to the
cells for the indicated treatment time. Afterwards, the media containing SWCNTSs
was removed. Cells were gently washed three times in PBS and subsequently
fixed with 3.7% v/v formaldehyde (Sigma-Aldrich) for 15 min and mounted onto
glass slides. For 72 h treatment, fixed cells were labeled with DAPI (Life

Technologies), and mounted onto glass slides.

5.2.5 Cell Imaging and Quantification

Confocal Raman Spectroscopy Imaging: Phase contrast imaging and

confocal Raman spectroscopy imaging were performed on an inverted, confocal
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Raman microscope (Renishaw inVia) using a 0.9 NA air condenser, a 100x (1.4
NA) oil immersion objective, and a 785 nm laser (100 mW). Control of mapping
parameters and imaging processing were performed using WIRE software. For
Raman mapping, confocal Raman spectra were acquired with an X-Y step size <
2.3 pm. Spectra between 1336 — 1829 cm™ were collected with 0.86 cm™
resolution for integration times of 1 s. Spatial maps of the G-band intensity (1590
+ 20 cm™) above the baseline signal were performed in WIiRE software
(Renishaw). Local SWCNT concentration was determined using a calibration
curve relating G-band intensity to SWCNT concentration determined via UV-vis-
NIR absorbance spectroscopy. For the indicated cells, automatic confocal depth
slicing was performed across the cell nucleus, whereby 6 — 10 independent points
in the X-Y plane were monitored. Confocal Raman spectra were acquired at each
point in the Z-direction, where 0 um corresponds to the focal plane of the cell
nucleus.

Quantification of SWCNTs per cell: Cell area was determined from phase

contrast images using ImageJ, and average cell height was assumed to be 10 um.
Average SWCNT concentration was determined from the Raman G-band
intensity of ~200 individual confocal concentration points and extrapolated to the
entire cell volumes.

NIR Fluorescence Imaging: Phase contrast imaging and widefield NIR

fluorescence imaging were performed on an inverted, Leica DMI 4000 light and
fluorescence microscope using a 0.9 NA air condenser and a 100x (1.4 NA) oil

immersion objective. A 785 nm laser (120 mW, Crystal aser) that was circularly
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polarized (quarter-wave plate), decohered (diffuser, ThorLabs), and expanded (bi-
convex lens) to fill the objective back focal plane and a 320 pixel x 256 pixel
liquid nitrogen cooled InGaAs focal plane array detector (2D-OMA V, Princeton
Instruments) were interfaced with the microscope via a custom setup to obtain
widefield NIR fluorescence images. Within the microscope, a NIR filter cube
with a 785 nm excitation notch filter, a 785 nm dichroic, and a 792 nm long pass
filter (Semrock) was used in concert with an additional 900 nm long pass filter to
limit transmission of excitation light and autofluorescence to the detector ensuring
high sensitivity for SWCNT NIR fluorescence. Control of imaging parameters
and processing were performed using WinView software (Princeton Instruments).
For NIR imaging, NIR fluorescence intensity between 900 — 1700 nm was
collected after dark current background correction for integration times > 15 s.
Spatial maps of SWCNT NIR fluorescence intensity above noise (~50 counts/s)
were performed in WinView software. Images of SWCNT NIR fluorescence

across all conditions were scaled to the same dynamic range.

5.2.6 Fluorescence Lifetime Imaging and Analysis

Fluorescence Lifetime Imaging Microscopy: FLIM was performed as

previously reported by our group® “® on a Leica TCS SP5 inverted laser scanning
confocal microscope using a 100x (1.4 NA) oil immersion objective. A tunable
mode-locked Ti:sapphire 80 MHz pulsed laser (Chameleon, Coherent) was tuned
to 785 nm for multiphoton excitation of DAPI, and wavelengths of 398 — 602 nm

were passed to a photomultiplier tube to detect the full emission range of DAPI.
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Time-correlated single photon counting (TCSPC) was performed using a Becker
& Hickl SPC-830 counting board and controlled with SPCM software (Becker &
Hickl). 256 pixel x 256 pixel lifetime images were acquired at a scan rate of 400
Hz for 300 s with 220 time channels and a measurement window of 10.8 ns to
enable an accurate determination of exponential decays and to minimize the
47-48

coefficient of variation.

Fluorescence Lifetime Imaging Microscopy Image Processing: SPCIimage

software (Becker & Hickl) was used to calculate the lifetime fits per pixel and
render spatial lifetime images. Fluorescence lifetime can be modeled as a sum of

exponentials:
=1+ z a,e~t/m™
n

where 1(t) is the intensity of emitted photons as a function of time, I, is an offset,
an is the relative amplitude of the n™ lifetime, and 7 is the n™ lifetime.***° Data
were modeled as a single exponential decay (n = 1) and as a double exponential
decay (n = 2). As necessary, double exponential decay lifetime data was binned to
achieve a peak photon count of > 1000 to ensure accurate fits.*® > For double
exponential decay lifetime data, the mean fluorescence (tp) lifetime™ was used to

represent the data:

=), 0/,
n n

Pixel-by-pixel single and double exponential lifetime decay data and their

corresponding goodness of fits (Xz) were exported to MATLAB (The MathWorks,
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Inc.) for further analysis. Fluorescence lifetime was best modeled by a double
exponential decay, indicated by % closer to unity without over fitting.*®*°

FLIM images were photon peak intensity thresholded in SPClmage
(Becker & Hickl) to exclude background pixels from analysis. The corresponding
fluorescence intensity images were segmented in Image] to exclude any
extranuclear pixels that represented autofluorescence and not DAPI signal. The
nuclear segmentation was used to produce the final lifetime images and perform
the 1, quantification. Lifetime data were analyzed in MATLAB using a
previously developed algorithm®® to determine average, standard deviation, and
distribution of DAPI fluorescence lifetime on a per nucleus basis. The final results

represent an average of 17 — 33 nuclei per condition. Note that each included (i.e.,

non-thresholded) pixel represents a unique data point of tp,.

5.2.7 Nuclear Localization Quantification

Phase contrast imaging and DAPI fluorescence imaging were used to
define cell and nuclear borders. Area within the nuclear border comprised the
nuclear region (N) and area within the cell border exclusive of the nuclear region
comprised the cytoplasm region (C). The perinuclear region (P) was defined as
the region formed from a 10x single pixel dilation of the nuclear border, exclusive
of the nucleus region, resulting in an annular region ~2.2 um thick. For each cell,
ImageJ software was used to quantify the intensity of SWCNT NIR fluorescence

obtained from NIR fluorescence imaging within each of the regions. For
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quantitative comparisons, average intensity in the nuclear and perinuclear regions
were normalized to average intensity in the cytoplasm regions for each cell. We
individually analyzed 60 — 100 cells for each SWCNTs-BSA treatment and 25 —

70 cells for each SWCNTs-LB1 treatment.

5.3 Results and Discussion

5.3.1 SWCNTs are Individually Dispersed by Lamin B1 Tail Domain

Proteins

We dispersed SWCNTs with the recombinantly produced globular tail
domain of the nuclear lamin B1 protein (Figure 5.1).*> * The resulting SWCNTs-
LB1 dispersion was characterized using UV-vis-NIR absorbance, Raman, and
NIR fluorescence spectroscopy (Figure 5.2). For quantitative purposes, we
compared dispersion characteristics of SWCNTs-LB1 to that of SWCNTs-BSA
(Figure 2); SWCNTs-BSA has been shown to be high-quality, stable, and

biocompatible.?**°
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Figure 5.1: Structures of LB1 and BSA used for dispersions. (A) The sequence
of the lamin BL tail (accession number AAC37575) from amino acid R386 to the
C-terminus at amino acid M586 with the Ig-fold in yellow and NLS highlighted in
red. (B) LB1 contains an Ig-fold (yellow, PDB 3JT0) which is surrounded by
primarily disordered protein shown in a likely conformation as determined from
replica exchange molecular dynamics simulations (adapted with permission
from*?). BSA, displayed by Cn3D (PDB 4F5S), is mostly a-helix. Both proteins
have a central, stable hydrophobic cleft.

Both SWCNTs-BSA and SWCNTs-LB1 were produced using similar
protein-to-SWCNT weight ratios and absolute protein concentrations. However,
the overall yield of SWCNTs-BSA was 48% higher than SWCNTs-LB1 as
determined by UV-vis-NIR absorbance at 930 nm using a known absorption
coefficient (Figure 5.2A),** suggesting slightly better effectiveness for BSA
compared to LB1 in dispersing SWCNTSs. Nevertheless, SWCNTs-LB1 showed

sharp van Hove peaks in absorbance, indicative of individualized nanotubes in the

dispersion. The width of the absorbance peaks in the NIR region corresponding to
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the E;; transitions at ~1275 nm and ~1140 nm showed an average 3 nm peak
broadening for SWCNTs-LB1 compared to SWCNTs-BSA, suggesting
SWCNTs-LB1 were slightly less individualized relative to SWCNTs-BSA. We
also characterized the SWCNTs-LB1 dispersion using the characteristic Raman
signatures of SWCNTs: G-band at ~1590 cm™ that is associated with sp’-
hybridized carbon, D-band at ~1300 cm™ that characterized sp*-hybridized
carbon, and radial breathing modes (RBMs) at 200-275 cm™ (Figure 5.2B).* The
intensity ratio between D-band and G-band for both SWCNTs-LB1 and
SWCNTs-BSA were similar to that of the starting SWCNT powder indicating that
the dispersion process did not degrade the structure of SWCNTSs. Both SWCNTSs-
LB1 and SWCNTs-BSA had < 8% of their maximum RBM intensity > 250 cm™,
which corresponds to bundled SWCNTs for the 1.58 eV (785 nm) laser line

used, > %1

suggesting the majority of SWCNTSs were not bundled. Furthermore, we
observed NIR fluorescence at ~2300 cm™ in the Raman spectra confirming the

presence of individually dispersed SWCNTSs in both samples (Figure 5.2B).
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Figure 5.2: Optical characterization of SWCNT dispersions. (A) UV-vis-NIR
absorbance spectroscopy of SWCNTs-BSA and SWCNTs-LB1 shows sharp van
Hove peaks indicative of individually dispersed SWCNTs. (B) Raman
spectroscopy of SWCNTs-BSA and SWCNTs-LB1 confirms dispersions maintain
SWCNT structure and result in minimal bundling with NIR fluorescence. The
inset magnifies the radial breath mode regime. NIR fluorescence intensity maps
for SWCNTs-BSA (C) and SWCNTs-LB1 (D) show a similar distribution of
chiralities of individually dispersed SWCNTSs. The dynamic range in both maps is
scaled to the maximum NIR fluorescence intensity from SWCNTSs-BSA.

To further characterize dispersion quality, we performed NIR fluorescence
spectroscopy on samples diluted to 0.3 absorbance/cm in water. Individually
dispersed SWCNTSs emit fluorescence at distinct wavelengths in the NIR region
corresponding to different SWCNT chiralities,®* whereas fluorescence from
nanotubes becomes quenched when nanotubes are in bundles.”®> The two-
dimensional (2D) fluorescence intensity map for SWCNTs-LB1 showed

significant fluorescence intensity at numerous different chiralities demonstrating

that LB1 proteins individually disperse SWCNTs in water. By comparing 2D
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maps of SWCNTs-LB1 and SWCNTs-BSA, we find that both protein dispersions
resulted in a similar distribution of chiralities (Figure 5.2C-D). The quantum yield
(QY) for SWCNTs-LB1 was determined to be ~0.004%, which was 2.5 times less
than SWCNTs-BSA QY of ~0.010%. The reduced quantum efficiency of
SWCNTs-LB1 indicates additional non-radiative energy losses likely due to the
presence of more SWCNT bundles. In sum, the data demonstrate LB1 proteins
dispersed SWCNTSs in water individually with a dispersion quality and efficiency
that are somewhat lower than that of BSA but still of exceptional quality required

for cellular therapies.

5.3.2 SWCNTs-LB1 Dispersions are Extremely Stable

Many molecules can transiently disperse nanomaterials in water, but
flocculation may still occur over time, particularly in the higher ionic strength of
biological media.® We maintained SWCNTs-LB1 at 160 pg/mL in water for 75
days (Figure 5.3A) and at 30 ug/mL in cell culture media with 10% v/v serum for
3 days (Figure 5.3B) and characterized the dispersion using UV-vis-NIR
absorbance spectroscopy. The width of the absorbance peaks in the NIR did not
change over 75 days in water or over 3 days diluted in media, suggesting that
SWCNTs-LB1 remained stable in the supernatant. For SWCNTs-LB1 in media,
the difference in absorbance at ~550 nm was due to the presence of the pH
indicator phenol red in the media. We also verified that SWCNTs-LB1 retained
their Raman signature with a similar low fraction of RBM bundle intensity and

maintained NIR fluorescence at ~2300 cm™ in media (Figure 5.3C). This stability
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further suggested that proteins were stably covering the surface of the SWCNTSs
preventing SWCNT-SWCNT contact that would lead to bundling and settling in
water. In media, the SWCNT coating by LB1 was likely sufficiently strong to

prevent displacement by serum proteins in the media.
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Figure 5.3: SWCNTs-LB1 stability in water and cell culture media
characterized with absorbance and Raman spectroscopy. SWCNTs-LB1
absorbance spectra are indistinguishable with no concentration loss or peak
broadening in water at the dispersion yield concentration for 75 days (A) or
complete cell culture media at the maximum cell exposure concentration for 3
days (B). (C) Raman spectroscopy of SWCNTs-LB1 shows similar RBM and
NIR fluorescence features (magnified in insets) in water and after 3 days in cell
culture media indicating no significant bundling or loss of NIR fluorescence.

SWCNTSs can be dispersed with many proteins, but some proteins such as

lysozyme, immunoglobulins, etc. do not produce stable dispersions in high ionic
119



strength biological media.?® From our works with protein-dispersed SWCNTS,
here and in previous studies, we suggest parameters required for stable
dispersions of SWCNTSs. We suggest a preferred protein molecular radius of 2—3
nm. This protein size is sufficiently large to wrap around the SWCNTs and
sufficiently small so as to not greatly increase the ~1 nm diameter SWCNT. For a
globular protein, 2-3 nm corresponds to a molecular weight of 20-100 kDa.>® In
the case of this study, BSA is ~66 kDa and LB1 is ~22 kDa. Another factor that
we believe to be necessary to confer stable, individually dispersed SWCNTSs is the
surfactant-like nature of the protein including the presence of a hydrophobic
pocket. BSA (generally, all serum albumin) has a hydrophobic core region for
trafficking of fatty acids and small hydrophobic molecules.>*> The Ig-fold of
LB1 also has a hydrophobic core capable of directly binding to many different

protein partners within the cell.>*®’

5.3.3 SWCNTs-LB1 Enter Cells and Localize to the Nucleus

Since the LB1 protein has a NLS, we hypothesized that the SWCNTs
would localize to the nucleus of cells. We added SWCNTs-BSA and SWCNTSs-
LB1 to HeLa cells and imaged SWCNTSs within the cells after 48 h using confocal
Raman spectroscopy of the G-band, at ~1590 cm™ (Figure 5.4). Overlays of
spatial Raman imaging with phase contrast images showed more SWCNTs in
cells treated with SWCNTs-LB1 than in cells treated with SWCNTs-BSA (Figure
5.4A). A delivery of this concentration of ~150 nm long SWCNTSs over the entire

cells corresponds to approximately 0.67 + 0.14 x 10®° SWCNTs-LB1 and 0.39 +
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0.08 x 10° SWCNTs-BSA per cell.?® 2% However, cells treated with SWCNTSs-
LB1 showed reduced proliferation (Figure 5.5). Focusing on just the nucleus and
performing higher spatial resolution scans, we observed localization of SWCNTSs
mostly at the periphery of the nucleus for SWCNTs-BSA whereas SWCNTs-LB1
localized both at the periphery and inside the nucleus (Figure 5.4B). A confocal
Raman G-band Z-scan through the nucleus with the nuclear interior set at Z = 0
um (Figure 5.4B) showed that the SWCNT intensity was highest at the nuclear
center for SWCNTs-LB1 but lowest for SWCNTs-BSA (Figure 5.4C). This
confocal quantification confirmed that SWCNTs-LB1 were located inside the
volume of the nucleus whereas SWCNTs-BSA were located above and below the

nucleus at the nuclear periphery.
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Figure 5.4: Confocal Raman spectroscopy and imaging of SWCNT
localization in cells. (A) Phase contrast and confocal Raman spectral mapping
overlays of SWCNT G-band intensity show increased cellular internalization for
SWCNTs-LB1. The boxed regions indicate individual nuclei that were selected
for further confocal spectral mapping and Z-scans. (B) Small step size spectral
mapping of the nucleus reveals increased proximity and concentration of
SWCNTs in the nucleus for SWCNTs-LB1. Dashed ellipses indicate the outside
edge of the nucleus. (C) Confocal Z-scans through the nucleus show SWCNT
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intensity in the center of the nucleus is lowest for SWCNTSs-BSA, but highest for
SWCNTs-LB1.
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Figure 5.5: Quantification of changes in cell proliferation in response to 24 —
72 h of SWCNT exposure time. SWCNTs-LB1 exposure significantly reduced
proliferation compared to SWCNTs-BSA at all exposure times. Data = mean +
SD. ***p<0.0001 between BSA and LB1 groups. For control and SWCNTs-BSA
treatments, > 2000 total cells on average over > 10 FOV were counted for each
exposure time. For SWCNTs-LB1 treatments, > 500 total cells on average over >
10 FOV were counted for each exposure time.

