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ABSTRACT

Nanostructured materials are hailed to be the solutions of the future for many research areas, and
single wall carbon nanotubes (SWCNTs) are one of the more interesting materials due to their highly
desirable electronic, optical, thermal and mechanical properties. For instance, this combination of
properties is of wide interest for biological applications, including cellular technologies. However,
understanding cellular processing of SWCNTs is limited. In this thesis, quantification of sub-cellular
events — including SWCNT uptake rates, altered mitosis, redistribution of sub-cellular components and
reduced cellular functionalities — is used to formulate insight into how cells internalize and process
SWCNTSs. By understanding sub-cellular processing of SWCNTs, new basic science endeavors and
SWCNT-based biological applications can be more effectively developed, and the insights can be

generalized to other nanostructured materials.

EXTENDED ABSTRACT

Nanostructured materials are hailed to be the solutions of the future for many research areas, and
single wall carbon nanotubes (SWCNTSs) are one of the more interesting materials due to their highly
desirable electronic, optical, thermal and mechanical properties. These properties arise from SWCNTs’
unique structure: a nanoscale cylinder (a diameter of ~1 nm and lengths ranging from ~10 nm — ~1 mm)
composed of sp2 hybridized carbon resulting in delocalized = electrons. These delocalized n electrons
allow for electrical and thermal conductivities that are higher than currently utilized materials (e.g., copper
and diamond, respectfully) and strength that is 100 times higher than steel. Additionally, SWCNTSs’ quasi-
one dimensional nature generates unique, intense Raman scattering, optical absorbance and near-
infrared (NIR) fluorescence signatures which can be used to specifically image SWCNT spatial
localization, dispersion state and concentration.

One field of research for which these properties offer unique advantages over current materials is
biomedical engineering. Applications for materials interacting with the human body are subject to many
design criteria, which SWCNTs are able to fulfill. For example, SWCNTSs are injectable; are unreactive in
physiological conditions; possess an extremely high surface-area-to-volume ratio, allowing for substantial

functionalization such as adding targeting moieties; are readily internalized into cells at high amounts;



possess near-infrared optical phenomena allowing for non-invasive imaging in the “biological window”;
and display optical shifts that can be used to sense the local environment. Therefore, SWCNTs are a
promising material for biological applications.

In aqueous solution, SWCNTs form bundles due to a van der Waals interaction of ~40 kgT/nm,
and bundles lack the excellent properties described for individualized SWCNTSs. Therefore, applications
require the individualization of SWCNTs with a dispersing agent. Typically, SWCNTs and dispersing
agents are sonicated, allowing for exfoliation of individual SWCNTs and stabilization by the dispersing
agent in solution. Then the dispersion is centrifuged to remove any remaining bundles, and the
supernatant possesses individual SWCNTs and retains their desirable properties. For biological
applications, the choice of SWCNT dispersing agent is very important, as it is the interface between the
SWCNT and the biological milieu.

While many studies have investigated SWCNT/cell interactions, there remains a large area of
opportunity to understand cellular processing of SWCNTs. For example, many studies have focused on
SWCNT toxicity or utilizing SWCNTs for drug delivery; however, little is known about with which cellular
organelles SWCNT interact and how the dispersing agent alters that interaction. Therefore, the goal of
this thesis is to understand how SWCNTs enter cells; SWCNT sub-cellular localization and how that alters
cellular components’ distributions and functionalities; and the ability of cells to recover from SWCNT
administration, all considering how these can be modulated by choice of dispersing agent.

To start, proteins were investigated as a potential biologically relevant SWCNT dispersing agent.
It was shown that proteins can, in general, disperse SWCNTs in water at relatively high mass and
fluorescence quantum vyield. However, their cellular interactions are primarily controlled by the
dispersions’ stabilities in physiologically relevant media. It was found that SWCNTs dispersed with bovine
serum albumin (SWCNTs—-BSA) were very stable in both water and cell culture media, unlike lysozyme
and gamma globulin dispersions. SWCNTs—BSA also had the highest fluorescence quantum yield, better
enabling the utilization of SWCNT optical properties for applications.

Confocal Raman imaging and bulk uptake experiments demonstrated that cellular uptake of
SWCNTs-BSA occurs rapidly, with dynamic equilibrium being reached on the order of ~1 min. Human

mesenchymal stem cells had high levels of uptake (~85 million SWCNTs per cell) and heterogeneous



sub-cellular localization while HeLa and NIH-3T3 cells manifested lower uptake (~20 million SWCNTs per
cell) and peri-nuclear sub-cellular localization. Similar uptake levels were found for SWCNTs dispersed
with the biocompatible tri-block copolymer Pluronic F127 (SWCNTs—PF127). Upon removal of external
SWCNTSs, cells are able to recover from SWCNTs—BSA but not from SWCNTs-PF127.

A series of complimentary synthetic membrane, cellular vesicles and cellular-level experiments
confirmed that SWCNTs-PF127 enter cells via endocytosis only: there is no internalization via membrane
penetration as some literature reports suggest for other SWCNT dispersions. However, as PF127 is
membrane active, it was shown to slightly change membrane properties.

At the cellular level, SWCNTs—PF127 redistribute F-actin structures, resulting in significantly
increased apical F-actin. While the F-actin redistribution is dramatic, there is no effect on G-actin
distribution. Molecular dynamics modeling demonstrates that SWCNTs can non-specifically bind F-actin
and slide along the interface. With regard to F-actin-related structures, SWCNTs—PF127 slightly alter
focal adhesions and increase F-actin-related cellular division defects but do not alter myosin I
distribution. SWCNTs—PF 127 also reduce cellular traction stress. In comparison, SWCNTs—BSA does not
alter F-actin structures but does increase endosomes and endoplasmic reticulum. Both dispersions
decrease cellular proliferation, increase multi-nucleated cells but are not acutely cytotoxic. Taken
together, it is proposed that SWCNTs-PF127 are endocytosed, and the membrane activity of PF127
destabilizes the endosomes as they shrink, releasing SWCNTs-PF127 into the cell, allowing for
interactions with F-actin. In contrast, SWCNTs—-BSA is also endocytosed but remains in the endocytic
pathway, increasing endosomes and endoplasmic reticulum. Also, this allows for SWCNTs—BSA to be
expelled from cells while SWCNTs—PF127 remain with F-actin and are not as readily expelled.

It conclusion, this thesis determined cellular processing of SWCNTs and how that processing can
be modulated by dispersing agent. By understanding sub-cellular processing of SWCNTs, new basic
science endeavors and SWCNT-based biological applications can be more effectively developed, and the

insights can be generalized to other nanostructured materials.
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CHAPTER 1: INTRODUCTION

1.A) Why SWCNTs for BME?

Single wall carbon nanotubes (SWCNTSs) are a relatively recently discovered new class of
nanostructured material." A tremendous amount of research has been focused on SWCNTs due to their
unique, quasi-one dimensional structure? which inherently confers excellent mechanical,® thermal,*
electronic® and optical properties6 to SWCNTs. Therefore, SWCNTs have potential applications in diverse
fields ranging from solar cells to thermal heat sinks to biological applications. For this thesis, the focus will
be on understanding cellular processing of SWCNTSs dispersions.

When considering SWCNTs for use in biological applications, perhaps the first question to
consider is why use SWCNTs for biological applications? What is their potential advantage(s) over current
biomaterials? The answer lies in SWCNTs’ structure/function relationship. While specific applications will
perforce have specific design criteria, a set of general criteria can be enumerated for nanoparticles for
biological applications. These include the following: (A) injectability; (B) inertness in the body; (C) ability
for functionalization; (D) control of cellular uptake; (E) ability to be non-invasively imaged and (F)
feedback/sensing capability. SWCNTs not only fulfill these criteria — as many nanoparticles may — but
also they uniquely satisfy / outperform current materials for many of these criteria, justifying SWCNTSs’
research and development for biological applications.

SWCNTs are (A) injectable due to their nanosize: diameters of ~1 nm and selectable lengths
ranging from 20 nm up to ~1 mm.? Hence, their size facilitates injection into the bloodstream and / or
incorporation into extracellular materials (although research into SWCNT size-mediated toxicity is still
ongoing). (B) Due to their stable, sp2 hybridized carbon structure,” SWCNTs will not non-specifically react
with molecules in the body (although their hydrophobic surface may non-specifically interact with
molecules to which SWCNT dispersions are exposed). (C) Along those same lines, the SWCNT sp2
carbons can be controllably functionalized to covalently attach desired moieties, such as targeting
peptides or polyethylene glycol (PEG).7 The quasi-one dimensional nature of SWCNTs also provides a

high surface area-to-volume ratio, allowing for a high density of functionalization and ability to attach



multiple molecules. Unfortunately, covalent modification disrupts SWCNT structure and destroys SWCNT

2 8 Non-covalent modification, however, preserves SWCNT properties and can impart

properties.
functionality through choice of dispersing agent (DA). The hydrophobic nature of SWCNTs’ carbon-
carbon bonds can be exploited for non-covalent functionalization via numerous amphiphilic molecules in
aqueous solution.® This non-covalent functionalization through use of DA can be used to specifically
control cellular uptake (D), and SWCNTs have also been shown to be internalized into many cell types at
high levels.'*™

Another interesting manifestation of SWCNTs’ unique structure is punctate excitation / emission
maxima for near-infrared (NIR) fluorescence® and intense, unique Raman scattering modes®. Since
biological tissue is most transparent in the NIR, this region is termed the “biological window” and is ideal
for biomedical optical imaging (E) due to the low biological absorbance and lower scattering of the NIR."™
Finally, SWCNTs’ densities of states possess van Hove singularities which result in discrete peaks of

2,6, 16

intensity in fluorescence, Raman and absorption spectroscopies. Peak locations and intensities can

be used, with the proper engineering of the SWCNT surface, to sense specific molecules at extremely
high sensitivity (F).""2°

Since SWCNTSs offer so many advantages in the fulfillment of these general criteria for biological
applications of nanoparticles, many pioneering applications have already been explored, including deep

'® bioactive molecule delivery,21 selective and sensitive sensing,17 use in tissue

tissue imaging,
engineering substrates / matrices® and probes of biological local environment.”®

Many group have engineered SWCNT-based drug delivery platforms,21 showing positive results

24-30 24, 31, 32

in vitro specifically for anti-cancer drug delivery and nucleic acid delivery. For example,
SWCNTs functionalized with an antibody to P-glycoprotein target cancer cells overexpressing P-
glycoprotein.25 These targeted SWCNTs controllably release doxorubicin in the presence of NIR radiation
(i.e., photodynamic therapy) and show higher efficacy than free doxorubicin that is widely used in clinical
trials.?® Other earlier work demonstrated that SWCNTSs stabilized with a RNA polymer were effectively
internalized by MCF7 breast cancer cells, demonstrating SWCNTs’ potential as a new transfection

agent.32 A comprehensive review of SWCNTSs for in vitro and in vivo applications, especially drug delivery,



highlights how surface modification affects SWCNT detection, in vivo biodistribution and drug delivery of
both nucleic acids (e.g., siRNA) and anti-cancer drugs (e.g., paclitaxel and doxorubicin).33

Over the last decade, SWCNT-based field effect transistors have been used to sense
cholesterol,® pH,* glucose,* IgE,*” DNA®, serotonin® and numerous other biomolecules outside the
cell.** Since NIR fluorescence emission is sensitive to local dielectric environment, SWCNT-based optical
sensors have been developed to detect minute amounts of B-D-glucose.18 Recently, it has also been
shown that SWCNT-based sensors can also function effectively inside cells. Monitoring changes in NIR
fluorescence intensity and emission spectra allows visualization of chemotherapeutic drugs and reactive
oxygen species inside cells in real time with single-molecule sensitivity.*'

SWCNT thermal properties are being investigated for cellular hyperthermia, especially for use as
a novel cancer therapy. Tumor cells are more susceptible to thermal damage due to poor oxygenation;42
however, many of the current strategies which utilize hyperthermia on cancer cells are limited by the
excitation energy’s ability to penetrate biological tissue.* In contrast, SWCNTs strongly absorb in the NIR
(~700 — ~1,000 nm)16 which is the most transparent spectrum range for biological tissues.*® Because
SWCNTs rapidly transfer optically-stimulated electronic excitations into molecular vibration energies, laser
irradiation can result in substantial localized, SWCNT-mediated heating.44 Utilizing SWCNTs unique
properties, including thermal properties, a targeted SWCNT-based anti-cancer platform has recently
performed NIR-laser irradiation for SWCNT-mediated hyperthermia to selectively and effectively Kill
cancer cells.** Also, short pulses of NIR light can be used to release molecules conjugated to SWCNTs.
For example, Cy3-DNA was released from SWCNTs and, in turn, translocated to the nucleus.** More
directly, photonic stimulation of SWCNTs specifically targeted to cancer cells using folic acid caused
cellular heating leading to cell death.*

SWCNTs have been shown to be useful in advancing tissue engineering scaffolds and substrates
to control cellular growth, development and function. Cells can be tracked and sensed within tissues
using Raman, fluorescence, MRI and radio imaging of SWCNTs. Additional potential for modulation and
enhanced mechanical properties can be conferred to tissue engineering scaffolds by incorporation of
SWCNTSs. These and other topics are the subject of a review by Harrison and Atala.*® SWCNTs are also

used to mechanically tune extracellular matrices to control cell growth and differentiation.



Photolithography-patterned SWCNT deposition onto a substrate can alter cytoskeletal organization and
cellular growth.46 SWCNTs have also been used to aid in preferential differentiation of stem cells.*’
Others have used the 1D structure of SWCNTSs for controlling the growth and localization of neural cells.*®
Growing neuronal circuits on a nanotube-patterned substrates significantly increases neuronal network
operation, potentially due to the electrical conductivity of SWCNTs.* Voge and Stegemann provide a
contemporary review of carbon nanotubes for neuronal applications.50

Individually dispersed SWCNTs can act as inherent fluorophores for biological applications.‘r”'53
Fluorescence microscopy and spectroscopy in the NIR can image individual SWCNTs,* and SWCNTs
have recently been utilized as fluorophores for biological applications.' *"** Well-dispersed SWCNTs
were injected into nude mice allowing for non-invasive, whole-animal, in vivo NIR fluorescence imaging
with a tissue penetration depth of over 1 mm.* This platform allowed for direct imaging of subcutaneous
tumor vasculature without requiring a dorsal skinfold chamber or a surgical imaging window, directly
visualizing tumor vessels beneath thick shoulder skin.”® These results suggest that NIR imaging could
monitor tumor angiogenesis without tissue autofluorescence or photobleaching.53

While these pioneering applications demonstrate interesting results, there are important,
fundamental limitations to utilizing SWCNT-based optical properties. Using parameters reported in the
literature® and a standard SWCNT dispersion, it is shown that, by considering absorbance only, the
length into tissue (and similar biological materials) at which 95% of NIR radiation intensity is lost is ~1 —
~10 cm (Figure 1.A.1, A). Interestingly, the absorption coefficient (u,) is only marginally sensitive to
wavelength (Figure 1.A.1, B). When considered with SWCNT bulk fluorescence for a standard SWCNT
dispersion, the wavelength that maximizes signal is ~720 nm, although ~650 nm is ~97% of the signal at
720 nm (Figure 1.A.1, C).

However, the maximum greatly changes when the effects of scattering56 are included. The 95%
attenuation length is reduced by an order of magnitude, ranging from ~0.1 — ~1.0 cm (Figure 1.A.2, A).
The effective attenuation coefficient shows selective enhancement in the NIR (Figure 1.A.2, B), and this
shift to longer wavelengths is reflected in the maximum SWCNT signal being attained at ~808 nm (Figure
1.A.2, C), which is also conveniently the location of a common laser line. Therefore, while SWCNTs do

allow for NIR imaging, the penetration depth is fundamentally limited by tissue absorbance and scattering



to a generous maximum of ~1 cm. While 1 cm may allow for useful SWCNT optical applications for cell
culture and small animal studies, 1 cm is not practical for human non-invasive imaging applications.
Therefore, excitement for SWCNT-based systems for potential human applications must be highly

dampened by the limitation of penetration depth that is impractical for any system larger than a mouse.
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Figure 1.A.1: Biological absorbance and SWCNT fluorescence. (A) The length at which 95% of the
incident light is absorbed by the indicated biological material at the indicated wavelength. (B) The
absorption coefficient (u,) for various biological materials as a function of wavelength. Values were based
on those published in the literature.” (C)Normalized tissue transmission and normalized SWCNT NIR
fluorescence signal as a function of excitation wavelength were multiplied to obtain the envelope of
maximum SWCNT fluorescence signal from tissue. The maximum occurs at ~720 nm, but there is
another significant peak at ~650 and relatively intense signal from ~630 — ~760 nm.
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Figure 1.A.2: Biological attenuation and SWCNT fluorescence. (A) The length at which 95% of the
incident light is attenuated (by absorption or scattering) by the indicated biological material at the
indicated wavelength. (B) The effective attenuation coefficient (including absorption and scattering) for
various biological materials as a function of wavelength. Values were based on those published in the
literature.”® (C)Normalized tissue transmission (considering both absorption and scattering) and
normalized SWCNT NIR fluorescence signal as a function of excitation wavelength were multiplied to
obtain the envelope of maximum SWCNT fluorescence signal from tissue. The maximum occurs at ~808
nm, and the envelope is quite different than that considering only absorption, as scatting plays an

important role in attenuating excitation intensity and manifests the “biological window.”



In summary, many groups are pioneering new biological applications for SWCNTs. As mentioned,
there many fundamental and practical limitations to SWCNT applications, as well as numerous remaining
gaps in knowledge. Therefore, there are many areas of opportunity for SWCNT-based research for both
understanding SWCNT / cell interaction and how SWCNT dispersions can be engineered and exploited

for new and enhanced biological applications.

1.B) Biological Applications Require Purification and Dispersion

SWCNTSs can be synthesized via numerous methods, including pulsed laser deposition, electric
arc discharge, catalytic decomposition and chemical vapor deposition.”* Essentially, SWCNT synthesis
requires a carbon source, catalyst and input energy (e.g., temperature). The technical details of SWCNT
synthesis have been well refined in recent years57 and are beyond the scope of this thesis. While different
syntheses produce slightly different SWCNT chiralities, the differences in diameter are minimal and have
little effect on capacity for dispersion. The important consideration for SWCNT-based biological
applications is that these synthesis methods generate raw samples that contain SWCNTs along with a
substantial amount of carbonaceous impurities and residual metallic catalysts. The metallic impurities
(e.g., Fe) are cytotoxic, and the cytotoxicities of the carbonaceous impurities (e.g., fullerenes, multi-wall
carbon nanotubes and amorphous carbon) are relatively unknown. In addition to toxicological concerns,
impurities also reduce the mass fraction of SWCNTSs in the raw product, resulting in a mixed product with
decreased mass fraction of SWCNTs and decreased manifestation of SWCNT properties on a per mass
basis.

To overcome the ambiguities, challenges and toxicity of a raw product, we highly purify our
SWCNTs. Raw HIiPCO (high pressure carbon monoxide conversion synthesis) SWCNTs were purified by

wet air burn, acid treatment, annealing and magnetic fractionation.5* ©'

Magnetic fractionation is an
additional processing step that is often omitted by other groups, even though it further reduces the
ferromagnetic (catalyst) impurities of acid purified SWCNTs by ~85%.% The entire process results in an

unaltered,’’ purified sample containing <5 wt.% carbonaceous impurities, ~0.3% metallic impurities and

the rest SWCNTs.%* ¢



In addition to the need to purify raw SWCNT product, a synthesis generates SWCNTs with
varying lengths, typically ranging from tens of nm to tens of um.57'59 Cellular uptake of SWCNTs is highly
dependent on Iength;62 therefore, to minimize confounding errors and ambiguity from a polydisperse
SWCNT sample, we length selected our SWCNTs into a narrow length distribution of 145 + 17 nm that
has been shown to enable endocytosis-mediated cellular uptake.®” To obtain these length fractionated
SWCNTs, SWCNTs were dispersed in water using sodium deoxycholate (DOC),63 and individually
dispersed SWCNTs were separated from bundles by centrifugation for 2 h at 21,000><g.64 Using density
gradient ultracentrifugation, the sample was length fractionated, and the 145 + 17 nm fraction was
harvested.”® These SWCNTs were then pelleted and the DOC burned off at 300 °C in wet air in the
presence of H,0,.%°

Once highly purified, length-selected SWCNTs are produced, they exist as bundles. While
SWCNTSs possess excellent properties, these properties are only for individual SWCNTSs. Properties such
as mechanical strength and electrical conductivity are defined for single SWCNTSs, and since SWCNTs
are nanosized, applications requiring more than a single SWCNT must rely on SWCNT network
properties which is controlled by the network (e.g., the strength of the SWCNT nodes for mechanical
properties and the junction resistance for electrical conductivity).””” ® While these limitations are
significant for materials science and engineering applications, they are typically not encountered in
biological applications when using SWCNTs as individual nanoparticles. However, obtaining individual
SWCNTs is a challenge in itself.

SWCNTSs strongly interact with each other with an energy of ~40 ksT / nm®® and are highly
hydrophobic (Figure 1.B.1). Therefore, they form aggregates in solution. Additionally, bundles quench
SWCNT optical properties, altering the individual SWCNTs’ densities of states, effectively quenching
SWCNT fluorescence and absorbance peaks.” ® ' © Applied energy (typically sonication) can exfoliate
SWCNT bundles, and amphiphilic molecules can be used to stabilize individual SWCNTs in solution.? 5 1®
% In doing so, individual SWCNT properties re-emerge. Additionally, it has been discovered that large
SWCNT bundles are toxic to cells while similar doses of individualized SWCNTs are not cytotoxic.*® "7

Therefore, for biological application of SWCNTs which require SWCNTs’ properties, dispersion is

necessary.
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Figure 1.B.1: Applications require SWCNT dispersion. /n aqueous solution, SWCNTs bundle due to a
strong van der Waals energy, and bundling mitigates SWCNTSs’ optical properties and ability to be used
as sub-cellular agents. However, the application of sonication energy in the presence of a dispersing
agent followed by centrifugation to remove remaining bundles yields a supernatant of dispersed

SWCNTs, recovering SWCNT optical properties and allowing for sub-cellular applications.