We imaged nanoscale interactions between SWCNTs and DAPI labeled
DNA within the nucleus using FLIM. This type of fluorescence imaging measures
changes in the fluorescence emission decay rate which is highly sensitive to the
surrounding environment of a fluorophore within the Forster radius (~5 nm),
including electronic interactions with SWCNTs.*® SWCNTSs significantly reduce
the lifetime of fluorophores including rhodamine, Oregon Green, Alexa Fluor

488, and GFP.* “® Treatment with SWCNTs did not obviously alter the

fluorescence intensity of the DAPI signal, but we found that cells treated with
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SWCNTs-BSA showed slight deviations at the nuclear periphery of some nuclei
from a relatively homogeneous mean fluorescence lifetime (t,,) of ~2.5 ns, similar
to control nuclei (Figure 5.6A). In comparison, cells treated with SWCNTs-LB1
had a heterogeneous t,, throughout the nuclei (Figure 5.6A). Aggregate data from
many nuclei showed a singular lifetime peak at ~2.5 ns for DAPI in control
nuclei, a slight shoulder for cells treated with SWCNTs-BSA, and a large low
lifetime shoulder for SWCNTs-LB1 (Figure 5.6B). The 1, averaged across all
nuclei were statistically significant from one another (Figure 5.6C). The altered tn,
and spatial heterogeneity suggested that SWCNTs-BSA may localize to some
degree in the nucleus, perhaps at the nuclear periphery, but SWCNTs-LB1

localize to the nucleus to a larger degree and localize in the nuclear interior.
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Figure 5.6: Fluorescence lifetime imaging microscopy (FLIM) of DAPI
labeled nuclei. (A) Color coded mean fluorescence lifetime (tn,) images.
SWCNTs-BSA treated cell nuclei show a homogeneous distribution of t, similar
to control with minimal quenched (reduced) tr, at the periphery of some nuclei,
while treatment with SWCNTs-LBL1 results in a heterogeneous quenched lifetime
throughout nuclei. Selected nuclei are enlarged in the bottom row. Note that each
pixel represents a unique data point of t,. (B) Histograms of DAPI 1, for all
nuclei normalized to the maximum of each condition show SWCNTSs-LBL1 shift

the distribution of T, to lower values. (C) Quantitative comparison of the average
tm for each condition shows significant quenching for SWCNTs-LB1. Data =
mean £ SD. *p<0.0001 between indicated groups.

Transport of material into the nucleus through the NPC occurs by
diffusion for molecules with a radius smaller than 5 nm, but much larger materials
can be actively transported with the aid of an NLS.*® While protein coated ~1 nm
by ~150 nm SWCNTs may have a sufficiently small physical dimension to pass
through the NPC by passive diffusion, the large aspect ratio likely inhibits
6, 59-61

translocation. Other nanomaterials including spherical gold nanoparticles,

gold nanorods,® silver nanoparticles,® silica nanoparticles,** and quantum dots®
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have been modified with classical NLSs derived from the Simian virus 40 (SV40)
large T-antigen, human immunodeficiency virus type 1 (HIV-1) Tat peptides, and
arginine rich import sequences to dramatically enhance nuclear localization.®®®’
Here, we non-covalently functionalized SWCNTs with a nuclear protein
which contains a well-presented NLS. While synthesized peptide sequences offer
sufficient specificity for targeting, we find that full proteins can similarly be used
to target SWCNTSs to subcellular regions while also allowing for multifunctional
complexes. Using proteins maintained the sp? structure of SWCNTs and
preserved the unique properties that facilitated unambiguous measures of
SWCNT subcellular localization that may also enable future biomedical
applications such as imaging, sensing, ablation, or electrical stimulation. The
chemistry and structure of the protein coating itself also offers opportunities to
incorporate loading and release of other bioactive molecules. Further, complete,
stable coating of LB1 protein may offer better control of the SWCNT interface in

complex media or cellular environments compared to minimally covalently

functionalized surfaces.

5.3.4 SWCNTs-LB1 Translocate to the Nucleus Within Cells Over
Time
We observed that SWCNTs-LB1 did not all localize within the nucleus
(Figure 5.4), and we tracked movement within the cell over time. We fixed cells
treated with either SWCNTs-BSA or SWCNTSs-LB1 at set exposure time points

and imaged the localization of SWCNTs directly using NIR fluorescence
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microscopy. Visualization of SWCNT NIR fluorescence confirmed that SWCNTSs
remained stably dispersed within cells; likely SWCNTs well-coated in proteins
did not aggregate and quench NIR fluorescence. After 24 h post treatment, we
observed SWCNTs within the cell for both SWCNTs-LB1 and SWCNTs-BSA,
but neither preferentially localized to the nucleus (Figure 5.7). After 48 h, we
observed more SWCNTSs within the nucleus for the SWCNTs-LB1, and after 72
h, the SWCNTs-LB1 localized five times more to the nuclear interior compared

with SWCNTs-BSA (Figure 5.7, 5.8A).

48 h

10 um

SWCNT-BSA >

700 counts I >11,500 counts 450 . >4,500

SWCNT-LB1

Figure 5.7: NIR fluorescence imaging of SWCNT localization in cells over 24
— 72 h of SWCNT exposure time. (A) Phase contrast and NIR fluorescence
imaging overlays of SWCNT NIR fluorescence show SWCNTs-LB1 translocate
to the nucleus over time. The boxed regions indicate individual nuclei that were
selected and magnified for nuclear co-localization analysis with DAPI stain. NIR
fluorescence heat map intensity is represented on a log scale. (B) After 72 h
SWCNTs-LB1 NIR fluorescence in red strongly co-localized with DAPI
fluorescence in blue labeling DNA in the nucleus. SWCNT NIR fluorescence and
DAPI fluorescence are both indexed linearly.
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In segmenting regions of the cell, we observed a time-dependent
localization of SWCNTs-LB1 from the perinuclear region (P) to the nuclear
region (N) over 24 to 48 to 72 h after treatment (Figure 5.8B). At 24 h, cells had
similarly limited amounts of SWCNTs-LB1 in both perinuclear and nuclear
regions. After 48 h, SWCNTs-LB1 intensity in the perinuclear region doubled
that of the nuclear region, while after 72 h, SWCNTSs-LBL1 intensity transitioned
to twice as much in the nuclear region compared to the perinuclear region. We
also observed an increase in the percentage of cells with high nuclear
accumulation of SWCNTSs (i.e., greater average SWCNT intensity in the nucleus
than the cytoplasm) over time (Figure 5.8A). The percentage of cells treated with
SWCNTSs-LB1 with high nuclear accumulation increased from 12% to 19% to
36% over the 24 to 48 to 72 h of treatment. After 72 h, the fraction of cells with
significant amounts of SWCNTSs in the nucleus was 5 times greater when treated
with SWCNTs-LB1 compared to SWCNTs-BSA treatment.

We did observe non-zero fluorescence intensity for SWCNTs-BSA
localized with the nucleus of cells, which may result in part from out of plane
widefield NIR fluorescence from SWCNTs above and below the volume of the
nucleus; this was observed in the confocal Raman spectroscopy Z-scans (Figure
5.4). SWCNTs-BSA signal in the nucleus may also be due to a limited amount of
passive diffusion through the NPC or non-specific interactions with the nuclear
import machinery.®® Unlike SWCNTs-LB1, no translocation dynamics were
observed for SWCNTs-BSA as intensity in the perinuclear region remained fairly

constant over time (Figure 5.8B).
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Figure 5.8: Quantification of NIR fluorescence intensity in subcellular
regions over 24 — 72 h of SWCNT exposure time. (A) The percentage of cells
with a majority of SWCNTSs in the nucleus increases over time for SWCNTSs-
LB1. Data = mean = SD. (B) SWCNT NIR fluorescence intensity in the nuclear
(N) and perinuclear (P) regions normalized to the SWCNT NIR fluorescence
intensity in the cytoplasm. SWCNT NIR fluorescence intensity for SWCNTs-LB1
treated cells shows a transition from perinuclear to nuclear regions over time.
Data = mean + SEM. "p<0.07, *p<0.05, **p<0.01, ***p<0.0001 between
SWCNTs-BSA and SWCNTs-LB1 groups.
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Quantifying the Kkinetics of nanomaterial delivery to the cell and
movements within the cell to different compartments is important for designing
materials for appropriate therapies. There are numerous timescales to be
considered for delivery: cell uptake by endocytosis, endosome escape,
intracellular trafficking, and in this case, nuclear import. Previously, we have
quantified that cell uptake of SWCNTSs-BSA by endocytosis takes only minutes.?
Many studies have shown uptake of nanomaterials to occur under 1 h.* Further,
active nuclear translocation rates have been reported as high as 1,000 events per
NPC per second.” These rates suggest crossing cellular and nuclear membranes
happens quickly given sufficient protein interactions with the cellular machinery.
Here, we find that the entire process from treatment to nuclear localization takes
72 h, similar to some previous reports.”* However, this timescale is not universal
for all nanomaterials as particle size, shape, geometry, and surface chemistry have
significant impacts on nuclear entry and endosome escape. For instance, peptide-
targeted gold nanoparticles have been documented in the nucleus of cells after
only a few hours of exposure.’*® However the ~3-20 nm diameter particles
tested were small and spherical in comparison to our ~150 nm SWCNTSs used
here. Small ~3-4 nm fullerenes’ and short ~50-100 nm SWCNTs*" "? have also
been found in nuclei within hours of treatment, despite lacking a nuclear
localization type sequence. While direct TEM imaging of similar length (~175
nm) MWCNTs with non-covalent BSA-FITC coating revealed endosomal escape
and nuclear entry only after 48 h.”® This seeming disconnect between delivery

(hours) and subcellular processing to the nucleus (days) may represent the
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complex processing within the cell. SWCNTSs enter cells and need to escape the
endosomal compartment. They then diffuse randomly since there is no
mechanism of transport along the cytoskeleton, trafficking within a vesicle or
otherwise. The NLS of the LB1 coating on the SWCNT, assuming that it survived
the enzymatic processing of the late endosome or lysosome, must be in the
appropriate conformation to be recognized by the machinery for nuclear import.
While the mechanisms underlying the slow cellular processing are still being
elucidated, it is important to understand for the purpose of therapeutic design that

cellular uptake may be quick but cellular processing is slow.

5.4 Conclusions

Controlling the subcellular delivery of SWCNTs is important for the
realization of safe and effective cellular therapies. To overcome limitations of
covalent peptide attachment and nonspecific globular proteins, we created nuclear
proteins with native biofunctionality. Recombinantly engineered LB1 domains
possess essential structural characteristics which allow for effective dispersion of
SWCNTSs while maintaining their desirable properties. LB1 proteins also enhance
the functionality of SWCNTs through the incorporation of a NLS enabling
subcellular targeting. We observed translocation of SWCNTSs from the cytoplasm
to the perinuclear region to the nucleus over 72 h. SWCNTs with LB1, but not
BSA, proteins localized to the center of nuclei, quenching the fluorescence
lifetime of DAPI labeled DNA. Here, we developed a non-covalent protein based

functionalization of SWCNTs that maximizes the availability of SWCNT
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properties while imparting controllable subcellular delivery, thereby enabling

multifunctional use within cells.

5.5 Acknowledgements

| would like to thank Sairaam Ganesh (Carnegie Mellon University) for
collaboration with LB1 protein production and Brian Holt (Carnegie Mellon

University) for assistance with FLIM measurements.

131



5.6 References

1. Holt, B. D.; Short, P. A.; Rape, A. D.; Wang, Y.-l.; Islam, M. F.; Dahl, K.
N. Carbon Nanotubes Reorganize Actin Structures in Cells and ex Vivo.
ACS Nano 2010, 4, 4872-4878.

2. Holt, B. D.; Shams, H.; Horst, T. A.; Basu, S.; Rape, A. D.; Wang, Y.-L.;
Rohde, G. K.; Mofrad, M. R. K.; Islam, M. F.; Dahl, K. N. Altered Cell
Mechanics from the Inside: Dispersed Single Wall Carbon Nanotubes
Integrate with and Restructure Actin. Journal of Functional Biomaterials
2012, 3, 398-417.

3. Zhou, F.; Xing, D.; Wu, B.; Wu, S.; Ou, Z.; Chen, W. R. New Insights of
Transmembranal Mechanism and  Subcellular  Localization of
Noncovalently Modified Single-Walled Carbon Nanotubes. Nano Letters
2010, 10, 1677-1681.

4, Battigelli, A.; Russier, J.; Venturelli, E.; Fabbro, C.; Petronilli, V.;
Bernardi, P.; Da Ros, T.; Prato, M.; Bianco, A. Peptide-based carbon
nanotubes for mitochondrial targeting. Nanoscale 2013, 5, 9110-9117.

5. Cheng, J.; Fernando, K. A. S.; Veca, L. M.; Sun, Y.-P.; Lamond, A. |;
Lam, Y. W.; Cheng, S. H. Reversible Accumulation of PEGylated Single-
Walled Carbon Nanotubes in the Mammalian Nucleus. ACS Nano 2008, 2,
2085-2094.

6. Kang, B.; Mackey, M. A.; El-Sayed, M. A. Nuclear Targeting of Gold
Nanoparticles in Cancer Cells Induces DNA Damage, Causing
Cytokinesis Arrest and Apoptosis. Journal of the American Chemical
Society 2010, 132, 1517-15109.

7. Raoof, M.; Mackeyev, Y.; Cheney, M. A.; Wilson, L. J.; Curley, S. A.
Internalization of C60 fullerenes into cancer cells with accumulation in the
nucleus via the nuclear pore complex. Biomaterials 2012, 33, 2952-2960.

8. Ménard-Moyon, C.; Kostarelos, K.; Prato, M.; Bianco, A. Functionalized
Carbon Nanotubes for Probing and Modulating Molecular Functions.
Chemistry & Biology 2010, 17, 107-115.

9. Kruss, S.; Hilmer, A. J.; Zhang, J.; Reuel, N. F.; Mu, B.; Strano, M. S.

Carbon nanotubes as optical biomedical sensors. Advanced Drug Delivery
Reviews 2013, 65, 1933-1950.

132



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Robinson, J.; Welsher, K.; Tabakman, S.; Sherlock, S.; Wang, H.; Luong,
R.; Dai, H. High performance in vivo near-IR (>1 um) imaging and
photothermal cancer therapy with carbon nanotubes. Nano Research 2010,
3, 779-793.

Vashist, S. K.; Zheng, D.; Pastorin, G.; Al-Rubeaan, K.; Luong, J. H. T ;
Sheu, F.-S. Delivery of drugs and biomolecules using carbon nanotubes.
Carbon 2011, 49, 4077-4097.

Dresselhaus, M. S.; Dresselhaus, G.; Eklund, P. C. Science of Fullerenes
and Carbon Nanotubes. Academic Press: San Diego, 1996.

O'Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano,
M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.; Kittrell, C.;
Ma, J.; Hauge, R. H.; Weisman, R. B.; Smalley, R. E. Band Gap
Fluorescence from Individual Single-Walled Carbon Nanotubes. Science
2002, 297, 593-596.

Kaiser, J.-P.; Wick, P.; Manser, P.; Spohn, P.; Bruinink, A. Single walled
carbon nanotubes (SWCNT) affect cell physiology and cell architecture.
Journal of Materials Science: Materials in Medicine 2008, 19, 1523-1527.

Battigelli, A.; Ménard-Moyon, C.; Da Ros, T.; Prato, M.; Bianco, A.
Endowing carbon nanotubes with biological and biomedical properties by
chemical modifications. Advanced Drug Delivery Reviews 2013, 65, 1899-
1920.

Pantarotto, D.; Briand, J.-P.; Prato, M.; Bianco, A. Translocation of
bioactive peptides across cell membranes by carbon nanotubes. Chemical
Communications 2004, 16-17.

Andreoli, E.; Suzuki, R.; Orbaek, A. W.; Bhutani, M. S.; Hauge, R. H.;
Adams, W.; Fleming, J. B.; Barron, A. R. Preparation and evaluation of
polyethyleneimine-single walled carbon nanotube conjugates as vectors
for pancreatic cancer treatment. Journal of Materials Chemistry B 2014, 2,
4740-4747.

Bekyarova, E.; Sarkar, S.; Wang, F.; Itkis, M. E.; Kalinina, I.; Tian, X.;
Haddon, R. C. Effect of Covalent Chemistry on the Electronic Structure
and Properties of Carbon Nanotubes and Graphene. Accounts of Chemical
Research 2012, 46, 65-76.

Britz, D. A.; Khlobystov, A. N. Noncovalent interactions of molecules
with single walled carbon nanotubes. Chemical Society Reviews 2006, 35,
637-659.

133



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Adeli, M.; Soleyman, R.; Beiranvand, Z.; Madani, F. Carbon nanotubes in
cancer therapy: a more precise look at the role of carbon nanotube-
polymer interactions. Chemical Society Reviews 2013, 42, 5231-5256.

Cherukuri, P.; Gannon, C. J.; Leeuw, T. K.; Schmidt, H. K.; Smalley, R.
E.; Curley, S. A.; Weisman, R. B. Mammalian pharmacokinetics of carbon
nanotubes using intrinsic near-infrared fluorescence. Proceedings of the
National Academy of Sciences of the United States of America 2006, 103,
18882-18886.

Karajanagi, S. S.; Yang, H.; Asuri, P.; Sellitto, E.; Dordick, J. S.; Kane, R.
S. Protein-Assisted Solubilization of Single-Walled Carbon Nanotubes.
Langmuir 2006, 22, 1392-1395.

Matsuura, K.; Saito, T.; Okazaki, T.; Ohshima, S.; Yumura, M.; lijima, S.
Selectivity of water-soluble proteins in single-walled carbon nanotube
dispersions. Chemical Physics Letters 2006, 429, 497-502.

Nepal, D.; Geckeler, K. E. Proteins and Carbon Nanotubes: Close
Encounter in Water. Small 2007, 3, 1259-1265.

Edri, E.; Regev, O. “Shaken, Not Stable”: Dispersion Mechanism and
Dynamics of Protein-Dispersed Nanotubes Studied via Spectroscopy.
Langmuir 2009, 25, 10459-10465.

Holt, B. D.; Dahl, K. N.; Islam, M. F. Quantification of Uptake and
Localization of Bovine Serum Albumin-Stabilized Single-Wall Carbon
Nanotubes in Different Human Cell Types. Small 2011, 7, 2348-2355.

Ge, C.; Du, J.; Zhao, L.; Wang, L.; Liu, Y.; Li, D.; Yang, Y.; Zhou, R,;
Zhao, Y.; Chai, Z.; Chen, C. Binding of blood proteins to carbon
nanotubes reduces cytotoxicity. Proceedings of the National Academy of
Sciences of the United States of America 2011, 108, 16968-16973.

Holt, B. D.; Dahl, K. N.; Islam, M. F. Cells Take up and Recover from
Protein-Stabilized Single-Wall Carbon Nanotubes with Two Distinct
Rates. ACS Nano 2012, 6, 3481-3490.

Holt, B. D.; McCorry, M. C.; Boyer, P. D.; Dahl, K. N.; Islam, M. F. Not
all protein-mediated single-wall carbon nanotube dispersions are equally
bioactive. Nanoscale 2012, 4, 7425-7434.

Boyer, P. D.; Holt, B. D.; Islam, M. F.; Dahl, K. N. Decoding membrane-
versus receptor-mediated delivery of single-walled carbon nanotubes into

134



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

macrophages using modifications of nanotube surface coatings and cell
activity. Soft Matter 2013, 9, 758-764.

Calvaresi, M.; Zerbetto, F. The Devil and Holy Water: Protein and Carbon
Nanotube Hybrids. Accounts of Chemical Research 2013, 46, 2454-2463.

Dhe-Paganon, S.; Werner, E. D.; Chi, Y.-1.; Shoelson, S. E. Structure of
the Globular Tail of Nuclear Lamin. Journal of Biological Chemistry
2002, 277, 17381-17384.

Ruan, J.; Xu, C.; Bian, C.; Lam, R.; Wang, J.-P.; Kania, J.; Min, J.; Zang,
J. Crystal structures of the coil 2B fragment and the globular tail domain
of human lamin B1. FEBS Letters 2012, 586, 314-318.

Talcott, B.; Moore, M. S. Getting across the nuclear pore complex. Trends
in Cell Biology 1999, 9, 312-318.

Ganesh, S.; Qin, Z.; Spagnol, S. T.; Biegler, M. T.; Coffey, K. A,
Kalinowski, A.; Buehler, M. J.; Dahl, K. N. The tail domain of lamin B1 is
more strongly modulated by divalent cations than lamin A. Nucleus 2015,
DOI: 10.1080/19491034.2015.1031436.

Kalinowski, A.; Qin, Z.; Coffey, K.; Kodali, R.; Buehler, Markus J.;
Losche, M.; Dahl, Kris N. Calcium Causes a Conformational Change in
Lamin A Tail Domain that Promotes Farnesyl-Mediated Membrane
Association. Biophysical Journal 2013, 104, 2246-2253.

Qin, Z.; Kalinowski, A.; Dahl, K. N.; Buehler, M. J. Structure and stability
of the lamin A tail domain and HGPS mutant. Journal of Structural
Biology 2011, 175, 425-433.

Waunderlich, Z.; Acton, T. B.; Liu, J.; Kornhaber, G.; Everett, J.; Carter,
P.; Lan, N.; Echols, N.; Gerstein, M.; Rost, B.; Montelione, G. T. The
protein target list of the Northeast Structural Genomics Consortium.
Proteins: Structure, Function, and Bioinformatics 2004, 56, 181-187.

Islam, M. F.; Milkie, D. E.; Torrens, O. N.; Yodh, A. G.; Kikkawa, J. M.
Magnetic heterogeneity and alignment of single wall carbon nanotubes.
Physical Review B 2005, 71, 201401.

Johnston, D. E.; Islam, M. F.; Yodh, A. G.; Johnson, A. T. Electronic

devices based on purified carbon nanotubes grown by high-pressure
decomposition of carbon monoxide. Nature Materials 2005, 4, 589-592.

135



41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

Islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, A. G. High
Weight Fraction Surfactant Solubilization of Single-Wall Carbon
Nanotubes in Water. Nano Letters 2003, 3, 269-273.

Arnold, M. S.; Green, A. A.; Hulvat, J. F.; Stupp, S. I.; Hersam, M. C.
Sorting carbon nanotubes by electronic structure using density
differentiation. Nature Nanotechnology 2006, 1, 60-65.

Becker, M. L.; Fagan, J. A.; Gallant, N. D.; Bauer, B. J.; Bajpai, V.;
Hobbie, E. K.; Lacerda, S. H.; Migler, K. B.; Jakupciak, J. P. Length-
Dependent Uptake of DNA-Wrapped Single-Walled Carbon Nanotubes.
Advanced Materials 2007, 19, 939-945.

Fagan, J. A.; Becker, M. L.; Chun, J.; Hobbie, E. K. Length Fractionation
of Carbon Nanotubes Using Centrifugation. Advanced Materials 2008, 20,
1609-1613.

Huang, Y. Y.; Knowles, T. P. J.; Terentjev, E. M. Strength of Nanotubes,
Filaments, and Nanowires From Sonication-Induced Scission. Advanced
Materials 2009, 21, 3945-3948.

Yaron, P.; Holt, B.; Short, P.; Losche, M.; Islam, M.; Dahl, K. Single wall
carbon nanotubes enter cells by endocytosis and not membrane
penetration. Journal of Nanobiotechnology 2011, 9, 45.

Duncan, R. R.; Bergmann, A.; Cousin, M. A.; Apps, D. K.; Shipston, M. J.
Multi-dimensional time-correlated single photon counting (TCSPC)
fluorescence lifetime imaging microscopy (FLIM) to detect FRET in cells.
Journal of Microscopy 2004, 215, 1-12.

Kollner, M.; Wolfrum, J. How many photons are necessary for
fluorescence-lifetime measurements? Chemical Physics Letters 1992, 200,
199-204.

Berezin, M. Y.; Achilefu, S. Fluorescence Lifetime Measurements and
Biological Imaging. Chemical Reviews 2010, 110, 2641-2684.

Becker, W. The bh TCSPC handbook. 3rd ed.; Becker & Hickl GmbH:
Berlin, Germany, 2008.

Heller, D. A.; Barone, P. W.; Swanson, J. P.; Mayrhofer, R. M.; Strano,
M. S. Using Raman Spectroscopy to Elucidate the Aggregation State of
Single-Walled Carbon Nanotubes. Journal of Physical Chemistry B 2004,
108, 6905-69009.

136



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley, R. E.;
Weisman, R. B. Structure-Assigned Optical Spectra of Single-Walled
Carbon Nanotubes. Science 2002, 298, 2361-2366.

Erickson, H. Size and Shape of Protein Molecules at the Nanometer Level
Determined by Sedimentation, Gel Filtration, and Electron Microscopy.
Biological Procedures Online 2009, 11, 32-51.

Carter, D. C.; Ho, J. X. Structure of Serum Albumin. Advances in Protein
Chemistry 1994, 45, 153-203.

Curry, S. Lessons from the Crystallographic Analysis of Small Molecule
Binding to Human Serum Albumin. Drug Metabolism and
Pharmacokinetics 2009, 24, 342-357.

Simon, D. N.; Wilson, K. L. The nucleoskeleton as a genome-associated
dynamic 'network of networks'. Nature Reviews Molecular Cell Biology
2011, 12, 695-708.

Simon, D.; Wilson, K. Partners and post-translational modifications of
nuclear lamins. Chromosoma 2013, 122, 13-31.

Panté, N.; Kann, M. Nuclear Pore Complex Is Able to Transport
Macromolecules with Diameters of ~39 nm. Molecular Biology of the Cell
2002, 13, 425-434.

Nativo, P.; Prior, I. A.; Brust, M. Uptake and Intracellular Fate of Surface-
Modified Gold Nanoparticles. ACS Nano 2008, 2, 1639-1644.

Ryan, J. A.; Overton, K. W.; Speight, M. E.; Oldenburg, C. N.; Loo, L.;
Robarge, W.; Franzen, S.; Feldheim, D. L. Cellular Uptake of Gold
Nanoparticles Passivated with BSA—SV40 Large T Antigen Conjugates.
Analytical Chemistry 2007, 79, 9150-91509.

de la Fuente, J. M.; Berry, C. C. Tat Peptide as an Efficient Molecule To
Translocate Gold Nanoparticles into the Cell Nucleus. Bioconjugate
Chemistry 2005, 16, 1176-1180.

Oyelere, A. K.; Chen, P. C.; Huang, X.; El-Sayed, I. H.; El-Sayed, M. A.
Peptide-Conjugated Gold Nanorods for Nuclear Targeting. Bioconjugate
Chemistry 2007, 18, 1490-1497.

Austin, L. A.; Kang, B.; Yen, C.-W.; El-Sayed, M. A. Plasmonic Imaging
of Human Oral Cancer Cell Communities during Programmed Cell Death

137



64.

65.

66.

67.

68.

69.

70.

71.

72.

by Nuclear-Targeting Silver Nanoparticles. Journal of the American
Chemical Society 2011, 133, 17594-17597.

Pan, L.; He, Q.; Liu, J.; Chen, Y.; Ma, M.; Zhang, L.; Shi, J. Nuclear-
Targeted Drug Delivery of TAT Peptide-Conjugated Monodisperse
Mesoporous Silica Nanoparticles. Journal of the American Chemical
Society 2012, 134, 5722-5725.

Chen, F.; Gerion, D. Fluorescent CdSe/ZnS Nanocrystal-Peptide
Conjugates for Long-term, Nontoxic Imaging and Nuclear Targeting in
Living Cells. Nano Letters 2004, 4, 1827-1832.

Nakielny, S.; Dreyfuss, G. Transport of Proteins and RNAs in and out of
the Nucleus. Cell 1999, 99, 677-690.

Marfori, M.; Mynott, A.; Ellis, J. J.; Mehdi, A. M.; Saunders, N. F. W.;
Curmi, P. M.; Forwood, J. K.; Bodén, M.; Kobe, B. Molecular basis for
specificity of nuclear import and prediction of nuclear localization.
Biochimica et Biophysica Acta, Molecular Cell Research 2011, 1813,
1562-1577.

Nabiev, I.; Mitchell, S.; Davies, A.; Williams, Y.; Kelleher, D.; Moore, R.;
Gun'ko, Y. K.; Byrne, S.; Rakovich, Y. P.; Donegan, J. F.; Sukhanova, A.;
Conroy, J.; Cottell, D.; Gaponik, N.; Rogach, A.; Volkov, Y.
Nonfunctionalized Nanocrystals Can Exploit a Cell's Active Transport
Machinery Delivering Them to Specific Nuclear and Cytoplasmic
Compartments. Nano Letters 2007, 7, 3452-3461.

Jin, H.; Heller, D. A.; Sharma, R.; Strano, M. S. Size-Dependent Cellular
Uptake and Expulsion of Single-Walled Carbon Nanotubes: Single
Particle Tracking and a Generic Uptake Model for Nanoparticles. ACS
Nano 2009, 3, 149-158.

Ribbeck, K.; Gorlich, D. Kinetic analysis of translocation through nuclear
pore complexes. EMBO Journal 2001, 20, 1320-1330.

Treuel, L.; Jiang, X.; Nienhaus, G. U. New views on cellular uptake and
trafficking of manufactured nanoparticles. Journal of the Royal Society
Interface 2013, 10, 20120939.

Kang, B.; Chang, S.; Dai, Y.; Yu, D.; Chen, D. Cell Response to Carbon

Nanotubes: Size-Dependent Intracellular Uptake Mechanism and
Subcellular Fate. Small 2010, 6, 2362-2366.

138



73. Mu, Q.; Broughton, D. L.; Yan, B. Endosomal Leakage and Nuclear
Translocation of Multiwalled Carbon Nanotubes: Developing a Model for
Cell Uptake. Nano Letters 2009, 9, 4370-4375.

139



6 Non-covalent Ternary Dispersions of Single Wall

Carbon Nanotubes for Controlled Cellular Delivery

6.1 Introduction

A major barrier to drug delivery is the ability to achieve optimal
intracellular therapeutic concentrations at low exposure doses that minimize
systemic effects. Establishing precise control of intracellular delivery of drugs
with toxic or broad physiologic effects is crucial for the prevention of adverse off-
target and systemic responses and the realization of effective therapy.
Nanomaterials with physicochemical properties that promote cell internalization
and are tunable at the length scales of molecular drugs are being intensely
investigated to improve the delivery of poorly water-soluble drugs as well as new
classes of bioactive macromolecules through cell-specific targeting and controlled
intracellular release.* Single wall carbon nanotubes (SWCNTS) possess essential
physical characteristics for drug delivery vehicles including their small size,
which allows for efficient internalization of large number of SWCNTSs, coupled
with their high surface area which allows for extensive molecular loading and
multi-functionalization. SWCNTs also possess unique mechanical, thermal,
electrical, and optical properties® providing the additional advantages of in situ
sensing,® imaging,* and thermal ablation® at the sites of delivery.