For this thesis, the emphasis is placed on the need for highly purified, length-fractionated
SWCNTSs, not per se the methods to achieve this. While purification and length selection are critically

important for biological applications, these methods have been established already.eo’ 61,65

Therefore, this
thesis instead focuses a substantial amount of attention on the cellular processing implications of the

choice of dispersing agent that is used to individually disperse already purified, length-selected SWCNTSs.

1.C) It’s All about the Interface

The dispersion process leads to many areas of opportunity for research. High mass yields of
SWCNTs with maximal retention of SWCNT properties is critical and depends on many factors including

9



dispersing agent (DA), input energy and removal of remaining bundles after dispersion.74 For biological
applications, the choice of DA is extremely important as it will become the interface between the SWCNT
“hidden” underneath it and the host biology.

The field of implantable biomaterials has considered biomaterial interface-mediated interactions
with the body for decades. For in vivo applications, numerous potential bioreactions exist, including non-
specific protein adsorption, platelet activation and thrombosis, recognition and processing by the immune
system and degradation.75 Understanding the knowledge generated from the pioneering research in the
field biomaterials can be used to engineer SWCNT DAs that are not only not toxic but also inherently
impart desired functionality to the dispersion (i.e., bioactive DAs).

Toxicology studies of SWCNTSs are inherently connected to the SWCNT interface. Early SWCNT-
cell toxicology literature shows conflicting results in vitro and in vivo."® "" Cell treatment with un-purified,

66, 78, 79

bundled SWCNTSs shows altered focal adhesions’ "* " and changes in the cell cytoskeleton, while

purified, dispersed SWCNTSs have been used as delivery vehicles without cytotoxicity.so’ 32,80

These early
studies are extremely useful to show the potential toxicity of raw (i.e., “as produced” or unpurified)
SWCNTs and are important in developing safety protocols for industrial settings as the use of SWCNTs
increases. However, these studies cannot be directly applied to SWCNT technologies being developed
for biological applications. Some major obstacles for characterizing SWCNT cytotoxicity include the lack

76, 81

of standardized toxicity tests that are appropriate for SWCNTs which show chronic cell changes and

the fact that most cellular assays are fluorescence based but SWCNTs nonlinearly quench fluorescence®
or similarly alter the chemistry of cell assays.®*

More recently, numerous studies have been undertaken to investigate how the SWCNT interface
may contribute to potential SWCNT-mediated cytotoxicity.®*'® Even though there is a substantial body of
literature, results are still inconclusive. The inconsistencies in results may stem from differing levels of
purification, differing conjugation efficiencies for covalent SWCNT surface modifications, different cell
culture techniques, etc. Another confounding issue is that cytotoxicity is usually not considered in terms of

SWCNT uptake. Different SWCNT interfaces should generate different cellular uptakes, and it could be

that any differences in observed cytotoxicity results from the interface generating different levels of

10



uptake. A detailed description of SWCNT toxicity studies is beyond the scope of this thesis, and many
excellent articles review SWCNT toxicity and the future of the SWCNT toxicology field.3® 45 50107114
Additionally, another important consideration for SWCNT dispersions is the requirement for

stability in cell culture media and ultimately blood or an in vivo environment.*> ™

These solutions possess
high ionic strength and a preponderance of proteins, lipids and small molecules, and all of which may
alter the conformation of, replace/exchange with or degrade the SWCNT DA. The outcome of this altered
SWCNT interface is difficult to predict a priori as the number of potential alterations is extremely high.

However, bundling of SWCNTs can be assayed using Raman spectroscopy,z’ s

and the quenching or
shifting of peaks of SWCNT intensity in NIR fluorescence spectroscopy16 indicates altered local dielectric
constant (e.g., from a different SWCNT interface) and/or SWCNT bundling. When possible, the best
strategy to maintain dispersion of SWCNTs in environments such as cell culture media is to select a DA
that is as stable in these environments as possible. While ab initio calculations may prove challenging to
assess stability, simple experiments of placing the SWCNT dispersion in cell culture media at 37 °C for a
few days and then performing NIR spectroscopies can determine the degree of bundling induced and

confirm SWCNT dispersion status.”* "'

1.D) Thesis Objectives

Unlike other works in the literature, in this thesis we use highly purified, length-selected, well-
dispersed SWCNTs to unambiguously study the effects of SWCNTs dispersions themselves, rather than
being subjected to confounding effects from impurities, SWCNT material variables and bundles.
Specifically, raw SWCNTSs contain cytotoxic metal catalyst impurities, a variable range of SWCNT lengths
and a plethora of carbonaceous impurities. To prevent catalyst-mediated toxicity, we highly purified our

SWCNTSs, reducing the metallic impurities to only ~0.3% and the carbonaceous impurities to <5 wt.%.%% %'

6365 and we selected

Density gradient ultracentrifugation was used to length fractionate the SWCNTSs,
SWCNTSs with lengths of 145 + 17 nm to maximize cellular uptake.62 Finally, SWCNTs were individually
dispersed using sonication, and any remaining bundles were pelleted and removed using

centrifugation.'"
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While the SWCNT material itself was highly processed to minimize confounding effects, SWCNTs
bundle in water, interacting with an energy of ~40 ksT/nm.®® Therefore, SWCNTs must be dispersed in
water with dispersing agents. While many cytotoxic dispersing agents produce excellent SWCNT
dispersions for non-biological applications,117 biologically relevant dispersions are needed for biological
applications. Therefore, in this work, we developed biologically relevant, stable SWCNT dispersions and
utilized the different dispersing agents as a direct method to modulate cellular processing of SWCNT
dispersions. Not only does the dispersing agent enable SWCNT dispersions but also we exploit it to

control SWCNTSs’ sub-cellular fate.

oy (oA
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Figure 1.D.1 Cartoon of thesis objectives. The unifying theme of the thesis is to understand how
SWCNTs are internalized, how they are sub-cellularly processed and if they are expelled and how the

dispersing agent affects this sub-cellular processing.

Figure 1.D.1 is a cartoon depiction of the main thesis objectives. A thrust of this thesis is to
determine the mode of SWCNT entry, specifically if SWCNTs enter via endocytosis only or if they may
also penetrate through the cell membrane like a “nanoneedle”. Another component of the thesis consists
of research to determine if and how fast do cells expel internalized SWCNTs: i.e., recover from SWCNT

exposure. Finally, the bulk of thesis is dedicated to understanding how cells process internalized
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SWCNTSs. For all of these themes, not only is the cellular processing of SWCNTSs considered but also the
processing as a function of dispersing agent.

Naturally, these themes lead to many hypotheses. These specific, scientific questions were
tested with rigorous experimentation coupled with human-mediated insight. The following is an
enumeration of hypothesis tested in this thesis. This list is not meant to be exhaustive; instead, it serves
to include the major hypotheses tested. A more complete recapitulation of hypotheses, experiments and
results is found in the following chapters. Hypotheses of this thesis include the following: SWCNT
properties can be modulated by controlling the dispersion process; SWCNT cellular uptake reaches
dynamic equilibrium in ~1 min; SWCNTs-BSA will be located in peri-nuclear regions; different protein
dispersions will lead to different cellular internalization levels; SWCNTs enter cells via endocytosis and
not membrane penetration; SWCNTs—PF127 interact with F-actin structures; SWCNTs—BSA remain in
endocytic pathway; and cells exposed to SWCNTs—BSA recover but cells exposed to SWCNTs—-PF127

do not recover.
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CHAPTER 2: SWCNT DISPERSIONS

2.A) Introduction

2.A.a) What is a SWCNT?

Single wall carbon nanotubes (SWCNTs) are a member of the graphene family, which is
characterized by covalently bonded carbon atoms forming a hexagonal lattice. SWCNTs can be thought
as being formed by rolling a graphene sheet into a closed, convex cylinder with diameters ranging

between ~0.7 — ~2 nm and lengths ranging from tens of nanometers to typically tens of micrometers

(Figure 2.A.1).

Figure 2.A.1: Structure of SWCNTSs. (A) Depiction of the chiral angle of “roll-up” from a graphene sheet

to a SWCNT. (B) Cartoon of a SWCNT. Diameter depends on chiral angle and is typically ~1 nm.

The angle of “roll up” imparts chirality to SWCNTs, and SWCNTs are semi-conducting or metallic
depending on the axis about which the graphene sheet is rolled, typically indicated by a particular
SWCNT’s (n,m) indices of the unit vectors a; and a, (Figure 2.A.1).2’ 6

SWCNTSs’ unique, quasi one-dimensional (1D) structure leads to unique electronic states and
optical signatures such as sharp peaks of van Hove singularity transitions in optical absorbance and
fluorescence spectra.2 The van Hove transition peaks in the optical absorbance and fluorescence spectra
broaden by the presence of other SWCNTs in close proximity, the breadth of which helps determine the

quality of SWCNT dispersion: i.e., whether SWCNTs are bundled or isolated in suspension.” '® 11812
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Optical spectra and van Hove transitions can also be used to quantify SWCNT concentration.'" 12 % 6674

116, 121

SWCNT molecular structure consists of carbon-carbon sp” hybridized covalent bonding and a
seamless hexagonal network architecture that imparts extraordinary strength and flexibility. SWCNTs
have a Young’s modulus over 1 TPa, which is much higher than carbon fibers (~800 GPa) and steel.’

22 These

SWCNT persistence length ranges from 26 to 138 um for diameters ranging from 0.4 to 3 nm.
mechanical properties enable SWCNTSs to be utilized as high-aspect ratio, stable materials for delivery
and modulation inside cells. Outside the cell, the high strength, low density and capability for
functionalization makes SWCNTs attractive candidates for structural reinforcement of engineered
extracellular matrices. Their electrical potential adds functionality including biomedical sensing and
actuation.

Individually-dispersed, semi-conducting SWCNTs fluoresce, with each chiralitiy (i.e., unique (n,m)
“roll up” indices) possessing a unique excitation and emission maxima due to unique E; energies due to
unique, chirality-dependent energies of the van Hove singularities of the density of states.? & 16 123 124
SWCNTSs can be excited in the visible (vis) range and possess a large Stokes shift, with emission in the
near infrared (NIR) spectrum (800 — 1600 nm).> '® Metallic SWCNTs (i.e., n —m = i * 3, where i is an
integer) do not fluorescence.” ® '® Bundles of SWCNTs do not fluorescence as metallic SWCNTs quench
fluorescence.? ® '® '** Additionally, double-wall CNTs do not fluoresce,'® and multi-wall CNTs also do not

% ® Fluorescence from SWCNTs does not photobleach or degrade over time."® SWCNT

fluoresce.
quantum vyield is affected by SWCNT length as excitons are quenched at SWCNT end caps, defects in
SWCNT sp2 hybridization structure (e.g., structural defects, surface oxidation or any other sp3

hybridization) and doping.'?*"*’

Fluorescence heatmaps demonstrate discrete energies of excitation and
emission for different SWCNT chiralities due to the different energies of the van Hove singularities (Figure
2.A.2).

A Raman spectrum corresponds to the partial absorption of an incident laser due to interactions
with surface vibrations. SWCNTs also possess strong vibrational modes, with SWCNT characteristic

peaks termed the radial breathing modes (RBMs; ~100 — 300 cm'1), the D-band (~1300 cm'1), the G-band

(~1591 cm™) and the G’-band (~2600 cm™).2 The G-band confirms the presence of sp? hybridized carbon,
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Figure 2.A.2: Spectroscopic characterization of SWCNTs."? Absorbance spectroscopy (left), NIR
fluorescence spectroscopy (middle) and Raman spectroscopy (right) display peaks that are characteristic

of individually dispersed SWCNTs.

and the D-band indicates the “disorder” or amount of sp® bonds in the sample.” The RBMs arises from
vibrations along the SWCNT radius and, therefore, only arise from tubular structures.? Thus, the presence
of RBMs and G-band confirm SWCNT structure. The resonance of each chirality’s RBM is dispersion-
state dependent; therefore, RBMs can be used to characterize SWCNT bundling.z' "% Further, these
strong phonon features impart a high thermal conductivity of ~3000 W / (m * K) in the axial direction.* "3
'3 Hence, the strong and unique SWCNT Raman signature allows for the specific and sensitive imaging

of SWCNTSs from within cells and tissues, and their thermal conductivity allows for potential applications in

photothermal ablation.

2.A.b) SWCNT Dispersing Agents

The nature of the physical interaction between dispersing agent and SWCNT is variable and not
readily apparent a priori. The potential between members of the fullerene family has been described in
the literature, and for SWCNTSs, their interaction energy is 40 kBT/nm.69

Various low-molecular weight synthetic surfactants including sodium dodecyl sulfate (SDS),134
sodium dodecylbenzene sulfonate (NaDDBS),‘53 deoxycholate (DOC) and several bile salts"" "** have
been shown to individually disperse SWCNTSs in water with high yields. Unfortunately, these surfactants

136

destroy cellular membranes, denature proteins and are generally cytotoxic; = thus, they are unsuitable for

cellular technologies.
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To overcome the cellular toxicity posed by conventional surfactants, non-toxic polymers such as
the Pluronic family of triblock copolymers,137 also called poloxamers, have been investigated as SWCNT

dispersing agents.®" °% & 116, 121

Pluronic copolymers are composed of polyethylene oxide (PEO) and
polypropylene oxide groups; a few of the Pluronic copolymers, including Pluronic F127 (PF127) and
F108, are already FDA approved for particular human applications.'*® While Pluronic-based dispersions
have been shown to possess excellent fluorescence properties, these dispersions are typically generated
at low concentrations (~1-10 ug/mL)51‘ 52 compared to ~300 pug/mL achievable via other biological

dispersing agents.”‘ I

Pluronic copolymers are bio-inert as they interact with the aqueous solution via the
PEO groups, but since they are a surfactant, their fate upon administration and concomitant, immediate
drop to a sub-critical micelle concentration is uncertain. >

As synthetic polymers for SWCNT dispersions are typically either diblock or triblock copolymers
with hydrophobic and hydrophilic blocks, these tend to bind SWCNTs via a non-wrapping mechanism.
Previous investigations of surfactants with short hydrocarbon tails revealed that the tails bind to highly

ordered pyrolytic graphite surfaces in an epitaxial manner."®

Others investigated the dynamics of PF127
binding to SWCNTs. Although somewhat limited by their experimental technique, it was roughly
determined that the residence time of PF127 binding to SWCNTs is ~10 — 100 ms."*® Another group
found similar results for Tween 80 (adsorption/desorption on the order of ms) and suggested that
SWCNTSs are coated by a “surfactant corona”."" Other groups have explicitly investigated the ability of
block copolymers (typically containing a PEO group) to form a steric barrier between SWCNTSs, leading to
a stable dispersion.”z'144

Other research has focused on DNA to disperse SWCNTs. Zheng et al. elegantly showed via
molecular dynamics simulation that DNA wraps around SWCNTSs, with the bases interacting with, but
extending from, the SWCNT surface and the sugar-phosphate backbone directed away from the SWCNT
into solution.’* Similar results were also independently obtained from other groups, confirming that DNA
stacks onto the SWCNT surface, with poly(T) being the best of the homo-base DNAs. "7

The most prevalent and prototypical example of a polysaccharide SWCNT dispersing agent is

chitosan. Interestingly, Peng et al. showed via amorphous cell modeling that chitosan wraps around a

SWCNT."® High resolution transmission electron microscopy (HR-TEM) images of carbon nanotubes
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(CNTs) dispersed with chitosan confirmed that chitosan wraps around CNTs. While Peng et al. provided
unique insights into the mechanism of chitosan-based SWCNT dispersions, very few papers describe the
dispersion mechanism as they tend to exclusively focus on applications, although there are > 100s of

papers on chitosan-based CNT dispersions. Another important consideration for chitosan-based SWCNT

149, 150

dispersions is that chitosan is only soluble in acidic environments, which is toxic to the body.

Therefore, SWCNTs-chitosan dispersions for biological applications must employ some modification,
such as acetylation, to enable the generation of a stable dispersion at neutral pH.
Biological applications typically require that SWCNT dispersions be biologically relevant, such as

mimicking a biological molecule or imparting some particular bioactivity. Recently, many groups have

11, 12, 18, 74, 116, 151-159

produced more biologically relevant dispersions utilizing various proteins, enzymes,®”

'°T RNA,* antibodies,?® polysaccharides,® functionalized phospholipids,®* % ** ** single-stranded DNA**

145, 162 152, 158

and amphiphilic peptides to disperse SWCNTSs in water. Many of these molecules are well-

tolerated by the cell but show relatively low cellular uptake, typified by single-stranded DNA-dispersed

12 and lysozyme™ have been shown

SWCNTs." ' Small proteins such as bovine serum albumin (BSA)
to produce a high yield (~25%) of isolated nanotubes at moderate concentration (~250 pg/mL) that do not

bundle or aggregate over time,"” making these dispersions attractive for biological applications.

2.A.c) The Dispersion Process

Dispersion can be achieved through chemical or physical methods.'®

Chemical dispersion
involves covalently modifying the SWCNT backbone with functional groups that impart solubility in water
to the SWCNT. While effective at individualizing SWCNTSs, it concomitantly destroys SWCNTs inherent
properties by disrupting the sp? bonding.? '® To preserve SWCNT properties, SWCNTSs can be dispersed
by the application of energy to exfoliate bundles into individual SWCNTs. The vast majority of physical
dispersions are achieved by ultrasonication. The energy waves create cavities that exfoliate SWCNTSs,
allowing DAs to associate with SWCNTs and further enhance the dispersion process.

For SWCNTs, different chiralities/diameters disperse with similar mass yield and optical quality.

This similarity in dispersion results from the narrow diameter distribution of SWCNTs. HIPCO SWCNTs

typically have a diameter distribution ranging from ~0.7 — ~1.3 nm, and many diameters are within a 0.4
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nm range.z’ ® There are slightly larger differences between diameters when comparing SWCNTs across
synthesis methods; however, the range is typically limited to ~1 nm. Therefore, since different chirality
SWCNTSs only differ at the sub-nm level in diameter, there is little preference of DA for different SWCNTSs.
In fact, chirality/diameter selection of SWCNTSs is an active area of research, and solutions typically focus
on density gradient ultracentrifugation’® or electrophoresis’’® methods to separate based on
chirality/diameter as DAs cannot discriminate Angstrom-level changes in SWCNTSs.

It should be noted that [very long] length can help facilitate dispersion. When a SWCNT'’s length
approaches its persistence length, thermal fluctuations tend to separate SWCNTs from each other. For
extremely long SWCNTSs, this can lead to facile dispersion. However, SWCNT persistence length is on
the order of tens of um,m which is substantially longer than typically synthesized SWCNTs. Hence, for all
but “designer” long SWCNTSs, dispersion should be quite similar.

Dispersion quality can be determined by a combination of UV-vis—NIR absorbance, Raman and
NIR fluorescence spectroscopies. Using an absorbance coefficient at 930 nm, SWCNT concentration can

11, 12, 65, 66, 74, 116, 121

be determined. Well-dispersed SWCNTs show numerous, sharp peaks in the

absorbance and fluorescence spectra arising from the van Hove singularities of the densities of states.? ®
18124 The width of any particular peak at half of its maximum value can be used to approximate the
dispersion quality.”" Since SWCNT fluorescence is quenched by bundling, NIR fluorescence indicates
individually dispersed SWCNTs.> ® " As described in Chapter 2.A.a, Raman RBMs can be used to
determine the degree of bundling as bundles shift the absorbance of individual chiralities, causing them to
come into resonance with the Raman laser.'"®

Biological applications necessitate that materials and devices be stable at relatively ambient
conditions. Some SWCNT dispersions, e.g., those prepared by sonication in water and added to cell
culture media, flocculate in under an hour and quite severely within 24 hr;" therefore, dispersion quality
should be characterized over time. For example, it has been shown that BSA-dispersed SWCNTs are
stable for more than one month at room temperature with no change in dispersion quality or
concentration."” Therefore, dispersion quality must be assessed over time while the dispersions are

subjected to physiologically relevant conditions.
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2.B) Materials and Methods

2.B.a) SWCNT Purification and Length Fractionation

High pressure carbon monoxide conversion synthesis (HiPCO) Single wall carbon nanotubes
were obtained as prepared from Carbon Nanotechnologies, Inc. To remove the impurities from the raw
product — including amorphous carbon and metal catalyst — the received product was purified according
to previously described methods that include wet air burn, acid treatment, annealing and magnetic

61

fractionation.®® Purification did not alter SWCNT structure or proper‘[ies.61 By performing

thermogravimetric analysis and wide-angle X-ray scattering measurement, it was confirmed that the

€0. 61 The rest

purified sample contained <5 wt.% carbonaceous impurities and ~0.3% metallic impurities.
of the purified sample was SWCNTSs.

For controlled, unambiguous cellular experiments, the purified SWCNTs were also length
fractionated to select for SWCNTs of lengths of ~145 + 17 nm. To do so, the purified SWCNTs were
dispersed in water using sodium deoxycholate (DOC) according to previous methods.® To separate the
remaining SWCNT bundles from individualized SWCNTSs, the sample was centrifuged at 21,000xg for 2
h.** The supernatant was isolated and subjected to density gradient ultracentrifugation to separate
SWCNTSs by length.” SWCNTSs in the 10" — 12" fractions were collected and had lengths of 145 + 17
nm.%® These purified, well-dispersed, length-selected SWCNTs were pelleted via ultracentrifugation, and

the DOC was burned off by heating to 300 °C in wet air in the presence of H,O, and subsequently

washed in water several times.

2.B.b) SWCNT Dispersion

The purified, length-fractionated SWCNTs were subsequently dispersed for cellular
experiments.”” ® SWCNTs were dispersed at 0.1 wt.% in ultrapure water (18.3 MQ cm resistivity, TOC
(total oxidizable carbon) <5 ppb) using dispersing agents suitable for cellular experiments. For this thesis,
typical dispersions were achieved with 1 wt.% Pluronic F-127 (PF127) or bovine serum albumin (BSA).
Other DA conditions are indicated when appropriate. A ratio of 1:10 SWCNT:DA was chosen for multiple

reasons. First, we performed a simple theoretical calculation of how much PF127 and BSA was needed
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to completely cover a SWCNT. The mass ratios are 1:~2 and 1:~7 for PF127 and BSA, respectfully. To
minimize the osmotic pressure of driving the DA off of the SWCNT surface, we wanted to ensure that
there was excess DA in solution. Secondly, we calculated the depletion attraction energy as a function of
BSA wt.%. Depletion attraction only reached the order of thermal energy at ~10 wt.% BSA (1:100
SWCNT:BSA).74 Therefore, we determined a suitable range of 1:~5 — 1:~100 DA:SWCNT. We chose 1:10

to ensure that there was free DA in solution but not so much where the DA could alter cellular behavior.