SWCNTs are hydrophobic and readily aggregate in agueous environments

due to strong van der Waals forces forming SWCNT bundles which have
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deleterious cell effects® and reduced optical properties.” Thus, for biomedical
applications SWCNTs must first be dispersed through covalent or non-covalent
functionalizations. There are numerous chemical strategies to increase the
solubility of SWCNTSs which also provide reactive groups for easy attachment of
drugs.® Drugs may be attached either directly for enhanced stability or through
enzymatic cleavable linkers to promote release. Topoisomerase inhibitors,
platinum-based drugs, antifolates, antimitotic drugs, and antimicrobials have been
loaded onto SWCNTSs with pH, protease, esterase, and thiol liable chemistries.’
However, chemical modification of SWCNTSs attenuates desirable properties for
multi-modal applications while chemistry to the drug molecule may alter its
therapeutic  activity.”® Non-covalent dispersions using biocompatible
phospholipids, copolymers, and proteins are preferred to preserve SWCNT
properties.***? Further, the physicochemical properties of some polycyclic
aromatic drugs including doxorubicin, methotrexate, and paclitaxel have proven
well-suited for enabling direct adsorption to SWCNTs forming supramolecular
complexes via n-stacking.® However, the loading efficiency and control of release
is often dependent on the ionization state of the molecule in its current
environment.*®

To enable more generic control of polycyclic drug molecule loading onto
SWCNT while maintaining dispersion and SWCNT properties and to promote
cellular specific release, we considered biocompatible dispersing agents that could
maintain interaction with both drug molecules and SWCNTSs. Globular albumin

proteins have a structure that facilitates remarkable transport properties for native
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hydrophobic molecules including fatty acids as well as proclivity for binding
exogenous drugs in the blood stream, impacting their eventual tissue
distribution.’***> Albumin has been shown to accumulate in solid tumors and
inflamed joints of arthritic disease due to the enhanced permeability of the local
vasculature as well as the energy source it provides for tumor growth and synovial
cells with highly up-regulated metabolisms.'® Designed therapeutic systems
carried by albumin including paclitaxel in Abraxane for treating metastatic breast
cancer and insulin derivatives in Levemir for treating diabetes are already on the
marketplace.!” Our group and others have used bovine serum albumin (BSA) to
non-covalently disperse SWCNTs which preserves inherent SWCNT properties
allowing for multifunctional applications and promotes high levels of cell
internalization (~tens of millions per cell) into HeLa cells'® and macrophages.*
We hypothesized that anti-cancer and anti-inflammatory drugs bound to BSA
could be used to non-covalently disperse SWCNTs. The resulting ternary
complex would serve to solubilize drugs, sequester their bioactivity until released
from the complex, and dramatically increase the efficiency of drug delivery to
cells improving therapeutic effectiveness.

Here, we perform molecular docking studies which identify separate
binding locations and characteristics within BSA for SWCNTSs and drugs. Using
rhodamine B (RB) as a fluorescent model drug molecule, we characterize the
loading and release of molecules from our ternary complex dispersion in vitro and
in cells. In vitro we find release is triggered quickly by denaturation or enzymatic

digestion of BSA. In cells we observe slower cell type dependent separation of
142



RB from SWCNTs over time using fluorescence lifetime imaging microscopy
(FLIM) of RB and direct near-infrared (NIR) fluorescence imaging of SWCNTSs.
Ternary complex dispersions with topoisomerase inhibitor daunomycin (DM) or
corticosteroids prednisone (PRD) and prednisolone (PSL) had increased
effectiveness in cells inhibiting HeLa cell proliferation and suppressing the
production of key inflammatory cytokine interleukin (IL)-18 in macrophages to

greater extents than free or BSA-bound drug.

6.2 Materials and Methods

6.2.1 BSA-SWCNT Complex Modeling

Docking: The PatchDock®#/FireDock?*?® webservers were used for all
docking analyses. In the first phase, the crystal structure of the BSA molecule
(PDB ID: 4F5S) was used as the receptor, while each of the SWCNT chiralities in
the solution for NIR fluorescence intensity measurements was submitted
individually as the ligand molecule to the PatchDock server.??! Both geometrical
compatibility and interaction energies were used to estimate favorability of BSA-
SWCNT binding modes. Then from the PatchDock output, the first 1,000 most
favorable binding modes were submitted to FireDock for further surface
refinement. After the PatchDock binding modes were re-ranked, the new top 10
modes were selected by FireDock.?>*® We then clustered similar binding modes

into more distinct modes based on spatial adjacency.
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In the second phase, the BSA molecule was equilibrated in a water box
using molecular dynamics (MD) simulation prior to performing any docking
analyses. Although the BSA backbone was not significantly displaced during
equilibration, the side chains were re-adjusted causing a notable alteration in the
protein surface. Therefore, docking analyses resulted in notably different binding
modes, and the number of clusters was also changed.

It should be noted that the initial SWCNTs used were 1 nm in length
which showed a strong tendency to interact with BSA via their tips. This seemed
to be an artifact of having finite size SWCNTs. Therefore, we chose longer
SWCNTSs (~1.5 nm) based on comparison with the largest principal axis of BSA
that increased the likelihood of lateral binding formation.

Molecular Dynamics: Only a subset of the most prominent SWCNT

chiralities were selected for further MD simulations. The NAMD 2.9 molecular
dynamics package®* and CHARMM27 forcefield® were used for all MD studies.
BSA and SWCNT complexes were solvated using the TIP3P explicit water model
in order to improve the model accuracy. Then, counter ions were included to
neutralize the excess charge of the system followed by setting the overall ion
concentration to 150 mM. The MD time-step was 2 fs and periodic boundary
conditions were applied in all directions. In the NPT ensemble, pressure and
temperature were kept constant at 1 bar and 310 K using Langevin Piston and
Langevin dynamics,?® respectively.

The system was minimized for 50,000 steps in order to remove all bad

contacts. This was followed by an equilibration simulation for 1 ns. Each model
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then ran for 5 ns which was considered as the production run and was then post-
processed. System coordinates along with system properties (e.g., temperature,
energies, etc.) were recorded every 20 ps. All energy -calculations and

visualization were performed using visual molecular dynamics software (VMD).?

6.2.2 SWCNT Purification and Length Fractionation

Unpurified high pressure carbon monoxide conversion synthesis (HiPCO)
SWCNTSs (Carbon Nanotechnologies, Inc.) with diameters of 1 £ 0.3 nm and
polydisperse lengths were purified to remove amorphous carbon and metal

impurities according to previously described methods.?®

Thermogravimetric
analysis and wide-angle X-ray scattering confirmed that the purified sample
contained < 5 wt% carbonaceous impurities and ~0.3 wt% metallic impurities,
with the rest of the sample being unaltered SWCNTs.2%%°

Purified SWCNTs were dispersed in water using sodium deoxycholate
(DOC) and centrifuged at 21,000xg for 2 h to remove remaining SWCNT bundles
according to previous methods.*>*! Individualized SWCNTs were length
fractionated using density gradient ultracentrifugation.’> SWCNTSs in the 10"-12™
fractions with lengths of 145 + 17 nm were collected® and subsequently pelleted

and burned at 300 °C in wet air in the presence of H,O, to remove DOC and then

washed in water several times.
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6.2.3 SWCNT Ternary Complex Dispersion and Molecular Loading
We describe the procedure in detail for RB. The methods for daunomycin
(DM), prednisone (PRD), and prednisolone (PSL) were similar except where
noted. RB was dissolved in ultrapure deionized water (resistivity 18.3 MQ/cm,
total oxidizable carbon < 5 ppb) at 600 uM. For PRD and PSL solutions, a brief
probe-tip sonication (Fisher Scientific, Model 100; 3 mm tip diameter) at 6 W was
performed to assist in solubilization. Bovine serum albumin (BSA) was dissolved
separately also in ultrapure deionized water at 300 uM. Equal volumes of RB and
BSA solutions were mixed to achieve a final solution of 1 wt% BSA and a 2:1
molar ratio of RB:BSA . The BSA-RB mixture was incubated overnight at 4 °C in
the dark to promote full infiltration of RB into BSA hydrophobic cavities.
SWCNTs were non-covalently dispersed in BSA-RB using methods
described previously for BSA.®*'* 3%3° PBriefly, the starting SWCNT
concentration was set at 0.1 wt%. The mixture of BSA-RB and SWCNTs were
dispersed in water using a probe-tip sonicator (Fisher Scientific, Model 100; 3
mm tip diameter) at 6 W for 2 h. Under these conditions, the ~150 nm SWCNTSs
were not shortened from sonication induced scission.*® To separate bundles from
isolated SWCNTS, suspensions were centrifuged at 21,000xg for 7 min (Beckman
Coulter Allegra 25R Centrifuge with a TA-15-1.5 rotor). To remove RB and
BSA that were not complexed with SWCNTSs, the supernatant was diluted in
ultrapure deionized water and ultracentrifuged at 60,000 rpm (308,450%g max) for
2 h to pellet the SWCNTs (Beckman Coulter Optima L-100K Ultracentrifuge

with a Type 90Ti rotor). The pellet was wash 3 times with ultrapure deionized
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water and resuspended at the initial concentration in only deionized water using a
brief probe-tip sonication (Fisher Scientific, Model 100; 3 mm tip diameter) at 6
W for 30 min. Afterwards, residual bundles were separated from isolated
SWCNTs through centrifugation of the suspension at 21,000xg for 7 min. The
supernatants were collected and used immediately for cell experiments without

sterilization to prevent photobleaching.

6.2.4 SWCNT Ternary Complex Dispersion Characterization

UV-vis-NIR absorbance spectroscopy: To quantitatively determine

SWCNT concentration and qualitatively assess dispersion quality, SWCNT
dispersions were examined using UV-vis-NIR absorbance spectroscopy (Varian
Cary 5000 UV-vis-NIR spectrophotometer). Concentration was determined using
an extinction coefficient of 2.6 (absorbance mL)/(mg mm) at 930 nm.*? The
sharpness and intensity of the van Hove peaks qualitatively indicate dispersion
quality.”

Raman spectroscopy: SWCNT structure after dispersion was characterized

with Raman spectroscopy. Samples diluted to 0.3 absorbance/cm in water were
analyzed on an inverted, inVia confocal Raman microscope (Renishaw) using a
50x air objective with 0.75 numerical aperture (NA) and a 785 nm laser (100
mW). Spectra were acquired between 100 — 3200 cm™. The data were normalized
by the G-band intensity. The D-band-to-G-band intensity ratio (Ip:lg) was
calculated by dividing the D-band intensity at ~1300 cm™ by the G-band

intensity.
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NIR fluorescence spectroscopy: SWOCNT dispersion quality was

characterized with NIR fluorescence spectroscopy (Horiba Jobin Yvon Nanolog
spectrofluorometer). SWCNT samples were diluted to 0.3 absorbance/cm in water
and NIR fluorescence spectra were collected with a 60 s integration time and
excitation and emission slit widths of 10 nm using a liquid nitrogen cooled
detector (Symphony InGaAs-1700). The excitation grating was 1200 grooves/mm
and blazed at 500 nm and the emission grating was 150 grooves/mm and blazed at
1200 nm. NIR fluorescence heatmaps of corrected fluorescence intensity
normalized to excitation intensity were constructed using FluorEscence and
Nanosizer software with chirality peak fits generated using a Voight 2D model.
SWCNT quantum vyield (QY) was determined at 2 different wavelengths
corresponding to different major chiralities in the sample. The total corrected
SWCNT NIR fluorescence signal per absorbance was normalized to fluorescence
per absorbance of NIR dye indocyanine green with known quantum efficiency

with the same system parameters.

6.2.5 Quantification of Loaded Molecules

To determine the loading of RB or DM on SWCNTSs, ultracentrifuged and
re-dispersed SWCNTs-BSA-RB or SWCNTs-BSA-DM were subjected to UV-
vis-NIR absorbance spectroscopy. The peak absorbance of RB at ~567 nm or
~483 nm for DM above SWCNTs-BSA baseline at the corresponding wavelength
was used to determine the concentration of RB or DM in the sample using a

standard curve relating BSA-RB or BSA-DM absorbance and concentration. Note
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that the peak absorbance of RB with SWCNTs-BSA-RB was shifted from typical
RB peak absorbance at ~555 nm alone in water or with BSA. A similar ~10 — 20
nm red shift of DM with SWCNTs-BSA-DM was observed, but DM absorbance
was weak and broad with interference from SWCNT contributing additional
uncertainty to the peak height and location. For PRD and PSL, which absorb in
the UV at ~244 nm and ~247 nm, respectively, the high absorbance of SWCNTs
makes similar calculations difficult. For these samples, the supernatant from the
SWCNT ternary complex ultracentrifugation step, combined with the pellet
washes, was ultracentrifuged again to produce a SWCNT free supernatant. The
concentration of PRD and PSL was then determined from a standard curve
relating BSA-PRD or BSA-PSL absorbance and concentration. The fraction of
initial PRD or PSL in the supernatant was then used to estimate the loaded
concentration of the SWCNT ternary complex sample. For RB, this indirect
method was found to overestimate the loaded concentration by as much as
~300%, which assumes a mass balance where no RB was lost to the non-
dispersed SWCNT pellet. However, for initial experiments involving SWCNTs-
BSA-PRD and SWCNTs-BSA-PSL, the indirect method was still used to

determine loaded concentration and dosing.

6.2.6 Stimulated In Vitro RB Release
RB fluorescence spectroscopy measurements were performed on a Horiba
Jobin Yvon Nanolog spectrofluorometer. Sample excitation was fixed at 550 nm

with a 2 nm slit width. Emission spectra were collected from 555 — 615 nm with 1
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nm step size and 2 nm slit width. Both excitation and emission gratings were 1200
grooves/mm blazed at 500 nm. For quantification of fluorescence changes, the
maximum corrected fluorescence intensity at ~575 nm normalized to the
excitation intensity was used. All fluorescence measurements were normalized by
the absorbance of the sample at 550 nm using a Varian Cary 5000 UV-vis-NIR
spectrophotometer.

Temperature: SWCNTs-BSA-RB was diluted to 11.6 ug/mL (containing 2
uM loaded RB concentration) in ultrapure deionized water. Fluorescence and
absorbance measurements of SWCNTs-BSA-RB and BSA-RB or RB only at 2
uM were taken from 10 — 85 °C in 5 °C intervals. Measurements were also made
at 37 °C and the denaturation temperature of native BSA, ~68 °C. Temperature
was controlled using FluorEscence software with a thermoelectric temperature
controller (Wavelength Electronics). Measurements were made 5 min after each
new temperature set point was reached to allow sufficient time for samples to
reach equilibrium. Temperature controller response time between set point
changes was quick, so that the total amount of time between measurements
remained consistent throughout the duration of the experiment at ~5 min.

Trypsin: 1.35 mL of 11.6 pg/mL SWCNTs-BSA-RB was equilibrated at
37 °C and then diluted with 0.15 mL of 37 °C equilibrated 2.5% (w/v) trypsin in
Hank’s Balanced Salt Solution (HBSS) without phenol red (Corning). The sample
was pipetted up and down 5 times to ensure a well-mixed solution with a new

effective 1.8 uM RB concentration. Fluorescence and absorbance measurements
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of SWCNTs-BSA-RB and BSA-RB or RB only at equivalent concentrations were
taken over time starting immediately after mixing up to 2 h with initial
measurements every 30 s. Similar measurements were repeated with ultrapure

deionized water instead of trypsin at 37 °C and 80 °C.

6.2.7 Cell Culture and Treatment

J774A.1 mouse macrophage-like cells (ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; 4500 mg/L glucose, 4.0 mM L-
glutamine, without sodium pyruvate; Thermo Scientific Hyclone), supplemented
with 10% v/v fetal bovine serum (FBS; Invitrogen) and 1% v/v penicillin-
streptomycin (Invitrogen). HelLa cells were cultured in DMEM (1000 mg/L
glucose, 4.0 mM L-glutamine, with 110 mg/L sodium pyruvate; Thermo
Scientific Hyclone), supplemented with 10% v/v FBS (Invitrogen) and 1% v/v

penicillin-streptomycin (Invitrogen). Cells were maintained at 37 °C and 5% CO,.

6.2.8 Quantification of RB Delivery to Cells

J774A.1 cells were seeded at 1x10* cells/cm?, and HeLa cells were seeded
at 3x10* cells/cm? onto sterilized #1.5 coverslips and maintained in culture for 24
h. Subsequently, cells were exposed to SWCNTs-BSA-RB diluted in fresh media
at concentrations of 1 and 10 ug/mL for 48 h. Side by side control exposures
were performed similarly with RB and BSA-RB (2:1 molar ratio) at
concentrations equal to the determined loaded RB concentration for SWCNTSs, as

well as 1 wt% BSA and no treatment. After 48 h, the media containing treatments
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was removed. Cells were washed 6 times in PBS and fixed with 3.7% v/v
formaldehyde (Sigma-Aldrich) for 15 min in the dark and mounted onto glass
slides. Cells were imaged in phase contrast, brightfield, and fluorescence (with
N2.1 filter cube for RB) on a Leica DMI 6000B inverted light and fluorescence
microscope using a 0.6 NA air condenser and a 40x (0.75 NA) oil immersion
objective. For each condition, > 4 fields of view with an average total > 800 cells
for J774A.1 and > 450 cells for HeLa were analyzed. As cells were mostly
confluent, the average RB fluorescence intensity per pixel per field of view was
quantified in ImageJ and normalized to the number of cells for that particular field
of view. The average RB intensity per cell for each treatment condition was

normalized to the average intensity per cell for untreated samples.

6.2.9 SWCNT NIR Fluorescence Imaging

Phase contrast imaging and widefield NIR fluorescence imaging were
performed on an inverted, Leica DMI 4000 light and fluorescence microscope
using a 0.9 NA air condenser and a 100x (1.4 NA) oil immersion objective. A 785
nm laser (120 mW, CrystaLaser) that was decohered and expanded to fill the
objective back focal plane and a 320 pixel x 256 pixel liquid nitrogen cooled 2D
InGaAs camera (2D-OMA V, Princeton Instruments) were interfaced with the
microscope via a custom setup to obtain widefield SWCNT NIR fluorescence
images. Control of imaging parameters and processing were performed using
WinView software (Princeton Instruments). For NIR imaging, NIR fluorescence

intensity between 900 — 1700 nm was collected after dark current background
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correction for integration times > 20 s. Spatial maps of SWCNT NIR fluorescence
intensity above noise (~50 counts/s) were performed in WinView software.
SWCNT NIR fluorescence images were overlaid with visible fluorescence images

taken on the same system for RB and DM (with Y5 filter cube).

6.2.10 Fluorescence Lifetime Imaging and Analysis

3738 on a Leica

FLIM was performed as previously reported by our group
TCS SP5 inverted laser scanning confocal microscope using a 100x (1.4 NA) oil
immersion objective. A tunable mode-locked Ti:sapphire 80 MHz pulsed laser
(Chameleon, Coherent) served at the multiphoton excitation source. For RB, the
multiphoton laser was tuned to 850 nm, and wavelengths of 516 — 724 nm were
passed to a photomultiplier tube to detect the full range of RB emission. Time-
correlated single photon counting (TCSPC) was performed using a Becker &
Hickl SPC-830 counting board and controlled with SPCM software (Becker &
Hickl). To enable an accurate determination of exponential decays and to
minimize the coefficient of variation, 256 pixel x 256 pixel lifetime images were
acquired at a scan rate of 400 Hz for at least 180 s with 220 time channels and a
measurement window of 10.8 ns.***° SPCImage software (Becker & Hickl) was
used to calculate the lifetime fits per pixel and render spatial lifetime images
using binning, as necessary, to achieve peak photon counts of > 1,000.%0**
The calculated single (t1) and double exponential (t; and t,) decay

lifetimes, along with their relative magnitudes and corresponding goodness of fits

(x?), were analyzed in MATLAB.*" For double exponential decays, the mean
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fluorescence (tm) lifetime was used to represent the data, which is the weighted
average of t; and 1. FLIM images were photon peak intensity thresholded in
SPCImage (Becker & Hickl) to exclude background pixels from analysis. All
reported values of lifetime are the average value of t, averaged across n = 5
analyzed images per experimental condition. Note that each included (i.e., non-

thresholded) pixel represents a unique data point of t,.

6.2.11 Quantification of Anti-Proliferative Effects from DM Delivery
HeLa cells were seeded at 3x10* cells/cm? onto sterilized #1.5 coverslips
and maintained in culture for 24 h. Subsequently, cells were exposed to
SWCNTs-BSA-DM diluted in fresh media at a concentration of 1 ug/mL for 48 h.
Side by side control exposures were performed similarly with DM and BSA-DM
(2:1 molar ratio) at concentrations equal to the determined loaded DM
concentration for SWCNTSs, as well as 1 wt% BSA and no treatment. After 48 h,
the media containing treatments was removed. Cells were washed 3 times in PBS
and fixed with 3.7% v/v formaldehyde for 15 min in the dark and mounted onto
glass slides. Cells were imaged in phase contrast and fluorescence (with N2.1
filter cube) on a Leica DMI 6000B inverted light and fluorescence microscope
using a 0.6 NA air condenser and a 40x (0.75 NA) oil immersion objective. For
each condition, > 10 fields of view with an average total > 400 cells were
analyzed. Proliferation was determined as a percentage of cells normalized to

control cell count.
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6.2.12 Flow Cytometry and Quantification of Anti-Inflammatory

Effects from PRD and PSL Delivery

Macrophages were seeded at 2.5 x 10* cell/cm? into 6-well plates, allowed
to adhere for 1 h, and treated immediately afterwards. Cells were exposed to 1
ug/mL SWCNTs-BSA-PRD or SWCNTs-BSA-PSL. Side by side control
exposures were performed similarly with PRD or PSL and BSA-PRD or BSA-
PSL (2:1 molar ratio) at concentrations equal to the determined loaded PRD (~16
nM) or PSL (~44 nM) concentrations for SWCNT ternary complexes. Treatments
with 1 ug/mL SWCNTs-BSA or equivalent 1 wt% BSA solution along with
untreated cells were used as controls. All exposures were for 46 h. Afterwards, the
treatment media was removed for all cells and replaced with fresh media
containing 1 pg/mL lipopolysaccharide (LPS) to stimulate an inflammatory
response for 16 h. Note the negative control cells received neither drug treatment
nor LPS stimulation.

After LPS challenge, 1.5 uL of protein transport inhibitors containing
Monensin (BD GolgiStop) or Brefeldin A (BD GolgiPlug) were added to all cells
for 2 h. The supernatant was collected and stored at -80 °C for cytokine analysis.
Cells were lifted off of the surface using a cell scraper and washed 1 time in PBS.
Cell suspensions were transferred to smaller staining tubes and portion of each
sample was taken to build immunoglobulin (Ig) isotype and unstained controls.
Cell suspensions were incubated for 5 min with Fc Block (BD Biosciences) and

then stained with fluorochrome conjugated antibodies (BD Biosciences) against
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surface markers CD40 and MHC class Il 1Ab for 25 min at room temperature in
the dark followed by two washes in PBS. Cells were fixed and permeabilized for
20 min (BD Cytofix/Cytoperm). The cell cytoplasm was stained with appropriate
fluorochrome conjugated antibodies (BD Biosciences) against inflammatory
proteins and cytokines MyD88, NF-kB, IL-1p, TNF-a, and IL-6 for 25 min at
room temperature in the dark. Cell suspensions were washed 3 times in 1x BD
Perm/Wash and 1 time in PBS followed by storage in 2% wi/v paraformaldehyde
in PBS until analysis. Control cells were incubated with the appropriate species-
specific 1gG isotype conjugated with the same fluorochrome following the same
procedure, and used to measure intrinsic cell fluorescence.

Raw cytometric data were acquired using the LSRII cytometer (BD
Biosciences). Cytometer efficiency and signal compensation were established for
each fluorochrome using calibration beads (Spherotec). Live cells were
electronically gated using forward and side scatter profiles. Single cells were
discriminated by height versus width plot of the forward scatter. Signal intensities
of antigen-specific staining were normalized against a compensation matrix
constructed from signals of the calibration beads and control cells. Cell
populations were analyzed offline using FlowlJo software (Tree Star).
Kolmogorov-Smirnov (K-S) and chi-square probability binning algorithms were
used to quantitatively compare differences in populations relative to the untreated
control. Cell response was quantified using the geometric mean fluorescence

intensities (GMFIs) of the labeled proteins within each treatment group in the
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form of a stimulation index (S1): SI = (GMFI treatment sample)/(GMFI untreated

control sample).

6.3 Results and Discussion

6.3.1 BSA Pockets are Versatile and Allow for Loading SWCNTSs with

Many Different Molecules

Structurally, albumin is composed of 3 homologous domains (named I, II,
and I11) with each domain containing two separate helical subdomains (named A
and B).* The folded protein forms an asymmetric heart shaped structure with a
cleft-like region between domains IB and IlIB. The unique arrangement of o-
helices within the subdomains of albumin gives rise to several pre-formed cavities
which have been found to bind a wide range of drug molecules.**** Binding and
crystallography studies have determined two main drug sites in domains 1A and
I1IA referred to as drug sites 1 and 2, respectively.®> To determine how albumin
non-covalently associates with SWCNTs and whether albumin drug sites remain
available, we performed molecular docking studies to identify favorable binding
modes followed by all-atom molecular dynamic (MD) simulations on solvated
BSA molecules and several chiralities of SWCNTs including (7,6), (8,6), (9,4),
and (10,2) with diameters between 0.87 — 0.95 nm. Equilibrated BSA from initial
MD simulations and SWCNTs were submitted to PatchDock, where both
geometrical compatibility and interaction energies were used to estimate the most

favorable SWCNT-BSA binding modes.?®* The binding modes were further
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refined in FireDock, and the top 10 modes were selected and clustered into more
distinct modes based on spatial adjacency for further MD studies.?*?* We found
that the most energetically favorable (between -105 and -130 kcal/mol) binding
modes for all SWCNTSs occurred within the cleft-like region between domains 1B
and 11IB (Figure 6.1A). As anticipated, the hydrophobic residues showed a
notable affinity for SWCNTSs. All SWCNT axes aligned almost perfectly on top
of each other showing that they positioned approximately at the same point of the
BSA surface.

We further compared the BSA inter-domain interaction energies in the
presence and absence of SWCNT. The interaction energy in the cleft-like region
between domains IB and IlI1B ranged between 0 and -100 kcal/mol even in the
absence of SWCNT indicating that the cleft was flexible and leaped between
closed and open states several times. The (9,4) SWCNT promoted this interaction
for 3 ns, but eventually it was disrupted (average energy = -48 kcal/mol). The
interaction between adjacent domains IA and I11A was weak but negative in most
simulations. We suggest that the flexibility of size and shape of the cleft could be
one reason for the observation of a common binding mode for all SWCNTSs since
it allows for necessary adjustments with rigid SWCNT ligands. Moreover, there
are other binding modes occurring within the same cleft that are rotated relative to

the best modes but are not as energetically favorable (Figure 6.1B).
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= SWCNT(7.6): Mode 1
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penenem SWCNT(9.4): Mode 5
s SWCNT(10.2): Mode 8

Figure 6.1: Complex formation between BSA and SWCNTSs. (A) The lowest
interaction energy binding modes from molecular docking for 4 different SWCNT
chiralities show a similar preference for association with BSA in the cleft region
formed between subdomains IB (red) and 111B (light green). (B) SWCNT binding
occurs at many different orientations within the BSA cleft with slightly less
favorable interaction energies indicating flexibility in the BSA cleft for
accommodating rigid SWCNTs. (C) Energetically favorable SWCNT binding
modes in the BSA cleft do not directly involve interactions with albumin drug
binding cavities colored in blue.

Through further analysis of amino acids involved in the association with
ligands in albumin drug binding sites, we determined that these sites were not
directly involved in promoting interactions with SWCNTs in the energetically
favored binding modes within the BSA cleft (Figure 6.1C). The average center of

mass distance between pockets comprising the drug binding sites in albumin and
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bound SWCNT was determined to be ~2.7 nm. Thus, drugs and SWCNTs may
complex BSA simultaneously in spatially distinct, but nearby locations.
Crystallography studies have revealed the drug binding cavities contain
asymmetric hydrophobic and polar features which have been found to
preferentially bind to drugs with similar physicochemical characteristics.** Drug
site 1 in domain IlA is slightly larger and contains polar residues in the middle of
two nonpolar chambers, thus showing specificity for binding flat aromatic
compounds with centrally located negatively charged features.’> RB was
determined through competitive binding experiments to bind to site 1 for RB:BSA
molar ratios < 50,* showing structural similarities to other site 1 binders
including phenylbutazone and warfarin.®> Drug site 2 in domain Il1A is more
compact, but with a completely solvent accessible entrance lined with polar
residues shows affinity for aromatic compounds with peripherally located
electronegative features.”® PSL was found to associate in site 2 by molecular
docking® with similar peripheral negative charged features as recognized site 2
binders including ibuprofen and diazepam.™ Thus, the diverse binding of BSA to
small hydrophobic anionic molecules enables many different molecules to be
loaded on to SWCNTSs. Furthermore, specific site 1 and site 2 biding drugs may
be combined for multimodal delivery accentuating the versatility of BSA and the

ternary complex.
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6.3.2 SWCNTs-BSA-RB Ternary Complex Formation

We first chose to study ternary complex formation with the fluorophore
molecule RB. RB has similar size and structure to other small molecule
therapeutics, and the fluorescent properties of RB allow for facile spectroscopic
characterization and imaging in cells. To develop the SWCNT ternary complex
dispersion, we first solubilized RB via hydrophobic binding sites in the BSA. We
quantified the fluorescence quenching of the tryptophan amino acid near site 1
and determined that RB bound to BSA with Ky ~ 2.1 x 10° M at ~0.9:1
stoichiometry, similar to previous reports.*> Subsequently, the BSA-RB complex
was used to disperse SWCNTSs in water through sonication. Similar to BSA by
itself, we found that the BSA-RB complex produced high yield dispersions with
sharp van Hove peaks in absorbance indicative of individually dispersed
SWCNTs (Figure 6.2A). In order to determine the amount of RB loaded onto
SWCNTSs via BSA, we carried out a sedimentation, washing, and re-dispersion
sequence to remove unbound RB and BSA-RB from SWCNTs-BSA-RB.
Through this process, we were able to retain > 80% of the initial mass yield of the
dispersion as well as dispersion quality indicated by the persistence of narrow van
Hove peak widths in the NIR. We found this method to be more efficient for
protein dispersions compared to other reported dialysis or filtration procedures.
The ~20% reduction in mass yield is consistent with the effects of additional
centrifugation time on dispersion mass yield previously reported by our group.®®
The presence of RB on the well-dispersed SWCNTSs was clearly visible due to the

dark red coloring of the solution as well as an additional strong absorbance peak
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>10 times above SWCNT absorbance in the visible region (Figure 6.2A). We
determined the amount of RB loaded onto SWCNTSs by quantifying the height of
the RB absorbance peak above SWCNTs-BSA baseline for a dispersion of
equivalent concentration and quality. We calculated solution concentrations of
~66 uM RB for SWCNT concentrations of ~385 pg/mL. For our ~150 nm

SWCNTSs we approximated a loading of 37 + 7 RB per SWCNT.
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Figure 6.2: Optical characterization of SWCNT ternary complex dispersion
with BSA-RB. (A) UV-vis-NIR absorbance spectroscopy of SWCNTs-BSA and
SWCNTs-BSA-RB. The sharp peaks arise from the van Hove singularities of the
density of states indicating individually dispersed SWCNTs. For SWCNTs-BSA-
RB, the intense absorbance peak at ~550 nm results from RB loaded onto
SWCNTs after removal of unbound RB though ultracentrifugation and re-
dispersion in water. (B) Raman spectroscopy of SWCNTs-BSA and SWCNTs-
BSA-RB confirms the dispersions maintain SWCNT structure with low Ip:lg ratio
and result in minimal aggregation with NIR fluorescence. The insets magnify the
radial breathing modes (200-275 cm™) and the broad peak (~2100-3100 cm™)
resulting from unfiltered real space SWCNT NIR fluorescence. (C-D) NIR
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fluorescence spectroscopy heat maps show SWCNT fluorescence intensity
confirming the presence of individual SWCNTs for both SWCNTs-BSA and
SWCNTs-BSA-RB with a similar distribution of chiralities. The dynamic range in
both maps is scaled to the maximum NIR fluorescence intensity for SWCNTs-
BSA.