Figure 2.B.1: Probe tip sonicators. The small-tip sonicator (left) is used for smaller volumes of samples

(typically 3 mL of SWCNTs in water in a 6 mL glass vial) while the large-tip sonicator (right) is used for

larger volume samples (typically 6 mL of SWCNTs in water in a 12 mL glass vial).

The SWCNT-DA mixture was probe-tip sonciated (Figure 2.B.1) for 2 h (unless otherwise
indicated) at 60 W for large (~6 mL) samples or 6 W for small samples (~3 mL). Importantly, for this input
energy and time of sonication, SWCNTs with lengths of ~150 nm do not undergo sonication induced
scission.'®® To separate individually dispersed SWCNTs from remaining bundles, the mixture was
centrifuged at 21,000xg (Beckman Coulter Allegra 25R Centrifuge with a TA—15-1.5 rotor). Centrifugation
time was varied for many experiments and was adjusted for different DAs to adjust for differences in DA

molecular weight. Typical centrifugation times are 30 min for PF127 and 7 min for BSA. To determine

21



SWCNT concentration, SWCNT supernatants were subjected to UV—-vis—NIR absorbance spectroscopy,
and concentration was calculated using an absorbance coefficient of 2.6 (absorbance mL) / (mg mm) at

930 nm. ' 12 65,66, 74,116, 121 Samples were then sterilized via exposure to UV lamp for >1 h.

2.B.c) Dispersion Spectroscopic Characterization

SWCNT dispersions were characterized by UV-vis—NIR absorbance, Raman and NIR
fluorescence spectroscopies.

UV-vis—NIR absorbance spectroscopy was performed using a Varian Cary 5000
spectrophotometer (Figure 2.B.2). Typical scans were acquired from 350 — 1800 nm; however, the
SWCNT E44 transitions in the NIR (~850 — ~1400 nm) are the most sensitive to SWCNT dispersion status.
The peaks in absorbance arise from the van Hove singularities of the density of states for each chirality

and qualitatively indicate dispersion quality.

Figure 2.B.2: UV-vis—NIR spectrophotometer. The Varian Cary 5000 spectrophotometer.
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Raman spectroscopy was performed using an inVia confocal Raman microscope (Renishaw) with

a 785 nm (1.58 eV) laser (Figure 2.B.3). For HIPCO SWCNTs and a 1.58 eV (785 nm) laser, RBMs <250

215 |n addition

cm™ arise from individually dispersed SWCNTs while RBMs >250 cm™ arise from bundles.
to dispersion status, the G-band intensity can be used — through a calibration curve — to determine local

SWCNT concentration. '

Figure 2.B.3: Confocal Raman microscope. The Renishaw inVia confocal Raman microscope.

NIR fluorescence spectroscopy was performed using a Horiba Jobin Yvon Nanolog
spectrofluorometer with a liquid-nitrogen-cooled Symphony InGaAs-1700 detector (Figure 2.B.4). SWCNT
dispersions were diluted to <0.3 absorbance/cm in the NIR, excitation and emission slit widths were set to
10 nm, the excitation grating was 1200 groves/mm and blazed at 500 nm, the emission grating was 150
groves/mm and blazed at 1200 nm and integration time per excitation wavelength was at least 60 s.
Fluorescence heatmaps are corrected fluorescence intensity normalized to excitation intensity, and

chirality peak fits were generated using Nanosizer software (Horiba Jobin Yvon) with a Voight 2D model.
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Figure 2.B.4: Visible and NIR fluorometer. The Horiba Jobin Yvon Nanolog spectrofluorometer with a

liquid-nitrogen-cooled Symphony InGaAs-1700 detector.

2.C) Results

2.C.a) Estimating SWCNT Surface Coverage

An important force from fluctuations is depletion attraction. When two different sized species co-
exist, entropic excluded volume effects will lead to phase separation. Therefore, we performed a simple
calculation of depletion attraction for SWNTs and BSA. From our calculation, depletion forces only reach
the order of kgT at >10 wt.% (100:1 for our 0.1 wt.% SWCNT dispersions), as calculated using the

following equation:166

AF === ¢ k,T—L=—="5. "R} .|, T~ 1
2 ¢s B RS 2 V 3 K B RS ()

where AF'is the change in energy, ¢, is the volume fraction of BSA, k, is the Boltzman Constant, T is

temperature, R, is the effective capture radius of a 145 nm long, 1 nm diameter SWCNT,"™ Rs is the

radius of BSA and Njs is the number of BSA molecules. A plot of the results is shown in Figure 2.C.1 e
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BSA wt.%
Figure 2.C.1: Depletion attraction modeling.74 The depletion attraction energy difference normalized to
thermal energy as a function of BSA wt.% demonstrates that depletion attraction does not become
substantial until > 10 wt.% BSA, which corresponds to a 100:1 BSA:SWCNT for our dispersions in which

we use 0.1 wt.% SWCNTs.

To further understand the dispersion of SWCNTs with BSA, we calculated a theoretical surface
coverage of BSA on a SWCNT. The average Stokes radius of BSA is 3.48 nm,'®” and the MWgg, is 66.5
kDa."®® Assuming simple wrapping around a SWCNT with no change in BSA size, a theoretical surface
coverage requires ~30 molecules of BSA for each SWCNT ~150 nm in length. Calculating the
corresponding mass ratio, it is ~7 mgsa:MswcnT-

To experimentally verify our simple theoretical calculations, we dispersed SWCNTs at 0.1 wt.%
with varying amounts of BSA (1:1 — 100:1 BSA:SWCNT (0.1 wt.% to 10 wt.% BSA)). While all mass ratios

4 At 1:1, there is a

successfully generated SWCNT dispersions, we noticed an interesting phenomenon.7
high mass yield but poor dispersion quality; however, by going to 5:1, the mass yield decreases by ~40%
but the quality is substantially improved, with NIR fluorescence increasing by ~90% (Figure 2.C.2).74
Increasing beyond 5:1 results in a slightly higher mass yield (~25% increase for 100:1 from 5:1) and a
substantial increase in NIR fluorescence quantum yield (~100% increase for 100:1 from 5:1). Raman
spectroscopy also confirms that increasing the BSA wt.% increases the individualization of SWCNTSs:

RBM intensity >250 cm” (SWCNT bundle peak) decreases with increasing BSA wt.%.
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Figure 2.C.2: Spectroscopic analysis of the effect of BSA:SWCNT.” The mass yield of supernatant
for a dispersion of SWCNTs—BSA is high for 1:1 BSA:SWCNT and crosses a threshold at ~5:1 where the
yield decreases and only slightly increases with increasing BSA:SWCNT. This threshold was also
indicated by the average peak shift of the SWCNT E;; of absorbance, indicating a different interaction
with the SWCNTs. Additionally, the SWCNT fluorescence dynamic range and quantum yield (based on
NIR fluorescence at 785 nm) increases dramatically at 5:1. This is visually obvious from the NIR
fluorescence heatmaps where1:1 shows minimal signal while 100:1 clearly has individual peaks of
fluorescence from many chiralities. Note that both heatmaps are scaled to the same global dynamic
range but are adjusted to maximize contrast. Also, Raman spectroscopy, focusing on the RBM bundle
peak (> 250 cm’), shows a decrease in bundle peak with increasing BSA:SWCNT, confirming

individualization of the SWCNTs with increasing BSA.
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2.C.b) NIR Spectroscopies of SWCNTs—Protein

In addition to BSA, we were interested in generalizing the results to types of proteins. First, we

further characterized how centrifugation affected SWCNTs—BSA quality and yield (Figure 2.C.3)." NIR
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Figure 2.C.3: Effect of centrifugation time on quality of SWCNTs-BSA." (A) 7 min of centrifugation
at 21,000xg generated a mass yield of 256%. (B) 15 min generated a mass yield of 18%. (C) 22 min
generated a mass yield of 16%. However, the 22 min sample has a 67% greater dynamic range of NIR
fluorescence intensity.
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Figure 2.C.4: Protein-dispersed SWCNTs.”* NIR absorbance spectroscopy confirmed that multiple
types of proteins were able to disperse SWCNTs. Note that each sample’s spectrum is normalized to its
value at 930 nm. The mass yield demonstrates substantial differences between the different proteins.
Raman confirms dispersion and shows subtle differences in the bundle peak (RBM >250 cm"). Note that
the broad features of ~2000 — 3000 cm™ for DOC is real-space fluorescence that is not filtered out on our
Raman system. Fluorescence is also present for the protein dispersions but to a much smaller degree. No
DA was associated with a significant increase in sp3 hybridization in the system (i.e., no change in Ip:lg).
NIR fluorescence spectroscopy revealed significant differences between the protein samples compared to
the excellent but cytotoxic SWCNT dispersing agent DOC in terms of fluorescence peak shift and

intensity. However, there were relatively little differences between the protein samples themselves.

absorbance spectroscopy (SWCNT E4; region) demonstrated numerous, distinct peaks that qualitatively
indicate dispersion quality. Centrifugation had little effect on peak width; instead, it decreased the
magnitude of the absorbance which corresponds to a decreased mass yield. 7 min of centrifugation led to
a mass yield of ~25% (~250 pg/mL for SWCNTSs initially at 0.1 wt.%). Increasing centrifugation time
monotonically decreased mass yield and increased NIR fluorescence intensity, with 22 min generating a

mass yield of 16% (a 36% reduction from 7 min) but increasing NIR fluorescence quantum yield by ~67%.
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Next, we investigated different classes of proteins. BSA is a medium sized protein (MWgga= 66.5
kDa168), is the most prevalent blood serum protein and carries lipids in the blood stream as a surfactant-
like molecule. We also investigated lysozyme (LSZ) as it a small protein (MW sz = 14.3 kDawg), has
regions of hydrophobic and hydrophilic groups and possesses antibacterial properties. We also

investigated gamma globulins (yG),170

which is a group of high molecular weight proteins that is primarily
composed of the antibody, immunoglobulin G (IgG; MW, ~150 kDa'’"). As a comparison, we also
dispersed SWCNTs with DOC, which has been shown to be an excellent DA for SWCNTs™® but is
unsuitable for cell experiments as it readily disrupts cell membranes. To compare the protein dispersions,
we performed the same dispersion procedure: 10:1 protein:SWCNT, 2 h sonication and 7 min
centrifugation at 21,000xg. Then we performed optical spectroscopy to characterize the dispersions
(Figure 2.C.4)."

Interestingly, all proteins tested were able to well-disperse SWCNTs. From absorbance
spectroscopy, the peaks of the E4; region qualitatively indicate dispersion quality. While the peaks from
the protein dispersions are broadened and less intense than DOC, they suggest that all of the protein
dispersions individually disperse SWCNTs to some degree. Additionally, it is clear that the protein
dispersions red shift the van Hove singularities peaks. These peak shifts are more accurately
characterized via NIR fluorescence spectroscopy. The proteins had similar average peak shifts but were
significantly greater than DOC. The peak shifts are compared to the values reported for the empirial

Kataura pIot.124

Also from absorbance spectroscopy, there are substantial differences in mass yield
between the proteins. yG mass yield was ~13%; BSA was ~25%; and LSZ was ~62%.

Raman spectroscopy allowed for further characterization of the protein dispersions. Raman
spectra were normalized to the total content of the sample (i.e., G-band). The RBM bundle peak (>250
cm'1) demonstrated that the protein dispersions possessed more small bundles than DOC. Further, the
vG dispersion had less RBM-detected bundling than BSA or LSZ. NIR fluorescence was also detected in
the Raman spectra, manifesting itself as broad features from ~2000 — 2800 cm™. DOC possessed NIR

fluorescence that was substantially more intense than that of the protein dispersions, which were similar

in intensity. Additionally, the D-band-to-G-band ratio (/p:/) is typically used to determine the “pristineness”
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of the SWCNT structure. There was no significance difference in SWCNT /p:lg, demonstrating that the
proteins were not altering the SWCNT structure.

To better assess dispersion quality and fluorescence intensity, we performed NIR fluorescence
spectroscopy from samples at the same concentration. DOC had intense fluorescence; BSA fluorescence
was ~42% of that of DOC but was ~200% and 160% of that of LSZ and yG, respectfully.

Next, we investigated the impact that sonication time has on protein dispersion quality. Increasing
sonication time increases the mass yield of SWCNTSs. Sonicating for 500% more time (12 vs. 2 h) resulted
in an ~250% and ~40% increase in mass yield for BSA and LSZ, respectfully (Figure 2.C.5).74 Not unlike
the wt.% threshold, we observed a sonication time threshold below which the mass yield is virtually non-
existent and the absorbance peaks (from the minimal mass remaining in the supernatant) are highly
shifted and above which the SWCNTSs are dispersed and the peaks are shifted to a similar level.

Raman spectroscopy was used to further investigate dispersion status as a function of sonication
time. Investigating the dispersions’ RBMs demonstrates that increasing sonication time decreases the
small bundles that remain the dispersion (reduction of RBM bundle peak >250 cm'1). However, Raman
spectroscopy revealed that samples subjected to 12 h of sonication possessed a statistically significant
increase in Ip:lg, indicating sonication-induced damage to the SWCNT backbone.

SWCNT NIR fluorescence intensity as a function of sonication time was assessed using NIR
fluorescence spectroscopy. The intensity of the SWCNT fluorescence was decreased after 12 h of
sonication, even though there were less small bundles of SWCNTSs in the dispersion. Therefore, 12 h of
sonication surpasses a threshold of optimal SWCNT optical properties as a function of sonication time, as
defect-mediated quenching surpassed enhancement achieved from additional individualization of
SWCNTs.

We also investigated the effects of sonication on the proteins’ structures (Figure 2.C.6)."*
Sonication of protein solutions without SWCNTs resulted in no change of protein helical content;
however, sonication of proteins in the presence of SWCNTs decreases the helical content of the protein
dispersing agents with increasing sonication time. This change in helical content as a function of

sonication time follows the concomitant change of SWCNT mass yield.
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Figure 2.C.5: Effect of sonication time on protein dispersion quality.74 Increasing sonication time
increases mass yield for protein dispersions, with average yields of ~75% after 12 h. However, the
SWCNT NIR fluorescence intensity range decreases from 2 to 12 h for both BSA and LSZ. Raman
spectroscopy shows that while increasing sonication time decreases the SWCNT bundle peak (RBM
>250 cm"), it also increases SWCNT D-band, suggesting SWCNT structural damage that quenches

fluorescence.
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Figure 2.C.6: Sonication effects on protein structure.”* As sonication time increases, there is a
concomitant decrease in protein helical structure and increase is mass yield.
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2.C.c) Stability in Media

Dispersions are prepared in ultrapure water; however, biological applications will result in
dispersions being administered into solutions with high ionic strength and a plethora of proteins, lipids and
other biomolecules. Therefore, SWCNT dispersion stability in biologically relevant media is critically
important for applications.

To assess SWCNT dispersion stability, we diluted SWCNTSs in water or media and tracked their

dispersion state via NIR spectroscopies over time (Figure 2.C.7).”* "'® SWCNTs-BSA showed virtually no
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Figure 2.C.7: Protein dispersions stability.”’ "® SWCNTs-BSA in diluted in water (top) show no
change in NIR absorbance spectra after 38 days. Additionally, SWCNTs—BSA show no change in
absorbance spectra when diluted into complete cell culture media. NIR fluorescence spectroscopy shows
no change in peak location, suggesting that the electronic interaction with SWCNTs is not altered by
exposure to media. In contrast, yG and LSZ are not as stable. yG, while dispersing SWCNTs, also forms
flocculations in water. These can be reduced by increasing sonication time (indicated above cuvettes).

LSZ is stable in water but immediately aggregates in cell culture media.
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alterations in NIR absorbance spectra — either peak shift, broadening or loss of intensity — upon dilution in
either water or complete cell culture media (maintained at 37° C). SWCNTs—BSA are stable for at least
one month in water. As SWCNT chirailities’ fluorescence emission peaks’ locations are highly sensitive to
the dispersion, we performed NIR fluorescence spectroscopy to further assess SWCNTs—BSA stability.
We calculated the average peak location differences between SWCNTs—BSA freshly dispersed in water
and SWCNTs—-BSA that were diluted in complete cell culture media for 48 h — the typical maximum length
for most cellular experiments. There were no changes in the average NIR fluorescence peak locations
(average peak shift of 0 nm), confirming that SWCNTs—BSA is stable in complete cell culture media and
maintains SWCNTs’ desirable optical properties. Conversely, SWCNTs-LSZ was very unstable in
complete cell culture media, immediately flocculating when added to media. Also, SWCNTs—G formed
aggregates in water. Interestingly, these did not quench all SWCNT optical properties, as SWCNTs—yG
possessed NIR fluorescence. Longer sonication time reduces aggregations but has little effect on

SWCNT optical properties.

2.D) Discussion

2.D.a) Estimating SWCNT Surface Coverage

In the literature, some reports suggest that a protein-to-SWCNT ratio >1:1 would reduce the
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ability to disperse SWCNTs due to depletion-attraction. ™ For our dispersion, we performed a simple

calculation to estimate the energy from depletion-attraction."‘36

The calculation indicates the depletion-
attraction energy for a dispersion of 100:1 BSA:SWCNT is still less than that of thermal energy,74
suggesting that depletion-attraction will not substantially influence dispersion quality for realistic
dispersion conditions. We experimentally validated the result, as we demonstrated that increasing BSA
increases dispersion quality.

Our calculation of SWCNT surface coverage by BSA also allowed for insight into an interesting
experimentally observed phenomenon: increasing BSA:SWCNT beyond 5:1 resulted in a drastically

different dispersion. Since we calculated SWCNT theoretical surface coverage to occur at ~7:1

Mgsa:Mswent, We propose that SWCNTs must be sufficiently covered by BSA to create a quality (i.e.,
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individualized) dispersion. Below the threshold, BSA molecules are limited, and BSA may disperse
SWCNTSs as bundles. However, once there is sufficient BSA to cover the SWCNT surface, it allows for the
dispersion of individual SWCNTs. Beyond this limit, there is less of a pressure for BSA to come off of the
SWCNT surface, as the BSA concentration increases in solution, creating even better dispersions.
However, beyond 100:1 BSA:SWCNT, depletion attraction is greater than thermal energy. Therefore,
100:1 represents a good ratio to maximize SWCNT individualization. However, we acknowledge that we
have not considered BSA conformation on the SWCNT surface. Previous work has shown that at pH 7
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BSA is in the native conformation that we model, ®" although other conformations could exist. Additionally,

while our calculations and experimental results are in agreement, there are some reports that SWCNTs
may be dispersed at low surface coverage.'** "2

Another potential issue of using excess DA for the dispersion process is the potential cellular
effects of excessive, free DA. We note that free BSA may increase endocytosis and/or bind receptors on
immune cells,""® potentially altering cellular behavior/processing, independent of SWCNTs. PF127 is
membrane active, potentially altering the rate of endocytosis, destabilizing endosomes or altering sub-

cellular chemistries. Therefore, if high concentrations of DAs are to be used for dispersions, these

concentrations should especially be evaluated for DA alterations to cellular processes/function.

2.D.b) NIR Spectroscopy of SWCNTs—Protein

To experimentally determine how the SWCNTs-BSA NIR fluorescence quantum yield is affected
by centrifugation time, we performed NIR fluorescence spectroscopy on samples centrifuged for differing
times. As SWCNT quantum vyield increased by 67% by increasing sonication time from 7 to 22 min, it
indicates that longer centrifugation time is able to remove small SWCNT bundles from the supernatant,
generating a higher proportion of individually dispersed SWCNTs and higher fluorescence intensity per
mass of SWCNTs remaining in the supernatant.

Since many molecules are unable to effectively exfoliate SWCNT bundles into individual
SWCNTs and proteins are complex structures which are different than traditional surfactants, it is
surprising how robust different proteins are for dispersing SWCNTs. Similar peak shifts from the protein

samples suggest a similar electronic interaction between the different proteins and the SWCNTSs.
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Therefore, it seems that, even though the proteins (BSA, LSZ and yG) are representative of different
classes of proteins, a universal interaction exists for proteins that are able to effectively disperse
SWCNTs. In contrast, mass yield increases with decreasing molecular weight; therefore, the response
may simply be due to the mass of the SWCNT dispersion, as each sample did generate fluorescence,
indicating that individual SWCNTs were present. We note that we performed the centrifugation for the
different protein dispersions at the same conditions: we did not seek to optimize it for potentially differing
masses of SWCNT—protein complex. However, estimating the changes in mass is complicated, as
differing conformations, surface coverages, protein aggregates, wrapping, etc. are difficult to predict and
may actually not result in a substantial difference in final SWCNT—protein mass. Regardless, it was
beyond the scope of our investigation.

Since input energy — in the form of probe-tip sonication for our studies — is used to exfoliate
SWCNTs, increasing sonication energy should increase the individualization of SWCNTSs, ceteris paribus.
Our results, when considered in aggregate, do demonstrate that increased sonication does increase
SWCNT individualization. However, SWCNT optical properties are not necessarily increased with
increasing sonication time. We observed that increasing sonication time increases dispersed SWCNTs
that are retained in the supernatant, increasing the mass yield. However, NIR fluorescence is decreased
with long sonication time. This results from sonication-induced structural damage to the SWCNTSs, as
indicated by the significant increase in the “disorder-band” (i.e., increased Ip:ls), which quenches excitons
and decreases fluorescence. Raman bundle peak (RBM >250 cm'1) also confirms that increasing
sonication time increases individualization of SWCNTs. Therefore, combining the results from multiple
spectroscopies indicates that there is a tradeoff between sonication time and SWCNT structural damage.