We further characterized the SWCNTs-BSA-RB ternary complex
dispersion using characteristic Raman spectral features including the G-band at
~1590 cm™ resulting from sp®-hybridized carbon, the D-band at ~1300 cm™ from
sp3-hybridized carbon, and radial breathing modes (RBMs) at 200-275 cm™
(Figure 6.2B).* The intensity ratio between the D-band and G-band was < 0.04
and similar to SWCNTs-BSA and starting SWCNT power which confirmed that
the dispersion process maintained SWCNT structure. Both SWCNTs-BSA-RB
and SWCNTSs-BSA had minimal RBM intensity > 250 cm™, which corresponds to
SWCNT bundles for the 1.58 eV (785 nm) laser line used. Furthermore, we
observed unfiltered real-space NIR fluorescence at ~2300 cm™ in the Raman
spectra confirming the presence of individually dispersed SWCNTs.*

To quantitatively assess dispersion quality and electronic interactions
within the ternary complex, we performed NIR fluorescence spectroscopy on
SWCNT dispersions. Individually dispersed semiconducting SWCNTs emit NIR
fluorescence at distinct wavelengths corresponding to the band gap energies of
different SWCNT chiralities,”® whereas bundles containing metallic SWCNTSs
quench fluorescence.” We found that SWCNTs-BSA-RB contained individually

dispersed SWCNTs similar to SWCNTSs-BSA as evidenced by NIR fluorescence

from multiple different chiralities shown in a fluorescence intensity heat map over
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excitation and emission wavelengths (Figure 6.2C-D). The distribution of
chiralities was similar for SWCNTs-BSA-RB with < 1% difference in relative
abundance of each chirality, except for (9,4) which was reduced by 3%, relative to
SWCNTs-BSA. Compared to BSA protein alone, the interaction of BSA-RB
contributed an additional red shift of ~4.7 meV and ~3.1 meV to average
excitation and emission maxima, respectively, determined from peak fits of
fluorescence intensity. The quantum vyield (QY) of SWCNTs-BSA-RB was
determined to be ~0.011%, which was ~1.3 times less than the QY of ~0.015%
for SWCNTs-BSA, despite having nearly identical absorbance and Raman
dispersion characteristics.

Here, we observed BSA-RB complexes load RB molecules onto SWCNTs
in what appears to be the primary mechanism of SWCNTs-BSA-RB complex
formation. We also observed electronic interactions between RB and SWCNTSs
suggesting some RB may adsorb directly onto the SWCNT surface via n-stacking
adding to the loaded concentration. RB has been observed to directly disperse
SWCNTs at favorable efficiencies compared to other fluorophores.*” Here, we
found that RB alone did not disperse SWCNTSs at the same concentration used for
BSA-RB dispersions. RB absorbance was peak shifted from ~555 nm, alone or
with BSA, to ~567 nm with SWCNTSs. Further, RB fluorescence was reduced, but
not peak shifted, suggesting some form of contact or static quenching via the
formation of a non-fluorescent ground state complex.*® Additionally, SWCNTSs-
BSA-RB NIR absorbance peaks were red shifted ~3 nm and broadened 2 — 3 nm

in width compared to SWCNTs-BSA. We also observed SWCNTs-BSA-RB QY
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was ~1.3 times less than SWCNTs-BSA. Similar drops in QY despite good
dispersion quality have been reported for adsorption of other aromatic compounds
including doxorubicin and pyrenes which perturbed the electronic structure of
SWCNTSs through m-stacking resulting in reduced exciton lifetimes leading to
fluorescence quenching and broadening of optical transitions.* Despite the
additional contributions of RB, we saw almost no difference in the relative
abundance of different dispersed chiralities between SWCNTs-BSA-RB and

SWCNTs-BSA suggesting BSA still maintains the primary role of dispersant.

6.3.3 Disruption of BSA In Vitro Triggers Release of RB from

SWCNTs-BSA-RB Ternary Complex

Since we found that RB molecules could be effectively loaded onto
SWCNTs via interactions with BSA, we hypothesized that RB could be released
by inducing specific disruptions to the adsorbed BSA. Intracellularly, proteins are
chemically degraded and denatured through proteolyic enzymes, pH, and other
conditions in lysosomes. To test our hypothesis in vitro, we exposed SWCNTs-
BSA-RB to denaturing heat to alter protein conformation and enzymatic digestion
with trypsin to cleave protein structure. To determine whether RB was still bound
to SWCNTSs, we measured the relative quenching of RB fluorescence intensity.
SWCNTSs are known to quench the fluorescence of many fluorophores, including
RB,*® through distant dependent energy transfer (i.e., Forster resonance energy

transfer; FRET) or electron transfer mechanisms.*® Thus, we considered increases
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in RB fluorescence intensity to infer decoupling of RB from SWCNTs and
indicate release from the ternary complex.

We observed initial fluorescence intensity from SWCNTs-BSA-RB
complex which was ~82% quenched compared to the fluorescence of unbound
SWCNTs-BSA and RB mixed together in solution which we used to represent the
maximum fluorescence intensity from a completely decomplexed system. We
exposed SWCNTs-BSA-RB to increasing temperature from 12 °C to 85 °C and
calculated the change in RB fluorescence relative to the starting intensity at 12 °C
(Figure 6.3A). Note that the quantum efficiency of RB is temperature
dependent,®* so we used the fluorescence change of RB solution alone at the same
starting intensity as the baseline for calculations. As temperature increased, BSA
denatured, and SWCNTs-BSA-RB fluorescence intensity increased following a
sigmoidal behavior with inflection point at ~37 °C leading to a maximum increase
of ~57%. The maximum steady state fluorescence intensity at 80 °C for thermal
denaturing of the ternary complex corresponded to ~85% of the maximum
intensity of the completely decomplexed system, indicating as much as 15% of
the loaded RB may be irreversibly bound to SWCNTs. We observed only ~3%
fluorescence intensity increase from BSA-RB complexes without SWCNTSs over
the same temperature range indicating that separation from SWCNTSs is the main

driving force behind the increased fluorescence.
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Figure 6.3: Quantification of SWCNTs-BSA-RB fluorescence intensity
changes in response to thermal or enzymatic degradation of BSA. (A)
SWCNTs-BSA-RB fluorescence intensity increases largely around 40 °C
indicating separation from the fluorescence quenching SWCNT complex with
little increase beyond the denaturation temperature of native BSA at ~68 °C. Red
line represents fit to 4 parameter logistic curve. (B) SWCNTs-BSA-RB
fluorescence intensity increases rapidly after typsin treatment indicating fast
dissociation from the complex before reaching steady state after 20 min. Without
trypsin, RB fluorescence intensity increases to a lower steady state value at slower
rate. Red lines represent fit to a first order rate law assuming first order kinetic
release from the SWCNT complex. Non-linear fits give rate constants Keypsin =
0.327 + 0.025 min™ and Kyater = 0.232 + 0.093 min™, where + represent 95%
confidence intervals to the fitted parameter.

We also quantified release over 2 h from SWCNTs-BSA-RB at 37 °C
using the protease trypsin to enzymatically cleave BSA (Figure 6.3B).
Fluorescence intensity increased rapidly after the addition of trypsin before
reaching a plateau of ~46% increase. Similar experiments with BSA-RB
complexes without SWCNTs showed a slower increase in fluorescence to a
maximum ~6% increase. We compared this enzyme specific release to non-
specific release over the same times at 37 °C with ultrapure deionized water

added instead of trypsin. We observed a kinetically slower process with ~14%

increased fluorescence intensity for SWCNTs-BSA-RB and a slight ~1% decrease
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in fluorescence intensity for BSA-RB complexes only. Modeling RB release from
SWCNTSs using first order release kinetics showed a significantly higher rate
constant for trypsin-mediated release, Kiypsin = 0.327 £ 0.025 min™, compared to
non-specific release in water, kyaer = 0.232 + 0.093 min™, where * represent 95%
confidence intervals. The maximum steady state fluorescence intensity with
trypsin treatment was ~35% of the maximum intensity of the completely
decomplexed system compared to ~31% without trypsin. We found the maximum
steady state fluorescence intensity at 37 °C without treatment corresponded to
~27% of the maximum intensity of the completely decomplexed system. Thus,
specific trypsin enzyme activity was ~2 — 3 times more effective in inducing RB
release compared to non-specific dilution in water, which resulted in only ~4% of
the maximum possible release.

Initially, the SWCNTs-BSA-RB ternary dispersion complex showed non-
zero RB fluorescence intensity, which was ~18% of the maximum fluorescence
intensity from a completely decomplexed system. This indicated that a fraction of
RB molecules or BSA-RB complexes may have initially been free in solution or
adsorbed to SWCNTSs in orientations that exclude RB molecules from energy or
electron transfer with SWCNTs. Nevertheless, we still observed significant
increases in fluorescence intensity which revealed decomplexation of SWCNTs-
BSA-RB with denaturation or proteolysis of BSA. RB may be released from
binding sites within BSA immobilized on SWCNTs or from entire BSA-RB
complexes leaving SWCNTSs. The smaller increase in fluorescence intensity for

enzymatic treatment may be the result of RB molecules that remain pinned
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between protein fragments and SWCNTSs or remain stuck within partially digested
protein fragments still on SWCNTs. Whereas heat treatment may completely
disrupt the entire BSA protein conformation and thus SWCNT-BSA interaction,
trypsin activity is more selective in the digest of specific amino acid residues. At
37 °C steady state fluorescence measurements showed ~27% of the maximum
intensity of the completely decomplexed system, suggesting that at least 2/3 of
loaded RB molecules are still available for specific or long-term release in cells.
Further, the decomplexation of RB from SWCNTs-BSA-RB was found to be
highly sensitive to changes in temperature around 37 °C. This heightened
sensitivity could allow the strong NIR absorption and high thermal conductivity
of SWCNTSs to be used locally to trigger SWCNT heating and disruption of BSA

promoting increased intracellular release to specific cells.

6.3.4 SWCNTs-BSA-RB Ternary Complex Increases Delivery of RB

to Cells

Since  SWCNTs-BSA-RB ternary complex produced good quality
dispersions with high loading of releasable RB, we next determined whether
SWCNTs could serve as efficient vectors to deliver RB, or other loaded
molecules, to different cell types. We exposed HelLa cells and mouse
macrophages to 1 and 10 ng/mL SWCNTs-BSA-RB for 48 h and quantified the
intracellular delivery of RB through widefield fluorescence imaging microscopy
(Figure 6.4A-B). To assess the efficiency of SWCNTSs, we also imaged cells

treated with only RB or BSA-RB at equivalent concentrations to the amount of
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RB loaded on SWCNTs. HeLa cells exposed to 1 ug/mL SWCNTs-BSA-RB
showed a small but statistically significant ~1.2-fold increase in RB delivery
compared to RB or BSA-RB alone (Figure 6.4C). Higher concentrations of
SWCNTs showed similarly modest ~1.2-fold increases, suggesting additional
delivered RB molecules may still be trapped on SWCNTs and thus were not
visible to our fluorescence based assay. For macrophages treated with 1 ug/mL
SWCNTs-BSA-RB we quantified a ~5-fold increase in delivery (Figure 6.4D).
Increasing the exposure concentration to 10 pg/mL resulted in a ~20-fold
enhancement in RB delivery. The substantial increase in SWCNT effectiveness
for macrophages is likely facilitated by the high amounts of SWCNT uptake for
this cell type and suggests substantial uptake of the SWCNT vector is essential for
enhanced RB delivery effect. Thus, SWCNTs are a useful vector for delivery
where the quantity and specificity of SWCNT uptake can be used to control the
intracellular dosage and selectivity of loaded drugs. Further, cell types with higher
cellular activity (e.g., uptake, proteolysis, etc.) may be further sensitized to lower
treatment doses based on intracellular processing and release of the loaded
molecule, while more long term release kinetics may be explored in less active

cells.
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Figure 6.4: Fluorescence imaging and quantification of RB delivered to HelLa
cells and J774A.1 macrophages. (A-B) Widefield fluorescence images for (A)
HeLa cells and (B) macrophages exposed to 10 ug/mL SWCNTs-BSA-RB or
equivalent concentration of loaded RB and BSA-RB for 48 h. (C-D)
Quantification of mean widefield RB fluorescence intensity normalized to total
cells for exposure to 1 or 10 ng/mL SWCNTs-BSA-RB and equivalent loaded RB
concentrations for 48 h. Data = mean + SEM, *p < 0.001 compared to control, “p
< 0.001 compared to RB and BSA-RB.

6.3.5 RB is Released from SWCNTs-BSA-RB Ternary Complex Over

Time in Cells

We examined the localization of RB relative to SWCNTSs over time in
cells using fluorescence lifetime imaging microscopy (FLIM). FLIM measures
changes in the decay rate of fluorescence emission from a fluorophore which is

highly sensitive to the local environment of the fluorophore within typical energy
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transfer distances (~5 nm), including electronic interactions with SWCNTSs.
SWCNTSs have been shown to significantly quench the lifetime of fluorophores
including RB based actin probes in cells.®® Thus, FLIM provides details at length
scales relevant for studying RB release from SWCNTs offering an enhancement
from standard diffraction limited real-space imaging with typical optical
resolution of ~200 nm. Macrophages treated with 10 ug/mL SWCNTs-BSA-RB
for 24 h showed a significantly quenched homogeneous mean fluorescence
lifetime (tn) of ~1.0 ns compared to macrophages treated with equal
concentrations of only RB with homogeneous t, of ~2.6 ns (Figure 6.5A). The
dramatic and consistent reduction in RB lifetime suggested all RB molecules were
still attached to SWCNTSs after 24 h in cells. When we followed the SWCNTs-
BSA-RB treatment in macrophages out to 48 h, we observed a return of nearly all
internalized RB lifetimes to the RB only treatment state with 1, of ~2.3 ns. Most
cells had a few subcellular regions of quenched lifetime while the majority of
lifetime signal in the cytoplasm appeared to be non-quenched indicating RB had
largely been released from SWCNTs. A histogram of quantified lifetimes from
the images revealed that 24 h treatment with SWCNTs-BSA-RB shifted the
distribution of t, to significantly lower values (Figure 6.5B). After 48 h of
SWCNTs-BSA-RB treatment, the distribution of 1, in macrophages was almost
completely shifted back to the RB only t, distribution with only a minor
contribution from reduced lifetime observed at earlier exposure times. Thus, over

48 h in macrophages, tm transitioned from quenched to non-quenched suggesting
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that macrophages are able to intracellularly liberate RB from SWCNT ternary
complexes (Figure 6.5C). Similar treatment and imaging in HelLa cells revealed a
bimodal t,, after 48 h, with the distribution more heavily weighted to quenched
lifetimes. The bimodal distribution resulted in an average t, of ~1.5 ns,
suggesting intracellular release is less efficient or occurs on longer timescales in
HeLa cells compared to macrophages, likely due to differential cellular

processing including higher protein digestive activity in macrophages.
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Figure 6.5: Fluorescence lifetime imaging microscopy (FLIM) of RB in
macrophages and HeLa cells over 24 — 48 h of SWCNT exposure time. (A)
Color coded mean fluorescence lifetime (tn,) images. After 24 h of SWCNTSs-
BSA-RB exposure, macrophages show a homogeneous distribution of reduced
(quenched) T, compared with exposure to only RB. After 48 h of SWCNTs-BSA-
RB exposure, Ty, largely returns to RB only exposure lifetimes for macrophages
with a few remaining quenched regions, while HelLa cells show a heterogeneous
distribution of quenched rt, through the cytoplasm. Note that each pixel
represents a unique data point of 1. (B) Histograms of RB t,, for all cells
normalized to the maximum of each condition show 24 h SWCNTs-BSA-RB
exposure shifts the distribution of rt, to significantly lower values for
macrophages. After 48 h SWCNTs-BSA-RB exposure, macrophages show a
nearly complete return to the RB only distribution, while the distribution of t,
remains bimodal in HelLa cells. (C) Quantitative comparison of the average t, for
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each condition shows significant quenching for 24 h SWCNTs-BSA-RB exposure
in macrophages returns close to RB only average t, after 48 h. The average t, for
HeLa cells exposed to SWCNTs-BSA-RB remains significantly quenched after
48 h. Data = mean = SD, **p<0.0001, *p<0.05 compared to RB.

Since FLIM is an indirect measure of SWCNT and RB subcellular
localization, we also performed direct real-space imaging of both components in
cells to confirm RB release. We utilized the inherent NIR fluorescence of
individual semiconducting SWCNTSs to unambiguously track SWCNT position in
cells without the assistance of other fluorescence labels. For macrophages after 48
h of 10 pg/mL SWCNTs-BSA-RB treatment, overlaid widefield fluorescence
images of RB and SWCNT NIR fluorescence showed a low degree of spatial
correlation between RB and SWCNTs (Figure 6.6). A majority of RB
fluorescence intensity appeared to be located towards the center of cells while
SWCNT NIR fluorescence intensity was largely located at the cell periphery.
SWCNT locations are not devoid of RB fluorescence, but RB intensity in these
regions is much less than other regions in the cell. SWCNT NIR fluorescence also
indicates the presence of individual SWCNTSs, suggesting that the BSA has not

yet been disrupted to the extent of inducing SWCNT-SWCNT contact and NIR

fluorescence quenching.
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Phase Contrast SWCNTs Overlay

Figure 6.6: Fluorescence imaging of RB and SWCNT localization in
macrophages after 48 h exposure to 10 pg/mL SWCNTs-BSA-RB. NIR
fluorescence imaging overlays of SWCNT NIR fluorescence with RB
fluorescence show a majority of subcellular locations with spatially separate
SWCNTSs and RB.