Increasing sonication time increased the magnitude of change in protein helical content. Since
sonication itself did not alter protein secondary structure, the change in helical content is a result of
protein reorganization induced by sonication and stabilized by interaction with SWCNTs. This change in
protein conformation is associated with a concomitant increase is SWCNT mass yield. Therefore, proteins
slightly change their conformations in the process of SWCNT dispersion.

Since many SWCNT-based applications require the perseveration of SWCNT properties, there is

a useful level of sonication time for our dispersions of ~2 h. Below 2 h, there is a relatively low mass yield
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and minimal fluorescence, as SWCNT have not had enough time to be individualized. However, as
sonication time approaches 12 h, more marginal damage is done to SWCNTs than marginal increase in
individualization. Therefore, 12 h is worse for optical properties, and, for our dispersion parameters, 2 h is

an appropriate sonication time for most applications.

2.D.c) Stability in Media

In water, different classes of proteins produced SWCNT dispersions. However, yG produced an
interesting dispersion, as numerous, visible clumps were observed which may suggest SWCNT bundling,
but NIR spectroscopies confirmed the presence of individualized SWCNTs. This confirms that SWCNTs
are primarily not in bundles of SWCNT/SWCNT contact but may exist as dispersed SWCNTSs in protein
aggregates due to the large molecular weight proteins of yG self-interacting. By increasing sonication
time, the clumps are reduced, potentially disrupting the protein-protein interactions and/or denaturing the
proteins in such a way that decreases self-interaction.

In contrast, LSZ immediately flocculated out of solution upon addition to complete cell culture
media. Interestingly, cells cultured under this “blanket of SWCNTs-LSZ” remained viable and did not
internalize many SWCNTs. Since yG and LSZ generate dispersions that do not maintain individually
dispersed SWCNTSs, they cannot be used for biological applications.

BSA, however, was quite stable in complete cell culture media. NIR fluorescence spectroscopy
showed no change in fluoresce emission peak locations for the chiralities. Since emission peak location is
highly sensitive to the SWCNT local dielectric constant, the lack of peak shift indicates a similar electronic
interaction after dilution in media and suggests that BSA may not be displaced from the SWCNT surface.
Or if it is, it is replaced by other biomolecules that preserve the dispersion state of the SWCNTSs.
However, this does not seem as likely since LSZ is unstable in media: if other molecules replaced BSA to
maintain the dispersion quality then other molecules should replace LSZ and maintain its dispersion. This
suggests that BSA remains on the SWCNT, although another group has reported that BSA can quickly

exchange between the adsorbed and free states.'”

We have also performed displacement experiments
that show no change in SWCNT-BSA dispersion peak locations, further suggesting that BSA remains on

the SWCNT surface and does not readily desorb.
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Biological applications require dispersion that allow for uptake, sub-cellular processing and
maintenance of SWCNT properties (e.g., NIR fluorescence that only originates form individually dispersed
SWCNTSs). Therefore, while different classes of proteins can disperse SWCNTs in water, BSA was the
only effective protein dispersing agent for maintaining dispersion quality in complete cell culture media.
Therefore, BSA represents a useful SWCNT dispersing agent for biological applications. If other proteins
are to be used to disperse SWCNTSs for biological applications, their stability in media must be tested and

verified, even if they produce excellent dispersions in ultrapure water.

2.E) Conclusions

Theoretical calculations suggest that a complete surface coverage of a SWCNT by BSA or LSZ is
~7:1 massyein:-massswent. Modeling depletion-attraction energy suggests that depletion does not
become significant until >10 wt.% DA, which is substantially higher than previous estimates in the
literature. Experimental results confirm that a higher proportion of DA increases dispersion quality,
although the marginal increase is minimal after ~10:1 protein:SWCNT (1 wt.% protein).

Increasing centrifugation time decreases mass yield but increases the proportion of individually
dispersed SWCNTSs, resulting in a higher fluorescence quantum yield of the resulting dispersion.
Increasing sonication time increases mass yield and individualized SWCNTs but induces damage to the
SWCNT structure, destroying SWCNT properties, such as NIR fluorescence. Therefore, parameters
should be carefully selected for dispersion.

Perhaps most important for biological applications is SWCNT dispersion stability in biologically
relevant conditions. Therefore, dispersions should be evaluated for stability in high ionic strength, protein
and lipid-containing solution at physiological pH and temperature. While many protein dispersions were
not stable under these conditions, SWCNTs—BSA was highly stable and may hold promise as a SWCNT

dispersion for biological applications.
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CHAPTER 3: SWCNT CELLULAR UPTAKE

3.A) Introduction

Development of SWCNT-based cellular technologies requires advances in multiple fronts, such
as generation of biocompatible SWCNTSs that are not toxic, do not illicit an immune response and do not

interfere with normal cell processes, while maintaining the inherent properties of SWCNTSs. Initially, non-

purified, bundled and long SWCNTs had been associated with toxicity and negative cellular effects.>® %

6173 pyrification of SWCNTs to remove catalyst and carbonaceous impurities,®” ' dispersion into

11, 13, 14, 21, 26, 51, 52, 66, 151-157, 159, 174

isolated tubes using biocompatible agents and selection of short (100s of

nm) SWCNTs for optimal cellular deIivery62 has produced nontoxic SWCNTs appropriate for biological

applications. These biocompatible SWCNTs have been utilized as drug delivery platforms,21 showing

24-30

promising results in vitro specifically for anti-cancer drug®**° and nucleic acid®" ** '’° delivery inside the

13, 14, 153, 173, 176-178

cell. Other studies have shown that SWCNTSs enter cells via endocytosis and localize

11, 179-181

within different compartments of the cell."® SWCNTs, visualized directly by Raman

10, 11, 14, 26, 33, 53, 173, 178, 179, 182 13, 51, 52, 180, 183

spectroscopy, NIR fluorescence microscopy or via fluorescent

24,30, 44,181, 183187 .2 remain in cells for months with little deleterious effects.'®

conjugation,
Examination of the time- and concentration-dependent rates of SWCNT uptake and an ability of
cells to recover from SWCNT exposure, albeit over a limited range of dosage level and exposure time,
has provided insight into cel-SWCNT interactions. Uptake and recovery has been investigated for
SWCNTs coated with Pluronic F108, a bioinert polymer, with murine macrophages at low SWCNT
concentrations of < 8 ug/mL between 1 — 24 h using fluorescence spectroscopy.51 Single particle tracking
using SWCNT fluorescence'’’ has been used to determine uptake of individual SWCNTs coated with
DNA for single or double pulsed exposure with pulse widths typically on the order of minutes.”> ™
In this thesis chapter, we report the time-dependent uptake rate and concentration-dependent uptake for
BSA stabilized SWCNTs'' over two decades in SWCNT concentration and multiple decades of exposure

time. We quantified SWCNT concentration in cells using Raman spectroscopy, which identifies all

SWCNTs, in a linear regime. We show via experiment and analytic model that SWCNTs—-BSA reach
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steady state internalization in one minute and that there is a threshold value of external concentration
above which cellular uptake machinery is saturated. We also quantified the time rate and concentration-
dependent recovery from SWCNT exposure, showing that cells expel SWCNTs-BSA within days and

recover cellular functions.

3.B) Materials and Methods

3.B.a) Bulk Uptake Measurement

Bulk uptake experiments were performed by exposing cells to SWCNTSs at a given concentration
for a given time, washed, lysed, re-suspended into a known volume and then subjected to confocal

Raman spectroscopy. Concentration was determined by utilizing a Raman standard curve (Figure

12
3.B.1).
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Figure 3.B.1: Raman SWCNT concentration standard curve.'> SWCNT concentration was initially
determined using UV-vis—NIR absorbance spectroscopy. Concentrations were produced via serial
dilution. Raman scans were acquired for the integration time indicated with a 50%, 0.75 NA, air immersion
(A) and 100x%, 1.4 NA, oil inmersion objective (B). G-band signal was linear with SWCNT concentration
over the concentration range indicated. Reproducibility of the counts is ensured by confirming Raman

intensity of the same silicon wafer (in the same orientation) every time the system is initialized.
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In general, cells (e.g., NIH-3T3, HelLa, human mesenchymal stem cells (hMSCs)) were
subcultured and seeded into 6-, 12-, 24- or 96-well plates at a seeding density of 3 x 10* cells/cm? and
allowed to incubate for 24 h. After the 24 h, the cell media was exchanged, and SWCNTs were diluted in
the fresh media to their final concentrations. To control for potential dilution of media/nutrient effects by
the addition of SWCNTS, in cases where the SWCNT volume was >5% of the media volume, 1 wt.% BSA
in ultrapure water was added to the lower concentration samples to maintain the same total volume of
solution added and fetal bovine serum (FBS) was added at 10% of the SWCNT solution volume.

After the indicated exposure time, the media was aspirated completely. When indicated, “wash
step” cells received an additional step of washing with 1x cell culture phosphate buffered saline (PBS,
Invitrogen). “No wash step” samples did not receive the PBS wash. Cells were then either maintained in
cell culture PBS or CO.-independent media (Leibovitz), depending on the duration of the imaging step
and if the cells would be assessed for acute toxicity.

To determine the number of cells per well, typically the cells were exposed to Hoechst 33324 for
~15 min, and then the wells were rapidly imaged at 37 °C under 20x magnification using fluorescence
and phase contrast microscopy to enable a determination of cell count. Generally, at least 5 fields of view
(~0.4 mm2) were acquired. Hoechst allowed for automated cell counting from the images, and the phase
contrast channel allowed for confirmation of cells and analysis of multinucleated cells. The total cell count
per well was calculated by determining the average cell density from the images and calculating the total
cells based on the well area. Note that while imaging may require a bit more effort to determine cell count
than other assays (e.g., a Bradford assay), imaging inherently provides cellular level details that are
averaged out in bulk assays. Therefore, by counting the cell, morphology and shape were also assayed.
Also, SWCNTs can significantly quench photons, making optical-based assays potentially unreliable for
SWCNT samples.

Immediately after imaging, the cells were exposed to cell lysis buffer (Cell Signaling Technology).
After the addition of buffer, the cells were subjected to a freeze/thaw cycle to aid lysis and detachment
from the substrate. To ensure that cells were completely lysed and that the resulting mixture possessed

SWCNTSs that were uniformly distributed, the wells were exposed to probe tip sonication for ~5 s at 6 W.
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Before performing the assay, the wells were imaged under phase contrast microscopy to ensure that cells
were lysed and detached from the substrate.

To determine the concentration of SWCNTSs in the cell lysis samples, the samples were placed into a
24-well, glass (#1.5) bottom dish (MatTek) and subjected to confocal Raman spectroscopy. Raman
spectroscopy for an appropriate integration time to acquire enough SWCNT counts was centered at the
SWCNT G-band (~1591 nm) and performed on the samples. G-band signal (counts over baseline) per
time was determined and used to determine SWCNT concentration via the standard curve (Figure 3.B.1).
Therefore, SWCNT concentration, sample volume and cell count were known, allowing for a simple

calculation of SWCNT per cell.

3.B.b) Raman Imaging

To prepare samples for confocal Raman imaging, cells were seeded at 3 x 10* cells/cm? onto
sterilized #1.5 coverslips (Fisher) and incubated for the indicated time (e.g., 24 h). After exposure, the
samples were fixed in 3.7% formaldehyde (Sigma-Aldrich) for 15 min, washed and mounted onto glass
slides for imaging.

Phase contrast and confocal Raman imaging were performed on an inverted Raman confocal
microscope (inVia Raman microscope, Renishaw) with a 785 nm (1.58 eV) laser (~15 mW at the sample
plane), a 100x (1.4 NA) oil immersion phase objective (Leica Microsystems) and a 0.9 NA air condenser
(Leica Microsystems) for phase-contrast imaging. Control of mapping parameters and imaging processing
was performed in WiRE software (Renishaw).

Generally, fields of view were acquired by concatenating multiple fields of view together. Maps
were acquired in a rectangular grid with a step size was typically 1 — 7 um depending on desired level of
resolution with an integration time of at least 1 s. For the G-band, confocal Raman spectra between 1327
and 1819 cm™ were collected with a 0.86 cm™ resolution. The G-band signal-to-baseline at 1590 £ 17 cm”
' was analyzed in WIiRE to obtain intensity maps of SWCNTs and in-house MATLAB (Mathworks) code
was used to generate maps of G-band signal-to-noise ratio and counts. When mapping the RBMs,
spectra between 100 and 715 cm™ were collected with 1.07 cm™ resolution. RBM heatmaps were

generated for the individual SWCNT RBMs (210 — 250 cm'1) and bundle peak (250 — 280 cm'1). Real-
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space SWCNT fluorescence that was also detected in the Raman system primarily arises between 2200
and 2900 cm™ and was mapped for the range 2242 — 2649 cm™ with 0.71 cm™ resolution. Note that the
RBM and fluorescence phenomena are for specific for our system (e.g., HIPCO SWCNTs, 1.58 eV laser).
Also note that all Raman scans were the maximum possible for a “static” scan, meaning that the detector

was filled by the acquisition range.

3.B.c) NIR Fluorescence Imaging

To image SWCNT intrinsic NIR fluorescence from SWCNTSs that were internalized into cells, we
engineered a custom microscope setup (Figure 3.B.2). Briefly, a 785 nm laser (120 mW; CrystaLaser) is
passed through a fiber and then collimator. The beam is then passed through a quarter wave plate (1/4
wave retardance at 785 nm) to make the beam circularly polarized. Then, the beam is passed through
two pinholes to ensure proper beam alignment. Next, the beam is passed through an “engineered
diffuser” (ThorLabs, product # ED1-C20) to uniformly expand the beam and eliminate the spatial
coherence of the beam. Then, a bi-convex lens is placed at its focal length after the diffuser to collect and
collimate the uniform emission from the diffuser. This light is then sent through the microscope’s beam
path.

Within the microscope, we use a custom NIR filter cube (Semrock): a 785 nm excitation notch
filter, a 785 nm dichroic and a 792 nm long-pass filter. To further decrease excitation transmission to the
detector, reduce cellular autofluorescence and more properly select for SWCNT NIR fluorescence, we
added an additional 900 nm long-pass filter in the microscope before the detector. Since SWCNT
quantum yield is low and the NIR is subject to high background signal, we used a liquid-nitrogen cooled,
highly sensitive, InGaAs focal plane array detector (2D-OMA V, Princeton Instruments).

This setup allows for uniform illumination of the image plane (filling of the objective back focal
plane with non-coherent light). Additionally, the filters allow for low noise detection by the highly sensitive
camera. Therefore, this custom setup allows for highly sensitive widefield imaging of SWCNT

fluorescence at high magnification.
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Figure 3.B.2: Custom NIR fluorescence microscope. A 785 nm laser passes through a quarter-wave

plate, diffuser and lens before entering the microscope. Inside is a custom filter cube for NIR
fluorescence. NIR emission is additionally filtered through an extra, 900 nm long-pass filter and detected

with the liquid nitrogen cooled, 2D-OMA V focal plane array detector (Princeton Instruments).

3.B.d) Recovery

“Recovery” from SWCNT exposure in this thesis means the ability of cells to expel / reduce their
intracellular concentration of SWCNTs as a function of time after removal of external SWCNTs. Two
protocols were performed for recovery. The first involved passing cells into dishes at 6 x 10* cells/cm?® (2%
greater than the “standard” seeding density). After 8 h, the cells were adhered; then the cells were
exposed to SWCNTs at the indicated concentration. Cells were incubated with the SWCNTs for 16 h, and

then the cells were subcultured and seeded into new dishes. The SWCNT-exposed cells were either
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continually exposed to SWCNTSs (i.e., “perpetual exposure”) or were given fresh, complete cell culture
media (i.e., “recovery”). Multiple time points and SWCNT concentrations were investigated. For each, the
cells were subjected to the bulk uptake assay, as described above. The second protocol (termed “same
dish” recovery) is similar but does not involve a sub-culture step. Instead, cells were initially seeded at 3 x
10 cells/cm?, were incubated 24 h, exposed to cells for the indicated time (e.g., 24 h) and the allowed to

recovery for the indicated time (e.g., 24 h).

3.C) Results

3.C.a) Effect of Stability on Uptake

Bulk uptake measurements are excellent for determining gross, overall behavior. Figure 3.C.1 shows
bulk uptake for various protein dispersions into NIH-3T3 cells.”* A significant difference exists between yG
for 2 versus 12 h sonication, while little change is noticed for BSA or LSZ. Additionally, little change in
bulk uptake results from an increased protein-to-SWCNT ratio; however, it is statistically significantly

different from 1:1 to 10:1.
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Figure 3.C.1: Bulk uptake of SWCNTs—protein.”* NIH-3T3 SWCNT bulk uptake measurements for
different protein dispersions. Significant differences exist between the proteins and for the same proteins
but different sonication times (other than SWCNTs—BSA). Additionally, there is little influence of protein
wt.% on bulk cellular uptake; however, small but significant increases are observed for 10:1 compared to

1:1. *indicates a p < 0.05.
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Figure 3.C.2: Raman mapping of SWCNTs—protein uptake."’ NIH-3T3 cells exposed to SWCNTs—

protein for 24 h were imaged via confocal Raman spectroscopy. In stark contrast to bulk uptake
measurements, imaging reveals significant differences in SWCNT-protein uptake due to stability issues in
cell culture media. Large clumps are present for yG, non-specific adsorption to the substrate is present for

LSZ and relatively homogenous cellular uptake is observed for BSA.
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Another assessment of the appropriateness of performing bulk uptake measurements is to
perform Raman imaging of samples exposed to SWCNT dispersions. Figure 3.C.2 manifests the impacts
of SWCNTs-DA stability on cellular association and uptake.74 SWCNTs—yG forms aggregates on the
order of ~10s of um, which would be detected via bulk methods. However, these are clumps that either
associate with the cell membranes or non-specifically adhere to the substrate. Also, SWCNTs-LSZ
immediately precipitates in cell culture media, and even with multiple wash steps, some remains adhered
to the substrate. Therefore, its cellular internalization is minimal, but its bulk uptake is artificially high due

to the SWCNTSs that remained adhered to the substrate.

3.C.b) Time-rate of Uptake

Many reports in the literature indicate that SWCNTSs are internalized in a time-dependent manner,
usually with dynamic equilibrium reached in a few hours. However, most of these reports are for SWCNTs
dispersed with molecules to which cells are typically not exposed (e.g., DNA). Since albumin is the most
prevalent blood serum protein, it is a natural extracellular molecule that is exposed to cells. Additionally, it
is a different type of molecule than DNA, having a peptide backbone and substantially different
conformation, charge and hydrophobicity. Therefore, we wanted to quantity the time-dependent rate of
uptake of SWCNTs—BSA into a standard, model cell line: NIH-3T3.

We exposed cells for various amounts of time (over ~5 decades) and concentration (2 decades)
and quantified the cellular uptake via bulk uptake measurements.'? Note that since SWCNTs—BSA is
highly stable in cell culture media, these measurements are valid. It became immediately apparent that
dynamic equilibrium was relatively rapidly reached (Figure 3.C.3).12 Calculating the time-rate of uptake
revealed that there is a positive rate at early time (< ~100 s), and the uptake is relatively constant beyond
~100 s. This phenomenon was concentration independent. Also, the uptake per cell was constant, even
at long time (~48 h).

To determine if a wash step (after aspiration of SWCNT-laded media) influenced the time-
dependent uptake rate, we performed experiments with and without a wash step. While there was a
decrease in overall uptake amount, there was no change in the time-dependent rate. Therefore, uptake

for SWCNTs—BSA occurs rapidly (< 100 s).
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Figure 3.C.3: Time-dependent rate of SWCNTs—BSA cellular uptake.'? SWCNTs-BSA uptake into
NIH-3T3 cells was quantified as a function of time for ~5 decades of time at 3 different exposure
concentrations and with or without a wash step. From the uptake data, the time-rate of uptake was

calculated.

3.C.c) Concentration-dependent Uptake

In addition to the time-dependent rate of uptake, we quantified concentration-dependent uptake
for samples with and without a wash step after aspiration of the SWCNT-laded exposure media (Figure
3.C.4).12 The wash step had an effect on the overall uptake amount, having ~10x higher mass per cell for

those sample with the wash step omitted.
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The concentration-dependent uptake showed an interesting threshold: between 1 and 30 pg/mL
exposure, there is a dramatic decrease (~10x%) in concentration-dependent uptake. This phenomenon

was observed for both the wash and no wash step samples.
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Figure 3.C.4: Concentration-dependent cellular uptake of SWCNTs-BSA."? SWCNTs-BSA uptake
into NIH-3T3 cells was quantified as a function of exposure concentration with or without a wash step.
From the uptake data, concentration-dependent uptake was calculated. The average concentration-

dependent constant for each concentration is indicated in the bottom row.

In addition to investigating the concentration dependency in NIH-3T3 cells, we also investigated
uptake into human cell lines: HeLa and hMSCs."" For a 10 pg/mL exposure, hMSCs internalized 31 + 12
pg/cell and HelLa cells internalized 7.6 + 4.7 pg/cell (no wash step). These values correspond to 86 + 33 x
10° and 21 + 13 x 10° SWCNTSs/cell, respectfully. The HelLa cell uptake is similar to that of NIH-3T3 (~6.1

pg/cell), but the hMSC uptake is substantially higher.
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3.C.d) Sub-cellular Localization

Once we quantified the time- and concentration-dependent uptakes, we were interested in
determining the general sub-cellular localization of SWCNTs. For this, we primarily utilized confocal
Raman imaging. Figure 3.C.5 shows both zoomed out and zoomed in fields of view of SWCNTs-BSA
sub-cellular localization into hMSCs and Hela cells. hMSCs demonstrated a higher uptake and relatively

homogeneous distribution of intensity throughout the cell. HeLa showed less uptake and peri-nuclear

localization.
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Figure 3.C.5: Sub-cellular localization of SWCNTs-BSA into human cells." Confocal Raman
imaging shows that SWCNTs—BSA are approximately uniformly internalized info hMSCs (leff) and HelLa
cells (right). hMSCs show a greater overall uptake, and maps of individual cells show SWCNT-BSA

intensity distributed throughout the hMSCs while more peri-nuclear in HelLa cells.

In addition to Raman imaging, we utilized our custom NIR microscope to image SWCNT
fluorescence. To enable SWCNT imaging, we utilized a 785 nm laser excitation, optics to de-cohere the
light, a NIR filter cube and a liquid-nitrogen-cooled NIR focal plane array. Using this configuration,
SWCNT NIR fluorescence can be rapidly imaged to determine sub-cellular localization. Figure 3.C.6
shows NIR fluorescence from SWCNTs—BSA from both hMSCs and Hela cells. Regions of SWCNTSs can
be observed sub-cellularly along with pockets of high intensity. These suggest that SWCNTs are

distributed throughout the endoplasmic reticulum, at the end of trafficking from endocytosis.
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hMSC
10 ug/mL SWCNTs — BSA

Hela
50 pg/mL SWCNTs — BSA

Figure 3.C.6: NIR fluorescence imaging of SWCNTs-BSA sub-cellular localization. Widefield NIR
fluorescence imaging allows for rapid, high-throughput imaging of SWCNT sub-cellular localization but is
limited to semi-conducting, individually dispersed SWCNTs. hMSCs show strong NIR fluorescence signal
compared to HelLa (10 versus 50 ug/mL exposure, respectfully), in agreement with Raman imaging and

bulk uptake measurements. Scale bars are 10 um.

To determine SWCNT three dimensional (3D) localization, we utilized the Z-position control of our
system and acquired the same XY field of view at varying Z position (Figure 3.C.7).11 Confocal maps
confirmed that SWCNTs are located within cells, and additional intensity was also observed below the cell
on the substrate and above the cell. Performing small-step-size Z-position scans for various points of the
cell (i.e., XZ slice) demonstrated that the majority of intensity arose from regions that were within the cell
(from phase contrast imaging). In agreement with XY maps, there was intensity above and below the
cells, indicating SWCNT adsorption to the substrate and cell membrane.

Additionally, we wanted to confirm the sub-cellular localization of SWCNTs dispersed with
another type of dispersing agent. Therefore, we exposed HelLa cells to SWCNTs—-PF127 and performed
confocal Raman imaging of SWCNT G-band signal (Figure 3.C.8).173 Relatively similarl to SWCNTs—-BSA,

we observed intracellular SWCNT signal throughout the cell.
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Figure 3.C.7: Confocal Z-height Raman imaging of SWCNTs-BSA sub-cellular distribution." (A)
Raman maps with their corresponding phase image confirm that SWCNTs—BSA are localized intra-
cellularly. (B) Averaged high Z-resolution XZ-slices through the cell demonstrate that the majority of
SWCNT intensity arises from within the cell volume. However, there is some minimal intensity below the

cell on the substrate and intensity from SWCNTs adhered to the cell membrane.
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Figure 3.C.8: Confocal Raman imaging of SWCNTs-PF127 sub-cellular localization."® Confocal

Raman imaging confirms that SWCNTs—PF127 are internalized into HeLa cells. The enhanced contrast

from phase contrast imaging is due to the addition of hematoxylin.

While imaging SWCNT G-band Raman intensity allows for the determination of sub-cellular
localization, other Raman modes can be used to interrogate SWCNT dispersion state within the cell.
Therefore, we performed Raman imaging of SWCNT G-band, RBM and real-space fluorescence of
SWCNTs-BSA in NIH-3T3 cells (Figure 3.C.9)."” G-band maps demonstrated similar sub-cellular
localization to that of human cells (i.e., h(MSC and HelLa), with peri-nuclear localization. Mapping of RBM
intensity <250 cm™ confirmed the presence of individual SWCNTs, while RBM >250 cm™ indicated
bundling. The intensity of the bundle peak was relatively weak compared to the individual RBM peaks,
and the overall ratio of bundle to individual peak was similar to the initial dispersion. Additionally, mapping
of the real-space fluorescence confirms the presence of individual, pristine SWCNTSs. Therefore, NIH-3T3
cells do not substantially alter SWCNTs—BSA dispersion state intra-cellularly, even though overall uptake

is high.
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Figure 3.C.9: Confocal Raman maps of SWCNT dispersion state."? Multiple confocal Raman maps
were performed for the same field of view to interrogate SWCNT dispersion state (i.e., bundling and
retention of SWCNT fluorescence). RBMs >250 cm™ arise from bundles, and NIR fluorescence arises

from SWCNTs that are individually dispersed.

3.C.e) Recovery

An important consideration for SWCNT-based biological applications is understanding cells’
ability to recover from SWCNT exposure. To assess recovery, we exposed NIH-3T3 cells to SWCNTs—
BSA, subcultured the cells into new wells and maintained them in SWCNT-free media. After various
recovery times, we performed bulk uptake measurements to quantify the remaining mass of SWCNTSs per
cell. Truly assessing recovery into non-flowing media (i.e., a pool of unmoving media) is complicated, as
expelled SWCNTs remain in the un-exchanged media (i.e., are not transported away), creating a non-

zero concentration in the media that allows for re-internalization of previously expelled SWCNTs.
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Additionally, as recovery time proceeds, cells proliferate, dividing their remaining SWCNTs into the
progeny. However, after 80 h of recovery, bulk uptake measurements indicate that the remaining SWCNT
mass per cell is reduced by ~10x (Figure 3.C.10), which is a greater reduction in the per cell amount than
simply dividing SWCNT concentration in half for the corresponding level of cell divisions.'? Raman
mapping of cells allowed to recover for 80 h show no detectable SWCNT signal, which is in stark contrast
to cells exposed to the same concentration of SWCNTs for 24 h and not allowed to recover (top).
Therefore NIH-3T3 cells are able to recover from SWCNTs—BSA exposure, albeit at a much slower rate

than that of internalization.
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Figure 3.C.10: Quantification and imaging of recovery from SWCNTs-BSA."? Bulk uptake
measurements demonstrate a dramatic reduction in SWCNT mass per cell after 80 h of recovery (dashed
bars) compared to cells not allowed to recover (24 h of exposure, no recovery (solid bars)). Raman
imaging confirms that after 80 h of recovery (bottom row of images), the remaining SWCNTs in the cells is

minimal, compared to 24 h of continual exposure to 30 ug/mL (top row of images).
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3.D) Discussion

3.D.a) Effect of Stability on Uptake

While bulk uptake measurements can be useful, we have also shown that they have a major
limitation: they cannot differentiate between internalized SWCNTs and aggregated SWCNTs associated
with the substrate and/or cell membrane. Therefore, dispersions that are unstable in cell culture media
yield unreliable data in bulk measurements due to SWCNT aggregation. Only dispersions that are tested
and shown to be stable in cell culture media can have their uptake assessed via bulk uptake
measurements. For example, SWCNTs-BSA has been shown to be stable in media and can be
assessed using bulk uptake measurements.

Therefore, bulk uptake measurement is an extremely useful technique to assess SWCNT cellular
internalization; however, it is only validly applied to SWCNT dispersions which are stable in cell culture
media. Confocal Raman imaging reveals the interactions of those unstable dispersions with cells,
reaffirming the inaccuracies of bulk uptake for unstable stable dispersions and confirming the validity of

bulk uptake for stable SWCNT dispersions.

3.D.b) Time-rate of Uptake

The time rate of SWCNTs—BSA uptake is rapid, reaching dynamic equilibrium on the order of a
minute. It is faster than the uptake reported by other groups with SWCNTs—DNA; however, our DA (i.e.,
BSA) is a protein — a class of biomolecule to which cells are typically exposed — while DNA is a
biomolecule that is highly regulated and sequestered to the nucleus. Therefore, we expect that BSA
“hides” the SWCNT from the cell and results in faster uptake. Interestingly, the same group recently
reported that SWCNTs—DNA would traverse and localize in chloroplasts of plant cells within seconds of
SWCNT interaction with the lipid bilayer.188 Therefore, the rates may not be too dissimilar for general
membrane-bound entities and that the differences reflect cells ability to discriminate between protein and
DNA. As for PF127, we have not explicitly tested its short-time uptake; however, we have some evidence

to suggest that it may be internalized relatively rapidly as well.
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Additionally, we note that ~100 s is approximately the rate of endocytosis. Therefore, our dynamic
equilibrium uptake occurs after ~1 cycle of endocytosis. While this is fast, the bulk uptake measurement
also includes SWCNTSs that are adhered to the cell membrane. Therefore, we contend that, even though
SWCNTs-BSA is stable and BSA does not per se interact with the membrane, the SWCNTs-BSA
dispersion is able to adhere to the cell membrane, and be internalized over time. This membrane
interaction is supported by many modeling papers that report the ability of SWCNTs with a dispersing
agent to integrate within the cell membrane on the order of us after interacting with the membrane. We
also have data that suggests that fixed, control cells may actually have a substantial amount of SWCNTs
that can interact with their membranes, even though they are fixed. Therefore, the bulk uptake amount
per cell does not change with time (> 100 s) but the sub-cellular localization can. Actually, similar
membrane-related phenomena were observed with SWCNTs—DNA that were exposed to NIH-3T3 via a
pulsed exposure; however, their uptake was slower, probably not only because the sample was

SWCNTs-DNA but also because they exclusively quantified SWCNTSs that had been fully internalized. ™

14

3.D.c) Concentration-dependent Uptake

From our results, we were able to determine concentration-dependent parameters that can
quantitatively predict average bulk uptake. These values are important for the development of biological
applications. Using these values, it is possible to dose the exposure concentration to achieve a desired,
therapeutic uptake level. Therefore, this work will enable the development of future applications.

Additionally, we discovered a striking difference in bulk uptake between cells with and without a
wash step. This mass difference could result from SWCNTs weakly adhered to cell membranes,
SWCNTs weakly adhered to the substrate and from residual media that was not completely aspirated. In
general, the difference provides insight into the amount of SWCNTs that non-specifically interact with
cells in a weak manner.

Regardless of the inclusion of a wash step, we observed a threshold concentration, above which
the marginal concentration-dependent uptake is drastically reduced. We contend that this threshold

represents a saturation of SWCNTs adhered to the cell membrane. At low exposure concentrations, a
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relatively high proportion of the exposure SWCNTs can fill all of the interaction sites on the cell
membrane (and also the substrate). Between 1 and 30 ug/mL exposure, these sites are filled such that
the marginal uptake is less dependent on the exposure dose. This threshold further confirms the rapid
time-dependent uptake, suggesting that membrane association is rapid and substantial.

When comparing BSA- and PF127-dispersed SWCNTSs, there are relatively similar levels of
uptake, but BSA is ~3x higher than PF127."° Higher uptake for BSA is expected since BSA is a protein
while PF127 is a “stealthy” molecule. Comparing to results for DNA dispersions in the literature, BSA is
substantially higher; however, the exposure methods are different. In this work, we expose continuously
in the cell culture media while the DNA studies in the literature employed a pulse exposure. Therefore,
this could lead to different concentration-dependent uptakes and would make drawing too many

conclusions between the studies invalid.

3.D.d) Sub-cellular Localization

Raman imaging recapitulated bulk uptake measurements, indicating that hMSCs internalized
~300% more SWCNTs per cell than HelLa. We attribute this difference to likely be due to the higher
metabolic activity of stem cells. We note that this differential uptake may allow for stem cell targeting
approaches for SWCNT delivery.

Raman imaging has many advantages, including high signal due to high laser power density (the
coherent laser is passed through the objective which focuses the beam to an area roughly half the laser’s
wavelength, resulting in a small spot size and relatively higher power density) and signal is obtained from
all types of SWCNTs (as opposed to only individually dispersed, semi-conducting SWCNTs for NIR
fluorescence). Additionally, it can be used to determine SWCNT dispersion status and can detect some
NIR fluorescence. However, Raman is limited to point-by-point (or line-by-line) scanning, and is,
therefore, a slow imaging modality (e.g.,a map of a cell may take ~30 min compared to ~10 s for NIR
fluorescence imaging). Therefore, we wanted to develop a custom NIR fluorescence microscope that
could detect SWCNT NIR fluorescence signal for an entire field of view. While widefield NIR fluorescence
imaging is relatively high throughput (~10 s), signal only arises from individually dispersed, undamaged,

semiconducting SWCNTs. Hence, bundles and metallic (~1/3 of the dispersion) SWCNTs do not
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contribute to signal. Additionally, the excitation power density is ~100x less than Raman, since the laser
is distributed across an entire field of view, rather than a “point”. Since SWCNTs have a low quantum
yield, the overall signal is relatively low. The spatial resolution is diffraction-limited, rather than being
limited in most cases by step size for Raman imaging, enabling more details to be obtained as resolution
is ~350 nm. Hence, using a well-engineered optical train and an extremely sensitive NIR detector, we
could obtain true widefield images of SWCNT distribution in human cell lines.

Widefield imaging, however, inherently does not provide 3D sub-cellular localization. Instead,
Raman can be performed confocally, allowing for 3D imaging. While the Raman images were acquired in
confocal mode, the phase contrast image is widefield (i.e., not confocal). However, phase is fairly
sensitive to Z-position for high numerical aperture, high magnification objections. We performed Raman
scans at numerous Z-positions and acquired the corresponding phase contrast image. The results
demonstrate that we can co-register SWCNT Raman signal with the phase-contrast-determined sub-
cellular position. In addition to Z-stacks, we also acquired small Z-step size XZ scans of SWCNT cellular
intensity. This experiment allows for even more detailed Z-distribution localization, albeit for only an XZ
plane. In agreement with the Z-stack mapping results, XZ scans confirmed that SWCNT signal originated
from intracellular spaces (defined here as ~-2 — 7 um). Therefore, Raman allows for 3D sub-cellular
imaging. For experiments where Z-stacks were not acquired, Raman scans were acquired for the best
phase contrast focal plane, assuring that SWCNT intensity arises from intra-cellular regions.

While many of the sub-cellular imaging results included are for SWCNTs-BSA, we also
performed numerous Raman imaging experiments with SWCNTs—PF127. Raman imaging reveals similar
sub-cellular localization. While BSA and PF127 are different types of molecules (i.e., protein vs. a
surfactant polymer), their effects on sub-cellular localization are subtle but important. Therefore, Raman
shows somewhat similar sub-cellular distributions, but later we will show that the different dispersing
agents lead to different sub-cellular processing that is more readily observed by fluorescently labeling
sub-cellular structures and imaging their fluorescence intensity distribution and fluorescence lifetimes.

Once we determined SWCNT sub-cellular localization, we also wanted to determine SWCNT
dispersion state. We utilized both the SWCNT RBM modes (individualized SWCNT having signal <250

cm™ and bundled SWCNTs having signal >250 cm™ for our system) and SWCNT NIR fluorescence signal
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that is captured on our Raman system. We mapped SWCNT signal from within cells exposed to 30 pg/mL
SWCNTs-BSA and, as expected, saw significant G-band intensity. Then, we mapped the same region,
focusing on the RBMs. Like the initial SWCNTs—-BSA dispersion added to the cell culture media, we
observed substantial intensity from the individual SWCNT RBM peaks and minimal bundle intensity. In
addition, we also mapped NIR fluorescence intensity, which was fairly intense for a system designed for
Raman spectroscopy. This combination of results confirmed that SWCNTs—BSA are not bundled within
NIH-3T3 cells after 24 h of exposure. The preservation of SWCNT dispersion state is critical for biological
applications, as only individualized SWCNT retain most of the desirable SWCNT properties, such as NIR
fluorescence, and large bundles of SWCNTSs could inhibit their uptake and processing by cells.

It should be noted that the resolution of Raman is ~500 nm and NIR fluorescence imaging is ~350
nm. While these resolutions work well for many applications, more detailed analysis of sub-cellular
localization will require greater spatial resolution. One option is to use fluorescence lifetime imaging
microscopy (FLIM), as FLIM is sensitive to changes within the Fdster radius, which is ~5 nm. FLIM is
highly sensitive, but sometimes this could be a disadvantage as lifetime changes could result from non-
specific changes within the cell. However, as long as a cellular structure can be labeled with a bright,
stable fluorophore, FLIM can be used to indirectly determine if SWCNTs are within ~5 nm from the
labeled cellular structure.

Another option for higher spatial resolution is transmission electron microscopy (TEM). While
TEM can provide nm resolution, it also presents some technical challenges. Imaging SWCNTs requires
substantial power; however, cell structures can be damaged by high power. Therefore, TEM of SWCNTs
in cells will be a technical challenge, but we are actively pursuing this avenue of imaging modality to

achieve increased spatial resolution to more definitely determine SWCNT sub-cellular localization.

3.D.e) Recovery

Once we understood the time rate, concentration dependence and sub-cellular localization of
SWCNT uptake, we then determined the ability of cells to recover from SWCNT exposure. We chose bulk
uptake measurements of SWCNTs per cell to report SWCNT recovery for cells previously exposed to

SWCNTSs and then given fresh, complete cell culture media. We discovered that NIH-3T3 cells were able
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to recover from SWCNTs—BSA exposure. After 80 h of recovery, SWCNT mass per cells is reduced by
about an order of magnitude. Importantly, this shows that NIH-3T3s can reduce their intracellular
SWCNTs-BSA concentrations.

In these recovery experiments, NIH-3T3 cells had the ability to proliferate, as they were freshly
seeded into new cell culture dishes. Therefore, some reduction in SWCNT mass per cell may originate
simply from cell division, as cell number exponentially increased but SWCNT mass was fixed. However,
the time constant of cell division was ~55 h but the time constant of recovery was ~31 h. Therefore, after
80 h, cell division would reduce the SWCNT mass per cell up to ~25% of the initial uptake. The final
SWCNT mass per cell, however, was only ~3% of the initial value, indicating that NIH-3T3 cells actively
expelled SWCNTs. Therefore, NIH-3T3 cells can recover from SWCNT exposure by reducing their
intracellular SWCNT concentration through cell division and active SWCNT expulsion.

We also tested the ability of cells to recover from SWCNTs—PF127. In contrast to SWCNTs—BSA,
we observed significant retention of SWCNTs-PF127, even after 80 h. While we are continuing to
analyze these results, they suggest that SWCNT DA plays an important role in sub-cellular processing
which ultimately affects the ability of cells to recover from SWCNT exposure. Since BSA is a protein, it
may allow SWCNTSs to remain in the endocytic pathway and be exocytosed, while PF127 is membrane
active and could lead to altered endosomal processing, leading to deposition of SWCNTs—-PF127 into the
cytoplasm, causing SWCNTs—PF127 to be retained (i.e., cells not recover).

The ability of cells to recover from SWCNT exposure is important for SWCNT biological
applications. Recovery allows for a treatment dose but then a full expulsion and removal of SWCNTs,
preventing long-term retention and potentially reducing negative impacts. Additionally, it may enable
SWCNT-mediated delivery strategies. For example, a possible strategy to deliver SWCNTs locally within
the body would be to preload cells with SWCNTs—BSA in vitro and use cells as vectors to deliver
SWCNTs-BSA to other cells. To create such a delivery system, the time rate and concentration
dependent parameters determined here are crucial for controlling the delivery time and quantity of
SWCNTs-BSA. For example, NIH-3T3 cells could be loaded to18 pg/cell by incubation with a 30 ng/mL
solution of SWCNTs—BSA for 24 h. Our data suggests that other cell types, such as hMSCs, can take up

larger amounts of SWCNTs—-BSA. Cells could be delivered to tissues (1:1 SWCNT-treated cells:
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endogenous cells). After ~60 h (~2 recovery rate time constants), the vector cells would fully expel their
SWCNTs-BSA, generating a local extracellular concentration of ~0.35 pg/mL. This extracellular

concentration would subsequently lead to ~0.15 pg/cell internalized by the target cells.

3.D.f) Relating SWCNT Physiochemical and Structural Properties to Cellular Uptake

Conceptualizing a quantitative structure—activity relationship (QSAR) model for SWCNTs and
cellular uptake highlights the importance of the thesis research. Some of SWCNTs' important
physiochemical and structural properties that control SWCNT uptake into cells are SWCNT length,
diameter, stiffness, persistence length, dispersion state and interface (i.e., non-covalently attached
dispersing agent or covalently linked moieties).

Many theoretical models have been generated to simulate SWCNT uptake. '®*"®® Since SWCNTs
are highly anisotropic, rigid (high elastic moduli and contour lengths less than persistence lengths) rods
they are unique structures for membrane interaction. There is controversy — both amongst models and
experiments — that SWCNTs can pierce the membrane like a needle and enter the cell or that SWCNTs
are internalized via endocytosis. While we have shown that SWCNTs dispersed with PF127 are only

internalized via endocytosis173 and many groups have demonstrated endocytosis as the internalization

13, 14, 62, 153, 154, 176, 177, 199, 200 201-204

mechanism, other groups have demonstrated membrane penetration, and
experiments with other DAs have not ruled out that membrane penetration could be an additional
internalization mechanism.

Therefore, since SWCNTs has diameters of ~1 nm, have lengths much less than their
persistence length and have a high modulus, SWCNTSs represent a unique material for internalization into
cells. Larger diameters may prevent membrane penetration as large diameters would require the
displacement of a large area of membrane, representing a large energy barrier. Additionally, larger
diameters could decrease SWCNTs’ ability to induce endocytosis as SWCNT membrane clustering and
energetics would not be as favorable for inducing endocytosis.198 Additionally, these uptake mechanisms
are enhanced by SWCNTSs' rigidity. A rigid rod is able to more favorably induce uptake than a similar

structure with flexibility as it can more readily induce the needed membrane curvature and energy for

endocytosis compared to a highly flexible rod that cannot localize changes in membrane properties.194
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Length also has an important influence on cellular internalization. SWCNT length substantially
affects endocytosis; it has been shown here'” and by others® that lengths shorter than ~200 nm are able
to be endocytosed. While there may be uptake of lengths >200 nm, it is substantially reduced compared
to the shorter lengths. Modeling also considers length, but typically length is of little importance to the
energetics of the system as it is the small diameter of SWCNTSs that facilitates membrane penetration. For
both methods of entry, the rigidness property plays an important role in either stimulating endocytosis or
piercing the cell membrane.