In vitro, we observed fast release kinetics from SWCNTs-BSA-RB on the
order of minutes, whereas in cells, we found subcellular release requires
additional time on the order of hours. Further the efficiency and time scales of
intracellular RB release were cell type dependent, suggesting cell specific
contributions to the release of RB. Macrophages are known to have high protein
digestive activity and showed intracellular release of nearly all RB from 24 to 48
hours of exposure. HeLa cells on the other hand showed incomplete release with
many subcellular regions still containing a majority of SWCNT-bound RB after
48 h exposure. This could explain why significant increases in RB fluorescence
intensity concurrent with uptake were observed for macrophages but not for HelLa
cells, as many RB molecules may still be complexed with SWCNTSs inside cells
quenching fluorescence. Thus, delivery strategies may be best optimized using a
combination of SWCNT uptake and cellular proteolytic activity to achieve the

desired selectivity or intracellular release kinetics that best suit the intended

treatment. Furthermore, using the release of RB or other quenched molecules as
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an intracellular fluorescence reporter may be useful to study cellular processing

dynamics in real time with imaging.

6.3.6 SWCNT Ternary Complexes Deliver Bioactive Molecules Inside

Cells Increasing Therapeutic Efficiency

Our ternary SWCNT-BSA-RB complex increased the delivery of RB to
both HelLa cells and macrophages and facilitated localized intracellular release.
To design a therapeutic delivery system, we considered bioactive hydrophobic
molecules with similar physical characteristics. Since HelLa cells and
macrophages readily internalize millions of SWCNTSs-BSA, we selected drugs for
modulating cancer and inflammation. Using similar methods to RB, we loaded
daunomycin (DM), an anthracycline topoisomerase inhibitor effective as a
chemotherapeutic, and prednisone (PRD) or prednisolone (PSL), corticosteroids
particularly effective as immunosuppressant drugs, onto SWCNTs using BSA.
We carried out a sedimentation, washing, and re-dispersion sequence to remove
unbound drugs from SWCNTs before determining the loaded concentration. For
DM, we measured the absorbance height above SWCNTs-BSA baseline similar to
RB. For PRD and PSL which absorb in the UV where SWCNT baseline
absorbance is also high, we quantified the amount of unbound drug to determine
loaded concentrations (see Methods). We calculated loadings of 42 + 23 DM per
SWCNT, 35 = 8 PRD per SWCNT, and 97 + 25 PSL per SWCNT, which were

similar to SWCNTs-BSA-RB
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We exposed Hela cells to 1 png/mL SWCNTs-BSA-DM for 48 h. Using
widefield fluorescence imaging we examined the subcellular distribution of both
SWCNTs and DM. SWCNTs primarily localized to the perinuclear region in
cells, while DM clearly separated from SWCNTs and localized within the nucleus
(Figure 6.7). Since DM was delivered to the nucleus where it is known to
intercalate DNA and interfere with DNA replication, we further quantified the
resulting cellular effects by examining proliferation. To assess the efficiency of
SWCNT ternary complex based DM delivery, we also compared cells treated with
only DM or BSA-DM at the equivalent concentration of DM loaded onto
SWCNTs. At these concentrations, DM and BSA-DM reduced HelLa cell
proliferation by 40 — 45%. For SWCNTs-BSA-DM we observed an even greater
anti-proliferative effect further reducing proliferation by 60% which represented a

significant 30% enhancement in effectiveness.
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Figure 6.7: Fluorescence imaging of DM and SWCNT localization and
guantification of cellular effects in HelLa cells after 48 h exposure to
SWCNTs-BSA-DM. (A) NIR fluorescence imaging overlays of SWCNT NIR
fluorescence with DM fluorescence shows SWCNTs localize to the perinuclear
region while DM separates from SWCNTSs and translocates into the nucleus. (B)
Exposure to 1 pg/mL SWCNTs-BSA-DM for 48 h significantly enhanced anti-
proliferative effects of DM compared to equivalent concentrations of loaded DM
alone or with BSA. Data = mean + SEM, *p < 0.001 compared to control, “p <
0.001 compared to DM and BSA-DM.

We also exposed macrophages to 1 pg/mL SWCNTs-BSA-PRD and
SWCNTs-BSA-PSL for 48 h alongside equal concentrations of PRD and PSL
either alone or complexed with BSA. Based on calculations of PRD or PSL
loading, 1 ug/mL SWCNTs corresponded to ~16 nM PRD or ~45 nM PSL which
were on the lower end of typical in vitro exposure ranges used to represent
clinical dosage values.® We also treated cells with 1 pg/mL SWCNTs-BSA or

equivalent 1 wt% BSA solution as controls. After 46 h, we replaced treatment

media with fresh media, and cells were challenged by inflammatory
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lipopolysaccharide (LPS) stimulation at 1 ug/mL for 16 h. LPS binds to toll-like
receptors on the surface of macrophages which triggers interactions with adapter
proteins in the cytoplasm including MyD88, initiating translocation of NF-«xB to
the nucleus and subsequent expression of inflammatory cytokines.> We harvested
the cells and quantified the relative amounts of intracellular inflammatory proteins
MyD88, NF-«B, and characteristic inflammatory cytokines TNF-a, IL-1B, and
IL-6 using multicolor flow cytometry (Figure 6.8). We compared the cellular
response using the geometric mean fluorescence intensities (GMFIs) of the
labeled proteins within each treatment group in the form of a stimulation index
(SN): Sl = (GMFI treatment sample)/(GMFI untreated control sample). In general,
all treatments resulted in a reduction of the SI for most inflammatory markers,
however we observed a high degree of variability in the magnitude of the
reductions between different markers. We saw the most consistent cellular
responses with IL-1p and MyD88 where treatment with SWCNTs-BSA-PSL
significantly lowered the SI below treatments with SWCNTSs-BSA, PSL, or BSA-
PSL alone. SWCNTs-BSA-PRD treatment with lower drug loading also
significantly reduced IL-18 SI compared to controls and showed similar trends for
MyD88 although it did not reduce the SI below SWCNTs-BSA control.
SWCNTs-BSA-PSL also showed favorable reductions of the Sl for NF-xB and
IL-6 compared to PSL and BSA-PSL only, but similarly not below SWCNTSs-
BSA controls. TNF-a Sls were slightly reduced but not below BSA or SWCNTSs-

BSA controls. The inconsistency with TNF-a, may be the result of variable states
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of cell activation as we observed a bimodal population of untreated control cells
with high and low GMFIs after LPS activation. We further note that BSA only
treatments at the dispersant concentration appeared to consistently reduce Sl for
all inflammatory markers. This effect was enhanced by SWCNTSs-BSA,
suggesting that cellular interaction with BSA or internalization of many SWCNTSs
coated with BSA may have some passivating effect on the inflammatory response

of cells.

180



Cell Treatments

1 - Untreated -LPS IL-1B
2 - Untreated +LPS
3 - BSA (550 nM)
4 -1 ug/mL SWCNTs-BSA
5 - PRD (16 nM)
6 - BSA-PRD
7 -1 png/mL SWCNTs-BSA-PRD
8 - PSL (44 nM)
9 - BSA-PSL
MyD88 TNF-a
2.5 2.5
> > —
320 520
£ £
.5 1.5 .S 1.5
s1.0 510
3 3
Eos Eos
»n n
0.0 0.0 —
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
NF-«xB IL-6

12 3 4 5 6 7 8 9 10 -12345678910

Figure 6.8: Suppression of macrophage intracellular inflammatory proteins
and cytokines in response to delivery of anti-inflammatory drugs with
SWCNTs-BSA-PRD and SWCNTs-BSA-PSL ternary complexes. The GMFIs
of treatment groups were normalized by the GMFI of the untreated control
without LPS to generate the stimulation index (SI). SWCNT ternary complex
dispersions lower the SI for MyD88 and IL-13 more than BSA-drug or drug
alone. Other markers show less effect for SWCNT ternary complex dispersions
than SWCNTs-BSA without drugs. Data = mean + SD for a single culture of
J774A.1 macrophages. All treatment populations were statistically different from
the untreated control determined by Kolmogorov-Smirnov (K-S) and chi-square
probability binning comparison algorithms.

We found that different drugs DM, PRD, and PSL had similar loadings

compared to RB of ~40 molecules per SWCNT, suggesting a similar mechanism
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of loading onto SWCNTSs via BSA. Thus, BSA based ternary complex formation
between SWCNTs and drugs may be easily extended to other molecules and
combinations that share the general characteristics that promote binding within
BSA pockets. The molecular loading corresponded to weight ratios of ~0.06:1 —
0.16:1 between drugs and SWCNTSs, which were expectedly much lower than
values as high as 4:1 for =-stacking of doxorubicin covering ~70 — 80% of
SWCNT surface area.™® For other adsorbing systems, ratios in the range of 0.35:1
— 0.54:1 were determined for PSL on oxidized single wall carbon nanohorns.™
For our ternary complex system, drug loading scaled with the stoichiometry of
drug-BSA binding and the fractional surface coverage of each large BSA protein
adsorbed to SWCNTSs. However, BSA performs several important functions: (1)
BSA entraps drugs preventing their recognition, degradation, and non-specific
release in the bloodstream; (2) BSA promotes uptake of SWCNTs in highly
metabolic cells including tumor cells and inflammatory immune cells; (3) BSA
facilitates intracellular release at cell-specific rates based on lysosomal protein
digestive activity.

For cancer treatments, the high cellular uptake of SWCNTs combined
with the long (> 48 h) timescales observed for RB release from the ternary
complex may find additional utility for overcoming the action of P-gylcoprotein
efflux pumps in multidrug resistance cells.®® For immunomodulation, the
suppression of IL-1B has wide ranging implications in the regulation of
inflammatory processes and the treatment of autoinflammatory diseases. In

contrast to autoimmune diseases where T-cells are largely responsible for
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detrimental inflammatory responses, in autoinflammatory diseases, macrophages
are the driving force of inflammation which is primarily mediated by increased
secretion of 1L-1p.%" The effectiveness of IL-1f blockers in treating other more
common diseases including rheumatoid arthritis, gout, and type 2 diabetes
suggests further avenues for SWCNT-based IL-18 modulation.”® Given the
preferential uptake into inflammatory macrophages and upstream effects on
MyD88, highly loaded SWCNT ternary complexes may find a diverse role

improving the specificity and effectiveness of corticosteroid treatments.

6.4 Conclusions

We developed a ternary complex between polycyclic aromatic molecules,
BSA, and SWCNTs through all non-covalent interactions for controlled cellular
delivery. Our approach is extendable to any molecules or combinations that fit
within albumin pockets. We demonstrated albumin proteins could bind relevant
molecules and load them onto SWCNTs though non-covalent interactions
creating excellent dispersions that maintain inherent properties for multimodal
applications. We further found that high SWCNT uptake increased the delivery of
loaded molecules, while cell type specific enzymatic processes promoted
intracellular release from SWCNTs over 24 — 72 h. The non-covalent ternary
complex delivery system was easily modified to deliver chemotherapeutics which
inhibited HelLa proliferation and immunotherapeutics which suppressed the

production of a subset of macrophage inflammatory cytokines more effectively
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than equivalent doses of non-complexed drug. Here, we took non-specific
molecules or drugs and through complexation with BSA and SWCNTSs provided
ways to control the specificity and release with multifunctional SWCNT-protein

properties.
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7 Conclusions and Future Outlook

7.1 Summary

The delivery of single wall carbon nanotubes (SWCNTSs) to immune cells,
including macrophages, presents tremendous opportunities to leverage the unique
properties of SWCNTs for diagnosis and development of therapies related to
inflammation, cancer, and regenerative medicine. Interfacing SWCNTs with cells
requires functionalization to promote biocompatibility and maintain SWCNT
properties. Specific cellular and subcellular applications further demand SWCNT
dispersions with additional biofunctionality to control delivery and incorporate
application modalities. To impart biofunctionality we considered surfactant-like
proteins with structures well-suited for individually dispersing SWCNTs and
associating with other biomolecules. The work presented in this thesis utilizes
non-covalent protein functionalization of SWCNTSs to promote cellular uptake in
macrophages and to enable subcellular targeting and drug delivery within cells
through structural features of proteins and cellular processing of SWCNT-protein
complexes.

We first studied the impact of protein functionalization on SWCNT uptake
and cellular processing in macrophages. We investigated the contribution of
protein bioactivity and inflammatory activity to SWCNT uptake in macrophages.
We also examined the subcellular distribution and aggregation state of SWCNT-
protein complexes in macrophages taken up through different internalization

mechanisms. Using Raman spectroscopy to uniquely identify and characterize
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SWCNTs in cells, we quantified high cellular uptake of SWCNT-protein
complexes resulting from macrophage specific subcellular processing.

Based on an initial understanding of the cellular uptake and processing of
SWCNT-protein complexes, we further engineered SWCNT-protein complexes
with tailored functionalities for subcellular targeting and delivery of bioactive
molecules while preserving inherent SWCNT optical properties for multimodal
applications. Using SWCNT near-infrared (NIR) fluorescence and fluorescence
lifetime imaging microscopy, we characterized the subcellular translocations of
targeted SWCNTSs and the intracellular release of molecules. Overall, this thesis
demonstrates that SWCNT-protein complexes are advantageous for immune cell
delivery and modulation of the immune response towards applications in small
molecule delivery for cellular reprogramming and antigen delivery for vaccine

production.

7.2 Effects of Surface Coating Bioactivity and Macrophage

Inflammatory Activity on SWCNT Uptake

In Chapter 3, we determined the contributions of SWCNT-protein
complex bioactivity and cell inflammatory activity to levels of SWCNT uptake in
macrophages. Internalized SWCNT concentration per cell was precisely
quantified using Raman spectroscopy. These uptake measurements were then
used to create a quantitative uptake model where parameters were extracted to

determine the relative contributions of different SWCNT interfaces and the
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cellular inflammatory response to SWCNT uptake. Simply by varying the
SWCNT surface coating using non-covalent functionalization with bioactive
protein or bioinert copolymer, we were able to provide quantitative uptake
parameters for membrane- and receptor-mediated uptake. The uptake of SWCNT-
protein complexes was enhanced ~2-fold compared to SWCNT-polymer
complexes due to additional interactions with cell surface receptors. Thus,
bioactive SWCNT-protein complexes not only enhanced bulk SWCNT uptake in
macrophages but also resulted in altered cell morphology with localized regions
of extremely high subcellular SWCNT concentrations, suggesting specific
processing of SWCNT-protein complexes. Surprisingly, the inflammatory activity
of cells contributed much more to levels of SWCNT uptake with ~7-fold
increases compared to non-inflammatory cells. Saturation of the cell surface
receptor contributions was observed above 30 ug/mL exposure doses for the
inflammatory model, suggesting an optimal window below this concentration for
selective delivery to inflammatory macrophages which internalized 10 times more
SWCNTSs than non-inflammatory macrophages and 100 times more SWCNTs
than fibroblasts. The work in this chapter provides new quantitative insights into
the mechanisms of inflammatory cell uptake of SWCNTSs while also identifying
regimes in exposure dosing that provide the best selectively for delivery to
macrophages. Further, SWCNTs may be selectively delivered to inflammatory
macrophages for applications in imaging, sensing, drug delivery, and thermal

ablation.
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7.3 Macrophage Specific Subcellular Processing and Bundling of

SWCNT-Protein Complexes

In Chapter 4, we examined the subcellular processing of SWCNT-protein
complexes that resulted in the extremely high subcellular concentrations observed
for macrophages. Detailed subcellular Raman spectroscopy measurements were
utilized to quantify intracellular SWCNT concentrations and to determine the
relative dispersion state of SWCNTs (individual or bundled) within cells. For
macrophages with size dependent uptake mechanisms, different SWCNT lengths
were used to probe differential subcellular processing through endocytosis of
short SWCNTs (< 200 nm) or phagocytosis of long SWCNTs (> 500 nm). Short
SWCNTs-protein complex were found to be concentrated subcellulary into
distinct regions where SWCNTs were highly bundled compared to the starting
SWCNT-protein dispersion. Bundling was SWCNT length and cell type
dependent as long SWCNTs-protein complexes in macrophages and short
SWCNTs-protein complexes in fibroblasts did not show the same levels of
cellular processing. Increased bundling of SWCNTSs combined with a reduction in
their NIR fluorescence properties suggested that proteins may be actively
removed from SWCNTSs inside the cell. Thus, for macrophages, the subcellular
processing of short SWCNTs combined with increased protein digestive activity
likely results in preferential SWCNT bundling. Furthermore, less bundled
SWCNTSs were released from fibroblasts to a greater extent than more bundled

SWCNTSs from macrophages, suggesting that bundling may be one mechanism
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that promotes long term persistence of SWCNTSs in cells. For macrophages, the
retention of SWCNTs without toxicity may promote applications involving
macrophages as cell-based carriers of SWCNTs to tumors or regions of

inflammation for imaging, sensing, and therapy.