Perhaps the biggest effects on uptake are SWCNT dispersion state and SWCNT DA. If SWCNTs
flocculate in solution (i.e., are not stable), then uptake is greatly reduced.” However, the difference in
uptake between very small bundles of SWCNTs and individually dispersed SWCNTs is not explicitly
known, but we have antidotal evidence that these very small bundles (< ~10 SWCNTs/bundle) are
internalized to a same degree as individually dispersed SWCNTSs. Different DAs, assuming that they
generate stable dispersions, can possess substantially different uptakes. Rather than being able to
generalize this phenomenon to something that can be easily quantified, such as charge, molecular
weight, hydrophobicity, efc., the DA effects on uptake are more related to “bioactivity.” Here, we define
“bioactivity” as relating to the extent to which the molecule naturally interacts with cells. Hence, it is not
simply/only the presence or absence of a physical characteristic (e.g., charge) that controls uptake, but
instead it is the 3D conformation of specific molecules in space that generate specific interactions with
cellular components that have the effect on uptake. This concept is not much different than adding a
targeting peptide to a molecule: adding specificity or “bioactivity” to the molecule will increase its
interaction with cells.

Taking these results in aggregate, it is interesting to use the QSAR model to predict the uptake of
a fiber of the same size of a SWCNT but of different surface chemistry. Many studies have investigated
SWCNTs with different surface chemistries. The results of these studies are varied and are sometimes
contradictory, and confounding issues may prevent direct comparisons between studies and
generalizability of the results. The thesis work here suggests that the SWCNT interface — whether it is a
non-covalently adsorbed DA or a covalently attached moiety — has a significant effect on internalization

based on bioactivity. For example, we have compared the uptake of BSA- and PF127-dispersed
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SWCNTs.""® BSA is more “pbiological” as albumin is the most prevalent blood serum protein while PF127
has exposed PEG chains that are typically considered to impart “stealth” to the molecules they shield.
With these considerations, the QSAR model predicts that SWCNTs—BSA should be internalized to a
greater extent than SWCNTs-PF127, and indeed that is the case. However, the uptake is only ~5x higher
for murine fibroblasts and ~3x higher for murine macrophages.116 Therefore, the tunability of uptake is
somewhat limited. We note that it is challenging to generate a well-dispersed, stable SWCNT dispersion
of minimal uptake (i.e., a control dispersion that has no non-specific uptake into cells). Development of
this type of dispersion may be important for targeted strategies where uptake into healthy/control cells is
undesirable.

It is also important to note that in the work for this thesis that cellular exposures to SWCNTSs are
performed by diluting SWCNTs in cell culture media and exposing that SWCNT-laden media to cells for
the indicated time. This method allows for precise control over exposure concentration and time while
maintaining the cell culture environment. While this does not mimic workplace exposure, it does mimic
some potential medical applications.

The dispersions described here are highly engineered for biological applications; therefore, unlike
less refined SWCNTSs, these SWCNTs will have a much reduced chance for occupational exposure (e.g.,
less pure SWCNTs may become aerosolized in a factory using SWCNTs for materials applications).
Therefore, since these are SWCNTSs for biological applications, occupational exposure is not probable
and is not for what these SWCNT dispersions have been engineered.

Instead, a much more likely human exposure would be deliberate, for use in a medical
application. In that case, certain cells may actually be exposed to high concentrations of SWCNTSs,
potentially even up to 200 ug/mL. One application may be to load macrophages with SWCNTs outside
the body and then reintroduce the loaded macrophages to the body for use as a cell-mediated bioactive
molecule delivery system for SWCNTSs. In that case, exposure dosing will be high to achieve maximum
loading in the cells. Other scenarios include introducing high concentrations of SWCNTs into tissue
engineering scaffolds for actuation. In these cases, our exposure doses are realistic.

We acknowledge that 200 pug/mL is far greater than NIOSH respiratory exposure limit of 1

3205

mg/m” =" but, as mentioned above, low-level workplace exposure is improbable for these “designer’
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dispersions. For our cellular studies, we estimate that the no observed effect concentration (NOEC) is ~1
ug/mL and that no substantial response is observed until ~10 ug/mL. However, we have recently obtained
data that suggests that the NOEC limit may be even less, at ~0.1 pg/mL. Before high exposure
concentrations would ever be intentionally administered to humans, it would only be after much more
extensive, exhaustive research into potential adverse effects to humans. However, on the other hand, the
fact that cells are still viable at such high concentrations suggests that SWCNTs — when properly purified,

length-selected and dispersed — are not quite cytotoxic.

3.E) Conclusions

SWCNT dispersion stability in physiologically relevant media (i.e., a high ionic strength solution
with proteins, lipids and other biomolecules) is critical for SWCNT/cell interaction. Unstable dispersions
form aggregates that mitigate SWCNT properties and prevent cellular internalization. Additionally,
unstable dispersions generate inaccurate results for bulk uptake measurements; therefore, stability
analysis and Raman mapping should always be performed to ensure valid uptake measurements.

Interestingly, the time-rate of uptake of SWCNTs was fast, with dynamic equilibrium being
reached on the order of a minute. The time-rate was independent of concentration and was not influenced
by the lack of or inclusion of a wash step after SWCNT-laded media aspiration. From the bulk uptake, an
average concentration rate of uptake was determined for both wash and no-wash cells. Interestingly, we
determined a threshold concentration between 1 and 30 pug/mL below which the concentration rate is
substantially higher than above, suggesting a saturation of cellular uptake machinery at this threshold. In
addition to the scientific merits of determining these rates, they are critical for designing SWCNT-based
biological applications where precise control of cellular uptake is required.

Once internalized, we were able to determine SWCNT 3D sub-cellular localization using confocal
Raman imaging. SWCNTs were shown to exhibit peri-nuclear sub-cellular localization in HelLa cells, while
being more uniformly dispersed in hMSCs. In addition to intra-cellular intensity, SWCNT signal was also
observed on the cell culture substrate and from above the cells (e.g., on the outside of the cell

membrane). NIR fluorescence microscopy also confirmed SWCNT peri-nuclear sub-cellular localization.
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Both NIR fluorescence and Raman RBM imaging demonstrated that SWCNTs remained undamaged and
dispersed within cells.

Important for biological applications, cells are able to recover from SWCNTs—BSA exposure.
Once the external concentration of SWCNTs is removed, cells can eliminate intracellular SWCNT
concentration (probably through exocytosis and cell division), resulting in an overall reduction of
intracellular SWCNT concentration by ~10x after 80 h. Therefore, SWCNTs can be administered,
internalized and, after serving their sub-cellular purpose, can eventually be expelled, potentially allowing

for safe SWCNT-based biological applications.
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CHAPTER 4: SWCNT UPTAKE MECHANISM

4.A) Introduction

Understanding the SWCNT cellular uptake mechanism is crucial for designing SWCNT-based
biological applications. Competing hypotheses exist regarding the mechanism by which SWCNTs enter
cells: non-specific physical penetration of the cell membrane, endocytosis or both. Numerous studies

10, 13, 14, 153, 179 Theoretical

have imaged CNTs inside cells and have shown that CNTs are endocytosed.
and simulation studies on CNT uptake into cells provided contradictory results: some theoretical reports
have suggested that CNTs may not be able to trigger endocytosis due to their small diameter and the
kinetics of endosome formation.'®® ?®® Simulation studies have shown that CNTs have affinity for
membranes'®? but suggest that CNTs have insufficient energy to pierce through both leaflets of a
membrane. While endocytosis is the commonly suggested mechanism of cellular uptake, physical
penetration has not been rigorously considered and may account for significant uptake. In particular,
alteration or disruption of sub-cellular membranous structures or CNT affinity to membranes may also be
responsible for altering cellular uptake and architecture.

Here, we employed complementary methods including in vitro model membranes and cellular
imaging to investigate mechanisms of cellular uptake of short (145 + 17 nm), PF127 triblock copolymer
dispersed SWCNTs in Millipore-filtered deionized water to discern whether cellular uptake occurs only via
an active endocytosis process or passive physical penetration through the membrane. To minimize
confounding effects due to SWCNT sample preparation, such as contamination from metal catalysts,
undesirable carbon polymorphs, distribution of SWOCNT lengths, and defects resulting from
functionalization methods, we utilized highly purified, length-selected, dispersed, pristine SWCNTs that

have been previously developed in our group.”’ 12, 66, 74, 116, 121

We have determined uptake and
localization of PF127-stabilized SWCNTs into cells through temperature dependent cell studies with
confocal Raman spectroscopy and fluorescence lifetime imaging (FLIM). We also used electrochemical

impedance spectroscopy (EIS) of sparsely-tethered bilayer lipid membranes (stBLMs) and Langmuir

monolayers (LMs) of synthetic phospholipids to model the plasma membrane. We further verified our
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results by examining interactions between SWCNTs and giant plasma membrane vesicles (GPMVs).
GPMVs are produced from cell membranes, are more complex than synthetic lipid systems, but
circumvent biological complications of cells. stBLMs, LMs and GPMVs have been utilized previously as
model systems with great success to determine spatial localization, binding affinities, dissociation
constants and insertion pressures necessary for membrane association and cellular incorporation of

materials.?*"2%

4.B) Materials and Methods

4.B.a) Membrane Studies

The synthetic, zwitterionic phospholipids used in the model membrane experiments, ie.,
dipalmitoyl-sn-glycro-3-phosphocholine and dioleoyl-sn-glycero-3-phosphocholine (DPPC and DOPC,
respectively), were from Avanti Polar Lipids. stBLMs were prepared on gold-coated Si wafers by
precipitation of DOPC onto a preformed self-assembled monolayer (SAM) as described.?"°

Electrochemical impedance spectroscopy (EIS) El spectra of stBLMs on Si/gold in Teflon (PTFE)
sample cells of local design were obtained between 1 Hz and 65 kHz with ten logarithmically distributed
measurements per decade using a Solartron (Farnborough) potentiostat and frequency analyzer. The
gold-coated Si wafer at the bottom of a buffer-filled compartment served as the electrode in connection
with a saturated [Ag|AgCI|NaCl] reference and a Pt auxiliary electrode immersed into the buffer. Fitting of
the El spectra was performed using the electrical equivalent circuit model (ECM). CPE, or constant-phase
element, refers to an electrical element with an impedance, Zcpe = 1/T(iw)?, where T is a coefficient
measured in Farad per unit area x s*', and the exponent o varies between 0 and 1.2 The ECM has two
CPEs, one associated with the capacitive nature of the bilayer (CPEgg ) and one associated with the
capacitive properties of defects in the bilayer (CPEgect). Such defects also give rise to a residual
conductance, Y = 1/Rgefect- IN addition, Rsovent and Cgyay describe the resistivity of the buffer and stray
capacitance of the sample configuration. Two ECM parameters, CPEgg y and Ryerect, Obtained from the
model were used to quantify the quality of as-prepared bilayers and changes in bilayer properties upon

incubation with PF127-dispersed SWCNTSs or, as a control, equivalent concentrations of PF127 alone. If
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the CPE exponent a equals 1, the CPE simply reduces to the capacitance, C. Since this is the case here,
the two ECM parameters represent the bilayer capacitance and the inverse of the residual conductance
due to defects.

A custom-built Teflon trough (Nima Technology, U.K.) with a surface area of 250 cm” and a depth
of 0.5 cm on an active anti-vibration table was filled with filtered H,O (Milli-Q, Millipore). The surface
pressure, I1, due to a deposited LM was monitored using a Wilhelmy plate, cut from ash-free filter paper
and connected to an electronic microbalance. LMs were formed by spreading either DPPC or DOPC
dissolved in chloroform using a microsyringe (Hamilton) and allowing the solvent to evaporate for at least
15 min. The resulting LMs were compressed by two symmetrically moving barriers to a desired surface
pressure, I1,. Subsequently, dispersed SWCNTs—PF127 in aqueous solution were injected into the
subphase underneath a LM and the ensuing surface pressure change AIl(t) was recorded at constant
surface area over time, t, until it reached at stable plateau. Such experiments, performed at a series of
increasing values of I1,, were used to determine the maximum insertion pressure (MIP), i.e., the minimum

value of ITj that just suppresses any insertion of the adsorbent into the LM.

4.B.b) Fluorescence Lifetime Imaging Microscopy

FLIM was performed using a Leica TCS SP5 inverted laser scanning confocal microscope with a
100x% (oil, 1.4 N.A.) objective with a pixel resolution of 256 x 256 and a scan rate of 400 Hz. A tunable
(720-950 nm), mode-locked Ti:sapphire pulsed infrared laser (Chameleon, Coherent) served as the multi-
photon (MP) excitation source (~1 W, average). Pulse-widths of < 140 fs were delivered at 80 MHz. For
GFP, the MP laser was tuned to 942 nm, and the FLIM-dedicated photomultiplier tube (PMT) was passed
signal from 481-615 nm to detect the full range of GFP emission. For CellMask orange, the MP laser was
tuned to 900 nm with the PMT was passed signal from 550-700 nm.

Time-correlated single photon counting (TCSPC) was implemented using a Becker & Hickl SPC-
830 acquisition package with 10 ps resolution that includes three software programs: DCC (controls DCC
100 hardware), SPCM (controls image acquisition) and SPClmage (controls lifetime data analysis)
(Figure 4.B.1). Lifetime images were acquired for 180 s to minimize the coefficient of variation to

~2.5%.2"" 212 920 time channels and a measurement window of 10.8 ns were used to minimize the
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variance of lifetime over a wide range of ratios of the measurement window to lifetime.” “ The rates of the

detected, converted and stored photons were maintained between 1 x 10* and 1 x 10° (< 1% of laser

212 t5 achieve the

repetition rate) to prevent errors in lifetime determination due to the pileup effect,
required signal-to-noise ratio after a few minutes of detection and to minimize photobleaching and sample

degradation.

Figure 4.B.1: Leica TCS SP5 inverted laser scanning confocal microscope. The system is also
equipped with a pulsed infrared laser (Chameleon, Coherent) and a FLIM board (SPC-830, Becker &

Hicki).

Fluorescence lifetime analysis was performed using SPCIimage (Becker & Hickl). Instrument

response functions were estimated and manually verified through the SPCImage software for each data
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set.” ” Lifetime images were binned to achieve a peak photon count of > 1000 (> 50,000 photons over all

212, 213

time channels), ensuring that two exponential decays could be accurately resolved. Fluorescence

lifetime is modeled as a sum of exponential decays, taking the form:

I(t) =1, + Zn ape '™ (2)
where [(t) is the number of photons detected per time, [, is a background offset, a, is the normalized
amplitude, and 1, is the lifetime of the n" exponential decay. For multi-exponential decays, a mean

lifetime, t,,, is defined as the following:

XnanTn
=S 3)

tm =y an

Each pixel was separately modeled as a single and a double exponential decay, and the
corresponding average lifetimes (t4, 12 and t,), goodness of fits (xz), and standard deviations were
calculated in MATLAB. Reported lifetime values were averaged, and errors were calculated using the
derivative method of error propagation. Fluorescence lifetime images were then generated using
SPCIimage. When the lifetime photon count was not enough to threshold away background signal (e.g.,
from DAPI signal that is emitted in the green spectrum), fluorescence intensity images were used to
create masks that were used to provide an additional threshold for the FLIM images. When thresholded

this way, it is indicated in text and the FLIM quantified parameters are only for those pixels which remain

after both FLIM photon count and fluorescence intensity thresholding.

4.B.c) Cell Culture and Transfection

Hela cells were grown in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone catalog number
SH30021) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (both Invitrogen),
collectively referred to as cell culture media (CCM). Cells were subcultured onto #1.5 coverslips in 35 mm
dishes, incubated for 12 — 24 hours and exposed to SWCNTs in 2 mL of CCM. Solutions were equally
distributed over the cells, and CCM was pre-heated for most experiments. For 4°C cell culture
experiments, the CCM was removed and the cells washed with phosphate buffer saline (PBS) at room
temperature before 2 mL of 4°C CCM with SWCNTs was added, and the plate was immediately

transferred to a 4° C cold room for 45 min.
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Cells were transferred to coverslips in 35 mm dishes or 6-well plates and were treated with 1 mL
of SWCNTSs diluted in CCM; SWCNT concentrations and times are reported in the results section for
particular experiments. For imaging, cells on coverslips were washed twice with PBS at room
temperature, fixed for 10 min with 3.7% formaldehyde (Sigma-Aldrich) and mounted onto slides. For
some Raman imaging experiments, hematoxylin (Sigma-Aldrich) was added before mounting to enhance
contrast of cellular features, but most cells were not labeled.

Brightfield and widefield fluorescence imaging of the cells was performed with 40x (oil, 1.25 N.A.)
or 63x (oil, 1.4 N.A.) objectives on a Leica DMI6000 B inverted microscope. Confocal Raman
spectroscopy was performed on an inverted Raman confocal microscope (inVia, Renishaw) with a 785
nm laser (100 mW) using either a 40x (oil, 1.25 N.A.) or 100x (oil, 1.4 N.A.) objective (Leica
Microsystems). The in-plane (X-Y) resolution of the Raman microscope with the 100x objective is ~250
nm and the Z resolution is ~300 nm. Confocal Raman spectra between 1327 and 1819 cm™ were
collected with a 0.82 cm™ resolution. We then quantified the Raman intensity at 1590 + 17 cm™ to obtain
intensity maps of SWCNTs; the tangential mode of graphene, called the G-band, is located at ~1590 cm”
and is widely used to identify SWCNTs.> '° Image analysis was performed using WiRE (Renishaw), and
z-section data were analyzed using MATLAB (MathWorks) code developed in our group.

For transient transfection, cells were grown to ~60% confluency and transfected with either pAc-
GFP1-Endo or pEGFP-C1 (Clontech) using PolyFect (Qiagen) according to manufacturer's
recommendations, and cells were incubated overnight. To measure changes in endocytosis, cells were
incubated with 100 pg of SWCNTs—PF127 in CCM for 0 (added and immediately washed), 5, 10, 15, 20
and 25 min at 37°C in the tissue culture incubator. At the selected time points, the CCM with SWCNTs—
PF127 was removed, and cells were washed, fixed and mounted as described above. All procedures
were performed in low light to prevent GFP photobleaching during incubation, fixation, mounting and
transportation. Confocal imaging caused photobleaching of small spots and could not be used to image
endosomes in the entire cell, so we used widefield fluorescence imaging. To minimize artifacts of out-of-
plane light, cells were imaged in the central plane, as identified by the Z-position at which the nucleus

was in best focus. Previous analysis has shown that there was no change in overall height in SWCNT-
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treated cells.®® Images were processed with ImagedJ to identify GFP-labeled endosomes by their
fluorescence intensity and minimum and maximum sizes.

Vesicles were produced from NIH-3T3 cells grown in DMEM (Hyclone SH30022) supplemented
with 10% calf serum and 1% penicillin/streptomycin in 60 mm dishes at 80-90% confluence using a

method described elsewhere. ' #'°

Briefly, each dish was washed twice with 10 mL of a freshly prepared
and thoroughly mixed buffer containing 10 mM HEPES, 0.15 M NaCl, 2 mM CaCl, and 0.05% v./v.
gelatin. Cells were then incubated in 5 mL of buffer plus 1 mM dithiotheritol (DTT) and 25 mM
formaldehyde for 1 hour at 37°C on an orbital shaker at 75 RPM. The solution was gently decanted and
allowed to sit for 15 min at 4°C in a conical tube. Samples were taken from the middle portion of the
solution to minimize extracellular material and necrotic cells. GPMVs were imaged directly using widefield
microscopy or were treated with the membrane label Cell-Mask orange fluorophore (Invitrogen) with

gentle agitation for 5 min. Then, 0.5 mL of the GPMV solution was transferred to a 35 mm glass-bottom

dish (MatTek) pre-incubated with poly-L-lysine solution (Sigma-Aldrich).

4.C) Results

4.C.a) SWCNTs Cannot Penetrate a Membrane

To determine if SWCNTs perforate bilayers, and by a similar mechanism might penetrate the
plasma membrane of the cell, we examined SWCNT interactions with synthetic lipid bilayers. We
monitored the electric responses of sparsely-tethered bilayer lipid membranes (stBLMs) to SWCNT
addition using electrochemical impedance spectroscopy (EIS; Figure 4.C.1).173 It was recently shown that

stBLMs prepared by rapid solvent exchange form complete bilayers on solid substrates that are

210

contiguous and virtually defect-free.”~ These stBLMs are decoupled from the substrates by a highly

hydrated, nanometer-thin stratum to retain their in-plane fluidity and, therefore, constitute realistic models

of lipid membranes.?®® Specifically, they form fluid, disordered membranes with a resistance in the MQcm?

180

regime = that permits the sensitive detection of changes in their electrical properties by membrane-

targeting enzymes®' or channel-forming toxins.*'" *'®
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Figure 4.C.1: SWCNTs—PF127 and PF127 do not alter membrane capacitance of stBLM."” EIS data
was analyzed as a Cole-Cole plot of the stBLM before and after exposure to SWCNTs—-PF127. The
imaginary versus the real (Im(C) vs. Re(C)) parts of capacitance sweeps from 0.1 Hz to 60,000 Hz were
plotted as an overlaid color spectrum. Exposure to SWCNTs—PF127 showed little change to the stBLM

indicating no penetration or intercalation into the membrane leaflets.

SWCNTs dispersed with PF127 were added to stBLMs prepared from DOPC to determine
changes in membrane capacitance and resistance. El spectra of the stBLM were collected at 0 min, 20

min and 18 h for different concentrations of PF127stabilized SWCNTs and PF127 without SWCNTs. The
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spectra are displayed as Cole-Cole plots (Figure 4.C.1),173

which exhibited a semicircular shape,
consistent with the capacitive properties of a near-ideally insulating dielectric layer. Spectra were fit (solid
lines) to an equivalent circuit model (ECM) that is effective for modeling dielectric properties of highly
insulating solid-supported phospholipid biIayers.219 To compare the effects of SWCNTs on the bilayers,
we normalized the parameters obtained from the fits to those obtained for the stBLM prior to SWCNT—
PF127 addition.