7.4 Subcellular Targeting of SWCNTs Using Engineered

Biofunctional Proteins

In Chapter 5, we engineered a biofunctional protein for non-covalent
SWCNT dispersion and specific subcellular targeting of SWCNT-protein
complexes within cells. The resulting low molecular weight (~22 kDa) globular
protein had an immunoglobulin (Ig)-fold with a central hydrophobic core for
nanotube association and stabilization and an exposed nuclear localization
sequence to promote subcellular targeting to the nucleus. Importantly, the protein
maintained intrinsic SWCNT properties through non-covalent dispersion which
facilitated unambiguous measurement of subcellular localization using SWCNT
optical properties. Translocation to the nucleus was observed over 72 h for the
engineered SWCNT-protein complexes but not for nonspecific SWCNT-protein
complexes using SWCNT NIR fluorescence. The slow translocation process,
despite rapid SWCNT cellular uptake and fast nuclear import rates, suggests
cellular processing (including endosomal escape, intracellular trafficking, and
recognition for nuclear import) is a rate limiting step for subcellular delivery. The

modification of native cellular proteins as non-covalent dispersing agents to
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provide specific transport opens new possibilities to utilize both SWCNT and
protein properties for multifunctional subcellular targeting applications.
Specifically, nuclear targeting may allow for enhanced delivery of anticancer
therapies, genetic treatments, or DNA, which in turn will promote the further

development of novel cellular therapies.

7.5 Multifunctional Ternary SWCNT-Protein-Molecule

Complexes for Enhanced Drug Delivery

In Chapter 6, we used an understanding of the cellular uptake and
processing of SWCNT-protein complexes to create a multifunctional system for
the delivery of bioactive molecules while maintaining inherent SWCNT
properties for multimodal applications. We developed a non-covalent ternary
SWCNT-protein-molecule complex through protein interactions with both
SWCNTs and molecules to enable loading and controlled cellular delivery.
Modeling of the SWCNT-protein complex confirmed proteins associate with
SWCNTs and molecules at different sites allowing for complex formation. Small
molecules (e.g., fluorophores, drugs) were loaded onto SWCNTSs with proteins
and delivered at increased concentrations within cells due to the bioactive cellular
uptake of SWCNT-protein complexes. Fluorescence lifetime imaging microscopy
measurements showed SWCNT-protein vectors facilitated the intracellular release
of molecules over time via protein degradation. Thus, molecule delivery is a

function of both SWCNT uptake and cell-specific processing as macrophages
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with higher SWCNT uptake and protein digestive activity than HelLa cells showed
enhanced amounts of intracellular molecule delivery and faster subcellular release
rates. Delivery was also achieved with chemotherapeutic and immunosuppressive
drugs resulting in enhanced anti-proliferative effect on HeLa cells and reduction
in a subset of inflammatory cytokines for macrophages, respectively, compared to
drug only controls. Thus, multifunctional non-covalent SWCNT-protein ternary
complexes are able to maintain SWCNT properties in addition to solubilizing
drugs, sequestering their bioactivity until released from the complex, and
dramatically increasing the efficiency of drug delivery to cells improving
therapeutic effectiveness. The generality and effectiveness of the SWCNT-
protein-molecule ternary complex was demonstrated by the delivery of several
different molecules including model fluorophores and drugs which may be

extended to a myriad of small molecule combinations.

7.6 Future Research

Based on the results of this thesis, there are several avenues of future work
that may be pursued. The high uptake of SWCNT-protein complexes into antigen
presenting cells, including macrophages and dendritic cells, suggests SWCNT-
protein complexes may serve as an effective vector for antigen delivery and
related vaccine development? SWCNTs already have necessary features
including chemical inertness, low toxicity, high uptake, and a high surface area
for functionalization with many antigen epitopes. SWCNTSs may also serve as self

adjuvants to stimulate a robust immune response to the delivered antigen. Initial
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work in the area has used SWCNTs to deliver weakly immunogenic peptides
derived from viruses;® peptide and protein lysates from tumors;*> purified protein
derivative from bacteria;® and low molecular weight molecules.’

Another area of potential investigation based on the high uptake and
retention of SWCNTs in macrophages is using cells to transport SWCNTSs to
different tissues in the body. There is a growing interest in using immune cells as
cell delivery agents as they readily localize to regions of interest in the body
including regions of infection, inflammation, and wound healing, as well as in
pathological regions including tumor environments and regions of
atherosclerosis.®  Specifically, monocytes and macrophages are recruited deep
inside hypoxic regions of tumors to aid in the establishment of new vasculature.
Additionally, immune cells are known to cross the blood-brain barrier and are
capable of acting as “Trojan horses” for the delivery of nanomaterials to this
notoriously difficult to target region in the body. Strategies have been successful
in vitro using photothermal ablation of macrophages carrying gold nanoshells to
breast cancer tumor spheroids® or Glioma spheroids.'® However, thermal ablation
strategies with SWCNTs require less laser intensity and radiation time than
therapies with nanoshells.* It would be of fundamental interest to characterize the
ability of SWCNT-laden macrophages to undergo chemotaxis or extravasation

through tissue.
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7.7 Conclusion and Outlook

In conclusion, this thesis focused on understanding the macrophage
cellular response to SWCNT-protein complexes and engineering the SWCNT-
protein complex interface to build new functionalities that preserved inherent
SWCNT properties while enabling targeting and delivery applications. The
scientific discoveries reveal important details about macrophage uptake and
processing of SWCNTs that may be used to probe cell behavior or develop
delivery approaches for therapeutic applications. The strategy developed to create
excellent SWCNT dispersions with tailored functionalities for subcellular
targeting and delivery of bioactive molecules through protein modifications may
be used generally by other researchers to initiate new ways to modulate cellular

response with nanomaterials.
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Appendix A: Quantification of Single Wall Carbon

Nanotube Uptake in Primary Immune Cells

A.1 Methods

A.1.1 Purification of Human Monocytes from Peripherial Blood

Human peripherial buffy coat was obtained from the Central Blood Bank
(Green Tree, PA). The buffy coat was transported back to lab and diluted 1:2 with
Roswell Park Memorial Institute (RMPI1)-1640 media. The resulting suspension
was carefully layered on top of Ficoll-Paque PLUS (Ge Healthcare Life
Sciences), and spun down at 2000 RPM (IEC Centra-CL2) for 30 min at room
temperature. The mononuclear cell layer was gently pipetted off and washed 3
times with RPMI to remove the Ficoll-Paque separation media and residual
platelets. Monocytes were purified through negative selection using magnetic
beads (Miltenyi Biotech). Non-monocytes were magnetically labeled using a
cocktail of biotin-conjugated antibodies with Anti-Biotin MicroBeads. The cell
suspension was gravity fed through a magnetic column to extract non-monocytes
while the flow-through containing enriched untouched monocytes was collected.

Monocytes were resuspended and cultured in RPMI (20% v/v fetal bovine
serum (FBS), 1% v/v penicillin-streptomycin (P/S)) with 100 ng/mL macrophage
colony stimulating factor (M-CSF) for 6-8 days to produce macrophages (MO0).
After 7 days, macrophages were stimulated for 24 h with either 20 ng/mL INF-y
and 100 ng/mL lipopolysaccharide (LPS) to produce pro-inflammatory M1
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macrophages or 20 ng/mL IL-4 to produce anti-inflammatory M2 macrophages.
~500,000 cells/well were seeded into 24-well plates pre-coated with serum to
limit macrophage activation. Cells were allowed to adhere for 30 min and were
then exposed to SWCNTSs at the indicated concentration for 48 h. Quantification
of SWCNT uptake per cell was performed using Raman spectroscopy of cell
lysates after imaging to normalize for cell number, as described in more detail

within the main text.

A.1.2 Isolation of Mouse Splenocytes

Excised mouse spleens were macerated and pressed through a cell strainer
using the plunger end of a syringe. Cells were washed through the strainer with
PBS and the cell suspension was collected and pelleted. Typically splenocytes
were pooled from spleens of 2 — 4 mice. Splenocytes were resuspended in red cell
lysis buffer for ~2 min. The cell suspension was diluted in PBS and centrifuged to
remove red blood cells. Splenocytes were resuspended in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% v/v FBS and 1% v/v P/S.
Splenocytes were seeded into 6-well plates at ~10° cells/mL

SWCNT Uptake: Splenocytes seeded into 6-well were maintained in

culture for 24 h. Subsequently, SWCNTs-BSA was diluted to a final
concentration of 1 or 10 pug/mL in fresh media and cells were exposed for 24 h.
Afterwards, the media containing SWCNTSs was removed. Cells were then gently

washed once with PBS. Cells were lifted off of the surface using a cell scraper
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and washed 1 time in PBS. Cell suspensions were stained with fluorochrome
conjugated antibodies (BD Biosciences) against surface markers F4/80 (to
identify macrophages) and CD11c (to identify dendritic cells) for 25 min at room
temperature in the dark followed by two washes in PBS and subsequent
incubation in cell fixation buffer. Flow cytometry and cell sorting were performed
on a FACSAria device (BD Biosciences). Populations of macrophages, dendritic
cells, and unlabeled cells (mostly lymphocytes) were collected and pelleted to
concentrate cells for further analysis. Quantification of SWCNT uptake per cell
was performed using Raman spectroscopy of cell lysates after normalization for
cell number, as described in more detail within the main text. Cell number was
determined using flow cytometry cell counts of the concentrated post-sorted
suspension using a hemocytometer.

Subcellular SWCNT Imaging: For imaging experiments, splenocytes were

split into two suspensions for differential cell activation. One suspension was
stimulated with 10 ng/mL LPS, while the other was not stimulated. Splenocyte
suspensions were seeded directly onto sterilized #1.5 22 x 22 mm glass coverslips
which had been functionalized with either poly-L-lysine or fibronectin to promote
cell attachment. Cells were allowed to adhere overnight and were maintained in
culture for 48 h with one wash step in between to remove non-adhered cells.
Afterwards, cells were exposed to 1 ug/mL SWCNTs-BSA diluted in fresh media
for 24 h. After 24h, the media containing SWCNTSs was removed. Cells were then
gently washed three times in PBS and subsequently fixed with 3.7% v/v

formaldehyde (Sigma-Aldrich) for 15 min. Confocal Raman spectroscopy
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imaging and NIR fluorescence imaging were used to determine SWCNT
subcellular localization and concentration, as described in greater detail within the

main text.

A.2 Results
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Figure A 1: Preliminary results quantifying SWCNT uptake in primary
human monocytes and macrophages. Data = mean + SD, n = 1 patient. Human
monocytes and classically activated (M1; pro-inflammatory) and alternatively
activated (M2; anti-inflammatory) monocyte derived macrophages isolated from a
single patient’s cells. Macrophages show increased SWCNT uptake compared to
monocytes, particularly in the M2 phenotype. M2 cell uptake was on average ~11
times greater than monocytes and ~1.9 times greater than M1 cell uptake. We
hypothesize that increased M2 uptake is the result of increased nonspecific
interaction with scavenger and mannose receptors which are known to be
overexpressed in M2 macrophages. J774A.1 cell line uptake values were
approximately in between those for M1 and M2. *In collaboration with Dr.
Jeremy Kelly and Prof. Stephen Badylak (University of Pittsburgh).
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Figure A 2: Preliminary results quantifying SWCNT uptake in cell sorted
mouse splenocytes. Mixed mouse splenocytes were labeled with anti-F4/80 for
macrophages and anti-CD11c for dendritic cells. (A) Mixed mouse splenocyte
uptake was normalized to cell count given from flow cytometry. (B) Mixed
mouse splenocyte uptake was normalized to manual cell suspense count after cell
sorting. On average just ~10% of flowed cells were detected by manual count
afterwards. Data = mean % uncertainty propagated from Raman spectroscopy
measurement and cell count. Non-labeled cells are a mixture of lymphocytes and
granulocytes. Dendritic cells show consistently increased uptake compared to
macrophages at both concentrations tested. Since dendritic cells are antigen
presenting cells, this suggests SWCNTs may show increased effectiveness for
antigen delivery or may possess a self adjuvant effect. *In collaboration with
Joshua Michel and Prof. Abbe de Vallejo (Children’s Hospital of Pittsburgh of
UPMC).
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Figure A 3: Confocal Raman maps of mixed mouse splenocytes seeded onto
functionalized surfaces exposed to SWCNTs-BSA for 24 h. (A) Mixed mouse
splenocytes were seeded onto poly-L-lysine functionalized glass coverslips.
SWCNT concentration range shows ~1000-fold increased intracellular
concentration compared to the exposure concentration. (B) Mixed mouse
splenocytes were seeded onto fibronectin functionalized glass coverslips and
stimulated with 10 ng/mL LPS during the experiment. SWCNT concentration
range shows ~3-fold increased intracellular concentration compared to non-LPS
treatment. Confocal Raman mapping experiments show much higher cell uptake
than flow cytometry sorted cells. *In collaboration with Joshua Michel and Prof.
Abbe de Vallejo (Children’s Hospital of Pittsburgh of UPMC).
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Figure A 4: Widefield NIR fluorescence overlays of SWCNT NIR
fluorescence in mixed mouse splenocytes seeded onto functionalized surfaces
exposed to SWCNTs-BSA for 24 h. (A) Mixed mouse splenocytes were seeded
onto poly-L-lysine functionalized glass coverslips. SWCNT concentration shown
as heatmap of NIR fluorescence intensity above noise. (B) Mixed mouse
splenocytes were seeded onto fibronectin functionalized glass coverslips and
stimulated with 10 ng/mL LPS during the experiment. SWCNT concentration
shown as heatmap of NIR fluorescence intensity above noise. *In collaboration
with Joshua Michel and Prof. Abbe de Vallejo (Children’s Hospital of Pittsburgh
of UPMC).
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Appendix B: Quantification Single Wall Carbon
Nanotubes Uptake Dispersed in Immune Proteins to

Target Macrophages

B.1 Methods

B.1.1 Immune Protein SWCNT Dispersions

SWCNT dispersions with PF127 or BSA were prepared according to the
main text. Mouse and goat immunoglobulin G (I1gG) proteins (~150 kDa) were
also used at 10:1 IgG:SWCNT ratios. Fragment crystallizable (Fc) protein
domains were used at 4:1 FC:SWCNT ratio, while lipopolysaccharide (LPS) was
used at 5:1 LPS:SWCNT ratio. All dispersions were probe-tip sonicated (Fisher
Scientific, Model 100; 3 mm tip diameter) at 6 W and centrifuged at 21,000xg for
7 minutes (Beckman Coulter Allegra 25R Centrifuge with a TA-15-1.5 rotor).
J774A.1 macrophages were cultured and used as described in the main text. Cells
were exposed to SWCNTs in fresh media for 48 h. Quantification of SWCNT
uptake per cell was performed using Raman spectroscopy of cell lysates after

normalization for cell number, as described in more detail within the main text.

209



B.2 Results
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Figure B 1: Quantified SWCNT uptake per cell in J774A.1 after 48 h
exposure determined with Raman spectroscopy. (A) Whole immunoglobulin
dispersions from both mouse and goat at 1 ug/mL did not significantly enhance
uptake relative to BSA (B) Dispersion from mixed yG was not effective at
enhancing uptake compared to BSA at 1 or 10 ug/mL. (C) Fc domain dispersions
showed a slight increase in SWCNT uptake compared to BSA, but only at 30
ug/mL exposure. (D) SWCNT dispersions directly in LPS had no significant
uptake enhancements for 1 — 10 ug/mL.

It appears larger whole immunoglobulin molecules may be forced to
interact with the surface of SWCNTs in largely non-preferred orientations for
targeting receptors on the cell surface. Fc domains, on the other hand, are smaller
and likely able to adopt more arrangements with the SWCNT surface resulting in
slightly enhanced uptake but only at high concentrations. For LPS, adsorption of
the lipid component to coat SWCNTs may prevent robust interaction with toll-

like receptors on the macrophage surface.
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