The results showed that the stBLMs possess near-ideal capacitive behavior. The exponents of
the CPE were always near unity with aggy > 0.95, (Figure 4.C.1)""* allowing the stBLM CPE in the ECM
to be approximated as a capacitance CPEgg y = Cqpum. Tracking Cggm versus incubation time or
concentration showed a slight increase, indicating a small change in local dielectric constant in the
hydrophobic core or in bilayer thickness. The second CPE in the ECM, CPE e, depends on electrical
conductivity of the sub-membrane space. Increased electric resistance of the aqueous reservoir leads to
a higher electric field penetration into this space and, consequently, a smaller CPE jeect- ASSuming that ion
mobility remains the same in the sub-membrane space as in the bulk of the electrolyte, this defect density
in the stBLM may be estimated from Ryerect- Changes in Ryerect VErsus incubation time and concentration
were negligible, suggesting no change in bilayer defect density due to changes induced by incubation
with SWCNTSs. For comparison, Ryeect mMay change by more than two orders of magnitude when stBLMs
are perforated by protein membrane pores or reduced in their thickness, leading to a lower hydrophobic
barrier to ion transfer across the bilayer.m’ 28 While the SWCNTs did not affect the capacitance or
resistance of the membrane significantly, there were long-term changes in the membrane properties in
the presence of PF127 and SWCNTSs suggesting some reordering of the membranes.

To test if SWCNTs partially incorporate into the membrane'®? we investigated the interaction of
SWCNTs with Langmuir monolayers (LMs). LMs, although only one half of a lipid bilayer, allow
quantification of the thermodynamics of the membrane interface with an aqueous environment.?2%%%2
Specifically, LMs allow control of the surface pressure, IT and the interfacial energy, v, via adjustments of
the interfacial area, A, within the Langmuir trough. At low surface pressures, which correspond to high

surface energy (IT = yq - v, where vq is the energy of the bare aqueous surface), penetration of a material

into the lipid film is strongly favored. Incubation of a pre-formed phospholipid LM at constant area Ag
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therefore leads to an increase of the initial surface pressure from IT; = T1(Ag) to IT; + AIT due to
incorporation of the adsorbent. The observed value of AIT depends on the interaction of the adsorbent
with the membrane interface and is reduced if the initial value of IT is increased in a series of
experiments. For protein adsorbents, the reduction in AIT is approximately linear in response to increases

in TI(A) and can be extrapolated to AIT = 0 to determine the maximum insertion pressure (MIP), IT*, i.e.

207

the initial surface pressure at which no more adsorbent can penetrate the LM.”" It is commonly assumed

Langmuir Monolayer
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Figure 4.C.2: SWCNTs associate with membranes but not with sufficient energy to penetrate the
Iayer.173 The initial monolayer pressure, I1; was altered (increased by AIll) by the addition of SWCNTs—
PF127 or PF127. The MIP is defined as AIl = 0 (Al crosses the X—axis). MIP for SWCNTs and PF127
were close to but less than the insertion pressure of 30 — 35 mN/m required to penetrate a bilayer.
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that an adsorbent will likely insert into bilayer membranes of the same composition as the LM if IT* > 30 —
35 mN/m because this is the approximate value at which a LM is in a thermodynamic state equivalent to

221, 223, 224 \p experiments were carried out with SWCNTs

that of the respective bilayer membrane.
stabilized with PF127 and with the PF127 alone using DPPC in a LM (Figure 4.C.2).173 Extrapolation of
ATl vs. T1; yielded MIP values just below the bilayer-equivalent pressure, 28 — 30 mN/m. This is consistent
with previous reports that Pluronic (poloxamer) triblock copolymers are able insert into membranes and
alter membrane fluidity and membrane defects.?*®

At room temperature, DPPC forms phase-separated LMs in a coexistence regime, which
complicates the determination of the SWCNTSs’ MIP.2” To confirm MIP results in a purely fluid lipid phase,
similar experiments were performed using DOPC LMs. However, due to its higher fluidity than DPPC,
DOPC LMs are intrinsically less stable, making reproducibility an issue.””? We never observed any
pressure increase Al at initial pressures exceeding 22 mN/m, but we were unable to produce a MIP plot
of similar accuracy to that obtained using DPPC. PF127 has a higher MIP than the PF127 stabilized
SWCNTSs (Figure 4.C.2),173 suggesting that the free polymer has a higher affinity for the membrane. To
determine if the PF127 dispersant was separating from the SWCNTs and formed aggregates in the
experiments, we took samples from the subphase of the Langmuir film balance after experiments and

checked for SWCNT aggregates using UV—vis—NIR absorbance spectroscopy. There was no significant

change observed compared with a freshly-dispersed nanotube solution.

4.C.b) SWCNTs Associate with Cell Membranes

To determine if SWCNTs have a preferential association with bilayer membranes and to provide
a link between synthetic lipid and cell experiments, we visualized SWCNT interactions with vesicles
derived from cell plasma membranes. GPMVs, produced from NIH-3T3 cells (see Methods), were labeled
with CellMask Orange and exposed to SWCNTs—PF127 at similar time points and concentration as the
other experiments. GPMVs were imaged via widefield microscopy for > 2 hours, and no vesicle rupture
was observed.

We performed FLIM of the CellMask Orange with the SWCNTs. When fluorophores are excited

with a femtosecond excitation pulse, the emission photons are detected after excitation and the
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distribution can be modeled as a single- or multi-exponential decay curve with characteristic time
constant(s), t. FLIM is sensitive to the local (~5 nm) nanoenvironment including proximity to quenching
molecules but is independent of fluorophore concentration, photobleaching and excitation light

%% CellMask Orange was best modeled with a double exponential decay, as judged from the

intensity.
observation of improved fits to a double exponential decay without over-parameterization (Xz closest to
unity) and dissimilar time constants with non-substantially different amplitudes.”® SWCNT-treated
samples showed a statistically significant reduction in mean fluorescence lifetime, t,,,, compared to control
(Figure 4.C.3). For 14, 1, and t,,,, the SWCNT-treated samples possessed a shorter lifetime (p < 0.01 for 4

and 1), suggesting that SWCNTs were sufficiently close to the membrane label to quench the

fluorescence lifetime of CellMask Orange.
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Figure 4.C.3: FLIM of CellMask Orange labeled GPMVs exposed to SWCNTs-PF127."" (A) Addition
of SWCNTs—-PF127 to GPMVs synthesized from NIH-3T3 cells was associated with a decrease in mean
fluorescence lifetime (z,,) of CellMask Orange. (B) Statistical decrease in both r; and t,, represent a

SWCNT-based quenching of CellMask fluorescence (*is p < 0.01).
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Figure 4.C.4: Temperature-dependent uptake of SWCNTs measured with confocal Raman

imaging." (Top) Cells were exposed to SWCNTs for 45 min at either 37°C or 4°C to test for
endocytosis, which is an active cellular process. At 37°C, SWCNTs localized within cells; and at 4°C,
SWCNTs localized outside cells, as measured by Raman (with 40% oil objective, data acquired in 5 um
increments). (Bottom) Zooming into the cell, we observed a co-localization of SWCNT Raman signal
within cells at 37°C versus excluded from cells at 4°C (with 100 x oil objective, data acquired in 1 um
increments).
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We have shown with in vitro assays that SWCNTs—PF127 do not penetrate either synthetic or
plasma membrane derived bilayers. To perform the analogous experiments in cells, we obtained confocal
Raman spectra of HelLa cells that were maintained at either 37°C or 4°C (Figure 4.C.4). At 4°C, active
cellular processes including endocytosis are inhibited. These cells were not labeled with hematoxylin so
sub-cellular features are slightly less discernable in phase contrast images. SWCNTs interacted with the
cells at both 37°C and 4°C after only 45 minutes of incubation, but the SWCNT G-band Raman intensity
was stronger for the 37°C sample (Figure 4.C.4). Zooming into regions of SWCNT intensity (boxes)
revealed that cellular localization of SWCNTs was different for the 37°C and 4°C samples (Figure 4.C.4
bottom). At 37°C SWCNTs were primarily contained within the cell. The 4°C sample showed SWCNT
intensity preferentially located outside of and at the edge of the cell with only a small fraction interacting

with the cell.
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Figure 4.C.5: Z-distribution of SWCNTs with cells."™ From Figure 4.C.4, we integrated the Raman
signal over X=Y and plotted as a function of Z-position within the cell. At 37°C we observed increased
Raman signal from -2 to 5 um, which corresponds to a region within the cell. At 4°C, there was no

increase in Raman signal. Multiple (> 25) XZ points were averaged together for each condition.
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To quantify SWCNT distribution in the cells at 37°C and 4°C, we collected confocal Raman
spectra in the X-Y plane and then scanned along Z-direction (height of the cell) from -20 to 20 um with a
1 um Z-step size. We arbitrarily designated Z = 0 to be ~2 um from the basal plane. We independently
determined the cell height to be ~7 ym (Z = ~-2 um to Z = ~5 um) using a laser scanning confocal
microscope. SWCNTs for the 37°C sample were located in a Z region approximately corresponding to the
height of the cell (Figure 4.C.5). Conversely, the 4°C sample did not show SWCNT intensity for height
regions corresponding to the cell height (Figure 4.C.5). Minimal SWCNT intensity was observed below Z
= -2 um, corresponding to the SWCNTs on the substrate, and above Z = 5 um, corresponding to

SWCNTs on the cell membrane.

4.C.c) SWCNTs Are Internalized in Endosomes

We showed that the uptake of PF127 stabilized SWCNTs was energy-dependent, but we also
performed more direct measurements of endocytosis. Endocytosis in HelLa cells was visualized using a
GFP-tagged RhoB GTPase (pAcGFP-1-endo, Clontech, further referred to as GFP-endo), which labels
endosomes in mammalian cells. Cells fixed at set time points after SWCNT treatment were imaged for
endosomes (Figure 4.C.6 A,B) and quantified using ImageJ (Figure 4.C.6 C)."® While uncertainties in this
measurement exist from exogenous expression of the marker, widefield imaging and image analysis
capturing potentially errant signal (see Methods), the control sample showed remarkable precision from
cell to cell and experiment to experiment (Figure 4.C.6 A, control and 0 min). We saw slight increases in
endosome numbers per cell with increased time of exposure to SWCNTs—PF127, with a statistically
significant increase in endosome number at 20 and 25 min. Thus, treatment with SWCNTs appeared to
alter cellular endocytosis after 20 min.

Using FLIM, we directly visualized SWCNT interaction with fluorescent endosomes. For all
treatment conditions, the fluorescence lifetime of GFP and GFP-endo was best modeled as a double
exponential decay. GFP and GFP-endo showed a majority 1., within 2 — 3 ns (Figure 4.C.7),""® which is

consistent with previously reported FLIM of GFP in HelLa cells.?’

We treated cells expressing GFP
(soluble in the cytoplasm) or GFP-endo with SWCNTs added at a final concentration of 100 ug/mL att=0

and followed the mean fluorescence lifetime, t,,, at 5 min and 25 min: before and after the observed
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Figure 4.C.6: Treatment with SWCNTs increases the endosomes per cell. (A) Cells were transfected
with GFP-endo (RhoB-GTPase), a marker for endocytosis, and treated with 100 ug/mL SWCNTs-PF127.
Cells were then fixed at set time points after treatment and rapidly imaged by widefield microscopy. (B)
The observable endosomes were segmented and counted using Imaged. Errant points, such as those
outside the cell, were identified and removed from the counts. The number of endosomes was
determined by an average of n = 30 cells per treatment over 2 treatments at all time points. (C) After
treatment with SWCNTs there was an apparent increase in endosomes per cell. After 20 min, this change
became statistically significant from control (p < 0.01). Open circles are individual cells, and black boxes

are the average with an SEM error bar.
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Figure 4.C.7 FLIM of cytoplasmic GFP and GFP-tagged endosomes in cells exposed to
SWCNTs."” (A) Addition of SWCNTs was associated with a decrease in GFP mean fluorescence lifetime
(7m, pSeudo-colored red to green to blue). This change in t,, was most obvious at the periphery of the cell
and moved inward over longer times, as seen by more internal green regions and a more severe
quenching (green to red) at the periphery. (B) Expression of soluble GFP in the cytoplasm also showed a
reduction in z,, upon incubation with SWCNTs. (C) Treatment of cells with long SWCNTs (1250 nm vs.
145 nm) showed little change in the GFP-endo . (D) Quantification of the t,, revealed time-dependent
behavior. The t,, of GFP-endo is significantly (p < 0.01) reduced after 5 min of SWCNT exposure but
recovered to near control levels after 25 min of exposure. Similarly, the 1z, of cytoplasmic GFP
significantly (p < 0.01) decreased after 5 min of SWCNT treatment; however, unlike GFP-endo, it
remained quenched after 25 min of exposure to SWCNTs. The z,, of GFP-endo, when exposed to long

SWCNTs was relatively unchanged.
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changes in endosomes per cell shown in Figure 4.C.6. We saw a decrease in the t,, of GFP-endo after 5
min of treatment with SWCNTs (Figure 4.C.7 A, 5 min, green spots at the periphery) and more
significantly after 25 min (Figure 4.C.7 A, 25 min, red and green spots). FLIM of GFP (in the cytoplasm)
averaged over the cell showed a similar decrease in fluorescence lifetime at short time (Figure 4.C.7 B, 5
min). To determine whether SWCNT length affected cellular uptake, we treated HelLa cells with long
SWCNTs (1250 nm versus 145 nm) and found that the t, for GFP-endo fluorescence was unchanged
after the addition of long SWCNTSs (Figure 4.C.7 C).

Quantification of t,, from the different experimental conditions (Figure 4.C.7 A-C) showed time-
dependent changes (Figure 4.C.7 D). Treatment with short SWCNTs generated a statistically significant
(p < 0.01) reduction in t,, after 5 min for both GFP-endo and GFP compared to their respective controls.
At 25 min after treatment, the GFP z, remained significantly reduced. However, the GFP-endo 1,
increased at 25 min. This suggests that HeLa cells had begun increasing the number of endosomes after
25 min (such as in Figure 4.C.6) which returned some of the signal to a more-baseline level. Also
SWCNTs may have escaped from the endosomes, so they would no longer quench GFP-endo, but rather
soluble GFP in the cytoplasm. The long SWCNTs showed no change in 1, at 5 min of treatment and only
a slightly decrease in t,, at 25 min suggesting incubation with long SWCNTs does not alter the GFP

fluorescence lifetime.

4.D.) Discussion

4.D.a) SWCNTs Cannot Penetrate a Membrane

Previous studies involving several different cell types have demonstrated uptake of various types

of functionalized CNTs."®> 2262% \Most studies show that CNTs enter cells via endocytosis.'® ' ' 153179

11, 12, 116

However, given that millions of CNTs can enter cells, a small fraction of CNTs piercing the

membrane could be significant. Some theoretical analyses suggested that SWCNTs may be insufficient

to trigger endocytosis due to their small diameter and the kinetics of endosome formation.'#® 2%

Experiments using nanoparticles of varying size and composition determined that uptake of nanoparticles

13, 198, 231

depends strongly on their size. However, given the unique anisotropy of SWCNTSs, it is unclear
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which orientation governs interactions with cells.”®

Therefore, we performed complementary membrane
and cellular techniques to determine the potential for endocytosis and membrane penetration.

Synthetic membrane experiments indicated that SWCNTs cannot completely penetrate
membrane bilayers, but changes in monolayer pressure suggested that SWCNTs might penetrate the
outer leaflet of lipids. For instance, SWCNTs—PF127 MIP is only slightly less than the threshold of being
able to penetrate through the monolayer. Additionally, after long-term (18 h) exposure of stBLMs to
SWCNTs, there was an average change of model parameters of ~25%. Therefore, both synthetic
membrane techniques suggest that SWCNTs—PF127 are membrane active but unable to penetrate.
Hence, we hypothesize that the association of SWCNT with lipids may alter membrane tension locally
and stimulate endocytosis.?** %%

While SWCNTs—PF127 cannot penetrate the cell membrane, the PF127 coating likely increases
the association of the SWCNTs with membranes, enhancing endocytosis. Since surfactant molecules are
generally used to disperse SWCNTs in solutions, we believe that our results are generic features of

SWCNT uptake into cells. The specific targeting of SWCNTSs for use in therapeutics should also focus on

endocytosis as the preferential method for the cellular uptake.

4.D.b) SWCNTs Associate with Cell Membranes

We have shown with confocal Raman imaging SWCNTs—PF127 are preferentially localized within
the cells. SWCNTs-PF127 were observed throughout the cell with SWCNT intensity located in the peri-

nuclear region, consistent with previous observations,'”® '®

possibly suggesting that SWCNTs entered
cells via endocytosis and were deposited in or near the endoplasmic reticulum. This is also supported by
a reduction in cellular uptake of SWCNTs at 4 °C when energy-dependent processes, including
endocytosis, are reduced. We suggest that SWCNTs or PF127 by means of their membrane activity were
able to disrupt some of the endosomes as they shrank into lysosomes, thus depositing SWCNTs
throughout the cell and enabling them to interact with other cellular components.66 SWCNTSs enter cells
via an energy-dependent endocytic process. However, endocytosis may proceed by a number of different

mechanisms including clathrin-mediated endocytosis, calveoli-mediated endocytosis and pinocytosis (see

review of nanomaterial uptake by endocytosi5231). In this study we have not examined the specific type of
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endocytosis relevant for SWCNT uptake which could be further clarified by targeting integrins and other
cell-specific receptors on the plasma membrane.

We do observe high levels of association of SWCNTs—PF127 with the cell membrane for cells
maintained at 4 °C. This is in agreement with our other experiments that show substantial association of
SWCNTs with fixed cells. In combination, these results recapitulate the fact that SWCNTs-PF127 are
membrane active and can interact with cell membranes, regardless of cellular activity level. Uptake,
though, requires active cellular processes as confocal Raman imaging confirms that SWCNTs are located

on the cell membrane and are not internalized.

4.D.c) SWCNTs Are Internalized in Endosomes

Exposure of cells to SWCNTs—PF127 significantly increased the number of endosomes after ~30
min when compared to control. Therefore, we suggest that SWCNTs affect the tension of the cell
membrane, which may lead to a significant increase in endocytic activity. However, after 24 h, cells are
able to recover and the number of endosomes returns to control levels. In contrast, SWCNTs-BSA
significantly increases the number of endosomes after 24 h, highlighting the importance of DA on cellular
processing.

We have shown that short (145 nm) SWCNTs dispersed with PF127 altered the fluorescence
lifetime of GFP-endo, which label endosomes. While it is possible that these SWCNTSs only indirectly alter
the fluorophore’s nanoenvironment, we have also shown that long (1,250 nm) SWCNTs had no effect on
lifetime compared to control, and these long SWCNTSs are too long for endocytosis.” "% 2*" Further,
confocal Raman imaging confirmed that short SWCNTs entered Hela cells, probably via endocytosis as
evidenced by the peri-nuclear localization. We propose that short SWCNTs in endosomes directly altered
the 1, of the GFP-endo fluorophore; long SWCNTSs, unable to enter via endocytosis, did not alter the 1, of
GFP-endo. Soluble GFP was quenched 5 and 25 min after treatment, suggesting that SWCNTs were
liberated from endosomes and quenched non-localized cellular GFP, further confirming the SWCNT sub-
cellular localization, independently demonstrated via confocal Raman imaging. Unlike the GFP-endo, the
GFP remained quenched after 25 min, suggesting that some endosomes may have ruptured and

released SWCNTSs into the intracellular space.
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The fate of the Pluronic polymer outside or inside the cell remains unknown. Polymer-coated
SWCNTs have been shown to adsorb protein when injected into the circulation of animals.*> We did not
observe the Pluronic being displaced by protein in solution over 6 days with agitation. However, the
complex mixture of different proteins, surfactants and cellular secretions in the circulation and in cell
culture media may prove to displace Pluronic from the SWCNTSs. As such we cannot assess at what point
PF127 is lost from the SWCNTSs.

Additionally, this study was primarily focused on SWCNTs dispersed with PF127, which is a
surfactant and is known to be membrane active. Since BSA is a protein (i.e., not a synthetic, “true”
surfactant), its membrane activity should be less. Therefore, we propose that SWCNTs—BSA also enters
cells via endocytosis since the membrane activity of PF127 does not enable membrane penetration and
SWCNTs are internalized via endocytosis. More generally, for biological applications, SWCNTSs dispersed
with molecules that are no more membrane active than PF127 — which should be most DAs since higher
levels of membrane activity would result in cytotoxicity — will be internalized by endocytosis and not
membrane penetration. However, membrane activity will mediate altered sub-cellular processing. This

phenomenon is explored further in Chapter 5.

4.E) Conclusions

In combination, the wide range of techniques used in this chapter shows conclusively that short,
SWCNTs-PF127 enter the cell via endocytosis and not via membrane penetration. From our results we
suggest that the mechanism of SWCNT uptake into cells includes the following steps: (A) SWCNTs—
PF127 adsorb onto the cell surface and penetrate into the outer leaflet of the bilayer. (B) This association
increases membrane tension and induces an imbalance between the outer leaflet and the inner leaflet.
(C) Localized disturbances in membrane tension can stimulate endocytosis as the membrane attempts to
regulate tension. (D) Once endocytosis is stimulated, the SWCNTs localize in the endosomes, which
shrink during processing. (E) By disruption of the endosomes or lack of lysosomal processing, SWCNTs

enter the cytoplasm.
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We have shown that short, polymer-dispersed SWCNTs enter the cells by endocytosis, and
SWCNTs do not penetrate through bilayers non-specifically. There is a preferential interaction of
SWCNTs with membranes, which likely increases rates of endocytosis after ~30 min. Thus the membrane
affinity of SWCNTs control cellular uptake, but incorporation does not occur by passive membrane

penetration.
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CHAPTER 5: SWCNTS ALTER SUB-CELLULAR STRUCTURES

5.A) Introduction

Nanomaterials have been at the forefront of technology for a myriad of diverse applications, but
their effects on biological systems have not been thoroughly studied. Long-lasting toxicity of new
chemical and material technologies often presents in ways not detectable by standard toxicity tests.
SWCNTs are a new class of the nanostructured carbon materials and are proposed for use in many
technological applications due to their small size, large surface area, low density, stability and rigidity.**
%% Indeed, significant efforts have been recently focused on biological applications of SWCNTs as gene

13, 14,122, 234, 235 yowever, there is

or drug transporters, labeling agents for intracellular components, etc.
disagreement as to their cellular toxicity.76 Carbonaceous impurities (e.g., amorphous carbon, graphitic
materials, fullerenes, efc.) and metallic catalyst particles present in unpurified SWCNT samples are toxic
to cells.® #*® In addition, the bundling of SWCNTs induced by van der Waals forces has deleterious

70, 73

effects on cellular focal adhesions, cell shape,71 proliferation and differentiation.”? On the other hand,

purified and dispersed SWCNTs have been used to deliver drugs and protein into cells without causing

significant cellular toxicity.zo’ 32, 80

Here, we report that purified and dispersed SWCNTs are not acutely
toxic to cells but have an impact on actin structures with numerous downstream cellular effects.

Inside cells, globular actin (G-actin), an abundant ubiquitous protein, can self-assemble into
filaments (F-actin) of diameter ~7 nm and lengths of tens of micrometers. F-actin can then organize into
higher-ordered networks and bundles in eukaryotic cells with a host of accessory proteins to create
spatially and temporally unique regions of actin structures which play vital roles in cell shape, motility,
force generation, division and many other cell functions. Modulation of the actin cytoskeleton and
intracellular force generation within the cell also alters cell phenotype and cell differentiation. Similar in
size to F-actin, SWCNTs have diameters of ~1 nm and lengths ranging from 100 nm to a few micrometers
(Table 1). For our studies, we use length-selected SWCNTSs, with an average length of 145 + 17 nm. Over

this length scale, both F-actin and SWCNTs are much less than their persistence lengths and, therefore,

act as rigid rods. Since both molecules possess similar mechanical properties over the length scales of
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F-actin SWCNTs

L, (um) 17 22

D (nm) 6 0.7-1.3
L. (um) ~(10) 0.150
E (GPa) | 1.000

Table 1: Selected mechanical properties of SWCNTSs and f-actin."’

our SWCNTSs, it suggests that there is the potential for SWCNT/F-actin interactions a priori. Also, since
they are both anisotropic materials, there is potential for substantial interactions along the longitudinal
direction, which is enhanced over the potential long lengths of interactions, due to the anisotropic nature
of SWCNTSs and F-actin.

To experimentally determine the effects of SWCNTs on F-actin structures, we used a high
concentration of highly purified, dispersed SWCNTs and visualized macromolecular changes inside of
cells using laser scanning confocal microscopy. We found a dramatic redistribution of F-actin from basal
stress fibers in control cells to heterogeneous structures distributed throughout the cell including plaques
of actin at the apical surface in SWCNT-treated cells. We also observed a significant reduction in cell
proliferation and force generation, which is potentially due to F-actin related effects. Ex vivo, F-actin forms
bundles of filaments in the presence of SWCNTSs, confirmed by bundling assays and confocal imaging.

We demonstrated via molecular dynamics simulation that SWCNTSs bind F-actin, and we showed
the molecular details and strengths of binding partnership between the two. Furthermore, we investigated
the interactions between actin monomers in association with SWCNTs. All-atom molecular dynamics
simulations were used to characterize the SWCNT—actin interaction, while near-infrared (NIR)
fluorescence and Raman spectroscopies confirmed direct interactions between actin and SWCNT
(without PF127 polymer) ex vivo. We probed SWCNT-actin interactions inside cells using fluorescence
lifetime imaging microscopy (FLIM), further suggesting that SWCNTs are preferentially associated with F-
actin structures. The altered organization of intra-cellular F-actin structures showed a reduction in stress
fiber length and an increase in apical protrusions. However, there was no effect on myosin Il in the
presence of SWCNTs—PF127. Functionally, incubation of fibroblasts with SWCNTs—-PF127 resulted in an

isotropic reduction in cellular generation of traction stress.
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5.B) Materials and Methods

5.B.a) Modeling SWCNT/F-actin Interaction

Initial SWCNT/F-actin modeling: The structure of actin was obtained from the protein data bank

(PDB ID: 3LUE). A 1.1 nm long, armchair, (5,5)-SWCNT was generated and used in all simulations.?*’
Molecular dynamics (MD) simulations were performed using the GROMACS software package and
GROMOS96 force field.?*® % The SWCNT-actin complex system was solvated in a ftriclinic box with
TIP3P explicit water model. Periodic boundary conditions were imposed in all three directions. The extra
charge of the system was neutralized by adding counter ions. The system was minimized using the
steepest descent algorithm and was equilibrated for 500 ps. A time step of 2 fs was used. The
electrostatic and van der Waals interactions were modeled using the Particle Mesh Ewald (PME) method
and SWITCH algorithm, respectively. The temperature was controlled with a Nose-Hoover thermostat at
300 K and the pressure was kept at 1 bar using a Berendsen barostat. The total time of each simulation
was 5 ns. The Visual Molecular Dynamics (VMD) software was used for visualizations.**

Detailed SWCNT/F-actin modeling: Hex interactive docking software was used to generate the

initial configurations of the SWCNT-actin complex.241

Geometric compatibility was taken into account in
obtaining the optimized bound structures. The top 10 docking structures were classified into two different
classes, from each of which one representative was selected (Figure 5.C.3).

All molecular dynamics simulations were carried out using NAMD 2.9 molecular dynamics
software package®*? and CHARMM27 force field.*** Periodic boundary conditions were applied in all three
directions. The entire system was then minimized for 5000 steps, which was followed by a 1 ns
equilibration in constant pressure. The equilibrated structure was then used for studying the binding
interaction between SWCNT and actin in a 40 ns-simulation, which ran with a 1 fs time-step. PME was
applied to model the electrostatic interactions, and the SWITCH algorithm, with cutoff distance of 1.2 nm,
was used for calculating van der Waals (vdW) forces. The NPT ensemble was used for the production run
to sample our system where pressure and temperature remained constant at 1 bar and 310 K using

Langevin's piston and the Nose-Hoover thermostat,** respectively. All system preparation, visualization

and post-processing analyses were performed using VMD software.?*°
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The structure of actin trimer positioned in the filamentous arrangement was obtained from the
Protein Data Bank (PDB: 3LUE). This structure was minimized and equilibrated in a water box prior to
final simulations in order to remove all bad contacts. SWCNT geometry was generated with both (n,m)
indices set to 5. The length and diameter of SWCNT were chosen to be 11 and 0.67 nm, respectively.
Three sets of distinct initial configurations found from docking calculations where SWCNT structure was
placed approximate to the equilibrate actin groove region where the closest atoms were more than 0.7
nm away. The explicit water molecules were included to solvate the SWCNT-actin complex (water model:
TIP3P). In addition to neutralizing the system, 0.15 mM of KCI ions were added to the simulation box in
order to resemble ionic concentrations in cell. The number of atoms for the SWCNT-actin configurations

was approximately 300,000.

5.B.b) Actin Dispersions of SWCNTs

Preparation of G-actin: G-actin was prepared using the Actin Filament Biochem Kit (Cytoskeleton,

Inc.; Denver, CO, USA) according to manufacturer's recommendations. Briefly, muscle actin (250 pg) was
resuspended at 4 °C to 0.4 mg/mL in “General Actin Buffer” plus 0.2 mM ATP. The mixture was left on ice
for 3.5 h to completely disassemble small oligomers; then it was centrifuged at 4 °C at 14,0009 for 15
min. The supernatant was immediately aspirated, diluted in ultrapure water at 4 °C to a final volume of 2
mL (for SWCNT dispersion), and immediately added to SWCNTs for dispersion as described below.

Preparation of F-actin: F-actin oligomers were prepared using the Actin Filament Biochem Kit

(Cytoskeleton, Inc.; Denver, CO, USA) according to manufacturer's recommendations. Briefly, muscle
actin (250 pg) was resuspended to 1.25 mg/mL in “General Actin Buffer” plus 0.2 mM ATP. The mixture
was left on ice for 50 min to disassemble filaments that formed during freeze/thaw. Concentrated “Actin
Polymerization Buffer” was added at 1:10 (v/v) and the mixture was incubated for 45 min at room
temperature. These conditions yield filaments ~0.2 to 3 um long. The filaments were diluted in ultrapure
water to a final volume of 2 mL (for SWCNT dispersion) and immediately added to SWCNTs for
dispersion as described below.

SWCNT Dispersion: CoMoCAT single-wall carbon nanotubes (SWCNTs) highly enriched

(>~40%) in (6,5) chirality with an aggregate, average diameter of~0.78 nm and a median SWCNT length
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of ~1.5 um (SWeNT SG65; SouthWest NanoTechnologies, Inc.; Norman, OK, USA) were dispersed
using G-actin or F-actin oligomers at 1:10 (w/w). Actin mixtures were added to SWCNT powder, and the
final sample dilution was 1.3 x 10 wt. % SWCNTs for sonication. Samples were probe-tip sonicated in a
3 mL glass vial for 2 h at 6 W; then they were centrifuged at 21,000xg for 7 min. Supernatants were
aspirated and characterized via optical methods as described below.

SWCNTs—Actin Dispersion Characterization:

UV-Vis—NIR Absorbance Spectroscopy: Samples were subjected to ultraviolet—visible—near-

infrared (UV—vis—NIR) absorbance spectroscopy (Varian Cary 5000 UV-vis—NIR spectrophotometer). A

at 930 nm11, 12, 65, 66, 74, 116, 121, 173 was used to

known absorbance coefficient of 2.6 (abs mL)/(mg mm)
calculate final SWCNT concentration. The peaks of absorbance arise from the chirality-specific van Hove
singularities of the density of states and qualitatively indicate dispersion quality.

Raman Spectroscopy: Raman spectroscopy (inVia confocal Raman microscope with a 785 nm

laser; Renishaw, Inc.) confirmed the presence of SWCNTSs: strong G-band at ~1591 cm™ indicating an
sp2 hybridized structure and radial breathing modes (RBMs) at ~150 — 300 cm™ indicating tube structures
with ~1 nm diameters.? The presence of individual SWCNTs was confirmed by the presence of RBMs <
250 cm™, and a generally pristine SWCNT structure (i.e., minimal defects) was confirmed by a small
disorder-band (D-band at ~1300 cm'1) to G-band ratio.?

NIR Fluorescence Spectroscopy: SWCNT dispersion quality was further analyzed by NIR

fluorescence spectroscopy (Nanolog Spectrofluorometer with a liquid-nitrogen-cooled Symphony
InGaAs—1700 detector; Horiba Jobin Yvon). The samples were diluted to <0.1 abs cm™ in the NIR and
were interrogated with excitation and emission slit widths of 10 nm and an integration time per excitation
wavelength of 120 s. The excitation grating was blazed at 500 nm (1200 grooves/mm), and the emission
grating was blazed at 1200 nm (150 grooves/ mm). Fluorescence heatmaps represent corrected
fluorescence intensity normalized by corrected excitation intensity. Nanosizer software was used to

identify and mathematically fit each chirality's excitation/emission maxima using a Voigt 2D model.

92



5.B.c) Cell Culture and Transfection

HelLa: Hela cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM), low glucose
(Hyclone catalog number SH30021) supplemented with 10% v./v. fetal bovine serum (Invitrogen) and 1%
v./v. penicillin/streptomycin (Invitrogen) at 37 °C and 5% CO,. Upon culture reaching ~90% confluency,
cells were subcultured and, for imaging experiments, seeded on sterilized #1.5 glass coverslips at 3.0 x
10 cells/cm?. After 24 h, cells were exposed to SWCNTs—PF127 diluted in HeLa cell culture media to the
indicated concentration for the indicated exposure time.

NIH-3T3: NIH-3T3 cells were grown in DMEM, high glucose (Hyclone catalog number SH30022)
supplemented with 10% v./v. newborn calf serum (Invitrogen) and 1% v./v. penicillin/streptomycin
(Invitrogen) at 37 °C and 5% CO,. Cultures were maintained until reaching ~75% confluency (well before
cells would form striations) and were then subcultured. Like Hela cells, for fluorescence imaging
experiments, NIH-3T3s were seeded on sterilized #1.5 coverslips at 3.0 x 10* cells/cm? and exposed to
SWCNTSs after 24 h.

hMSC: Human mesenchymal stem cells (hMCSs) (Stem Cell Technologies) were grown in
GIBCO MesenPRO RS Basal Medium and Growth Supplement with 2 mM of L-glutamine at 37 °C and
5% CO,. hMSCs were not investigated beyond passage 7, and their complete media was not used for
longer than 15 days. When hMSCs were near confluency, they were seeded at 5,000-6,000 cells/cm?
onto sterilized #1.5 coverslips. After ~72 hr, the hMSCs were ~50% confluent, and fresh media was
added.

Incubation with SWCNTs: After providing cells sufficient time to adhere to the substrate and to

begin proliferating (typically 24 h for HeLa and NIH-3T3 and 72 h for hMSC), concentrated stock solutions
of SWCNTs—PF127 were diluted in fresh, temperature-equilibrated cell culture media to their indicated
final concentration which was added to the cell cultures.

Transfection: For studies involving expression of GFP-tagged exogenous proteins, HelLa cells
were transfected with GFP-paxillin or GFP-moesin®*® 24 h prior to SWCNT treatment using Polyfect
(Qiagen, Inc.) per manufacturer's recommendations. Cells were plated 24 h prior to SWCNT treatment

and were washed once with phosphate buffer saline (PBS; Invitrogen).
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5.B.d) Acute Toxicity

For acute toxicity studies, NIH-3T3 cells were passed into six-well plates at a seeding density of
1.5 x 10* cells/lcm® as the low density condition and 3.0 x 10* cells/cm® as the standard seeding

density.**

Cells were incubated for 24 h and were then subjected to SWCNTs—BSA, as described above.
After 48 h, the media was aspirated, the cells were washed with PBS, fresh media (without phenol red to
enable imaging) was added, and the cells were exposed to Hoechst 33342 (Invitrogen, a cell-permeable
nucleic acid stain and marker of all cells) at 10 yg/mL and propidium iodine (PI, Invitrogen, a cell-
impermeable nucleic acid stain and marker of dead cells) at 500 nM for 15 min. The cells were rapidly
imaged on a Leica DMI 6000B inverted light and fluorescence microscope maintained at 37 °C for blue
(Hoechst 33342) fluorescence, red (PI) fluorescence and phase contrast (n > 10 per well). Fluorescently

labeled nuclei were automatically counted using Imaged and were manually verified. For each condition,

~1000 cells were analyzed.

5.B.e) Fluorescence Microscopy and Imaging

Fixation and Labeling: To prepare samples for fixed-cell imaging, the SWCNT-laden medias were

aspirated; the cells were washed with 1x cell culture PBS; and the cells were incubated with 3.7%
formaldehyde for 15 min. For fluorescent imaging, the fixed cells were permeabilized with 0.2% v./v.
Triton X-100 for 5 min. Cells were washed with PBS and then exposed to 0.25 pg/mL of 4',6-diamidino-2-
phenylindole, dihydrochloride (DAPI) (labeling DNA), 0.165 uM of rhodamine phalloidin (labeling F-actin),
Oregon Green phalloidin (labeling F-actin) and/or 0.3 uM AlexaFluor 488 DNase | (labeling G-actin) for 20
min. For myosin Il labeling, the samples were first blocked with 0.2% BSA in PBS for 1 h. Then, the
primary Myosin Il antibody (Nonmuscle Myosin Heavy Chain II-A Polyclonal Antibody Purified, Covance)
was diluted 1:500 in PBS/0.2% BSA and incubated for 1 h. Subsequently, the samples were washed 3x
with PBS/0.2% BSA solution and subjected to a secondary Alexa Fluor 555 goat anti-rabbit antibody for

1 hr. The solutions were then aspirated, the cells washed, the coverslips mounted onto glass slides
(Fisher) using 20 pL of mounting media (Fluoromount-G, Southern Biotech) and the edges sealed.

Widefield and Confocal Fluorescence Imaging: Widefield fluorescence microscopy was

performed using an inverted Leica DMI 6000B. Images were acquired using a 1.4 NA, 63x, oil immersion
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objective and a Leica DFC350 FX charge-coupled device (CCD). Confocal microscopy was performed
using a Leica SP5 laser scanning confocal microscope with a pulsed, tunable, Ti-Sapphire Coherent
Chameleon Laser and three visible lasers: Argon, HeNe 543 and HeNe 633. Confocal scanning was
performed with a pixel resolution of 1,024 x 1,024 at an acquisition rate of 400 Hz using a 1.4 NA, 100x,
oil immersion objective. 3D image compressions to 2D were performed using Leica Application Suite
Advanced Fluorescence (LAS AF) software.

ELIM: Time-correlated single photon counting fluorescence lifetime imaging microscopy (FLIM)
was performed on a Leica TCS SP5 laser scanning confocal microscope with 1.4 NA, 100x%, oil immersion
objective using a pulsed, tunable, Ti-Sapphire Coherent Chameleon Laser and a Becker & Hickl SPC-830
photon counting device.'” Briefly, 256 x 256 pixel lifetime images were acquired for 180 s to enable
accurate determination of two exponential decays and to minimize the coefficient of variation.?'"'> 2%
Fluorescence lifetime images were generated in SPCIimage (Becker & Hickl), using binning, if necessary,
to achieve peak photon counts of =1,000.

The calculated single (t4) and double exponential (t1 and t,) decay lifetimes, along with their

3 For double

relative magnitudes and corresponding goodness of fits, were analyzed in MATLAB.
exponential decays, we report the mean fluorescence lifetime (t,), which is the weighted average of t,
and t,. All reported values of lifetime are the average value of lifetime averaged across all analyzed

images per experimental condition.

5.B.f) Stress Fiber Image Processing

The actin stress fiber algorithm included a sequential execution of four estimation-inference
steps. In the first step, we estimate the likelihood of pixels belonging to actin stress fibers and their rough
orientation by filtering the original image with a bank of artificial filaments that differ in rotation, scale and
curvature. We use the best response from the filters in conjunction with the original intensity to construct
a stress fiber likelihood (or enhanced) image. In the second step, we apply a foreground estimation

algorithm similar to Otsu’s procedure®’

to the stress fiber enhanced image and obtain a binary image
split into stress fiber and non-stress fiber portions. In the third step, we apply a morphological image

thinning procedure, such as Blum’s procedure®*®, to estimate stress fiber centerline locations in the binary
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image. The final step disambiguates the stress fiber bifurcation and intersections and measures the
lengths of the individual stress fibers in the entire image. Numerical validation of stress fiber length
distribution was carried out on an image bank consisting of artificially generated filament networks with
Gaussian distributed lengths (having pre-defined mean and standard deviation) and increasing filament
density. Across all experiments carried out, the maximum relative error (error in stress fiber count divided
by the real count) for stress fiber count in each image was within 3% and the maximum root mean square
error in stress fiber length was within 5 pixels (with an image size of 128 by 128 pixels, mean stress fiber

length being 50 pixels and standard deviation being 20 pixels).

5.B.q) Traction Force Microscopy

Micropatterning of polyacrylamide gels was achieved using microcontact printing, described in

detail elsewhere.?*

Briefly, a micropattern of gelatin was created on a coverslip by microcontact printing,
then transferred to the surface of a sheet of 5% polyacrylamide with 0.1% bis-acrylamide (both from
BioRad) containing a 1:1000 dilution of fluorescent latex microbeads (Invitrogen). The stiffness of the final
polyacrylamide gel was estimated to be 30 kPa.>® The gel was incubated in cell culture media at 37 °C
for 30 min, and then the cells were seeded. Cells were allowed to adhere and spread overnight, and then
they were treated with SWCNTSs.

Traction force microscopy was conducted as described previously.251

Briefly, a phase contrast
image of a single cell adhered and fully spread on a square was acquired followed by a fluorescence
picture of the beads directly underneath the cell. The cell was manually removed with a microneedle, and
a second fluorescence picture of the beads was taken. Substrate displacement fields and traction maps
were computed using the LIBTRC package as described previously (courtesy of Dr. Micah Dembo,

Boston University).251

5.B.h) Ex Vivo Bundling

G-Actin at 0.25 mg/mL, preincubated with ATP for 30 min, was polymerized with the addition
of 1 mM ATP, 50 mM KCI, and 2 mM MgCl, at room temperature as per manufacturer’s instructions (from

Cytoskeleton kit BKOO1) in the presence of SWCNTs. Samples were then centrifuged at 12000xg or were
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added to fluorescent dyes for imaging. Centrifugation at 12000xg does not pellet SWCNTs, SWCNTs
incubated with BSA or actin alone.?*? After centrifugation, F-actin bundled by SWCNTs was found in the
pellet, whereas un-cross-linked F-actin was found in the supernatant. Polyacrylamide gel electrophoresis
(12% SDS-PAGE gels from Bio-Rad) of reduced samples was used to visualize actin in the supernatant

or pellet.?*?

It should be noted that higher concentrations of SWCNTs had a more dramatic bundling effect
but had deleterious effects on the polyacrylamide gel. Imaging of bundled samples was performed by
polymerizing actin filaments with SWCNT samples on coverslips which had 3 uL of rhodamine phalloidin

diluted in 7 uL of methanol dried onto coverslips.

5.C) Results

5.C.a) Acute Toxicity

HelLa cell exposure to PF127 or to SWCNTs—PF127 at 50 ug/mL did not show significant cell
death compared to control cells (Figure 5.C.1, A).%° High concentrations of SWCNTs (e.g., 200 pg/mL)
caused a slightly higher level of cell death (p = 0.031 by Student’s t test) compared with control, but this
level of cell death is not indicative of SWCNTSs being an acutely toxic substance. HelLa cells are adherent
and often detach into the media after extensive disruption of focal adhesions or death. As such, we also
investigated the media for any detached cells or signs of ruptured cell components but did not observe a
significant number of cells or cell fragments in any population tested. We did not observe any changes in
nuclear morphology including DNA condensation or fragmentation, also suggesting that there was no late
apoptosis. However, in measurements of populations of cells over time, we found that SWCNT-treated
cells had a dramatic dose-dependent reduction in cell proliferation after 2 days (Figure 5.C.1, B).

We performed similar experiments with SWCNTs—BSA and NIH-3T3 cells. With SWCNTs—PF127
and Hela cells, we showed that SWCNTs—-PF127 influenced cells at low initial seeding density66 (~1.5 %
10* cells/cm?; ¥ of standard seeding density**®). For SWCNTs—BSA and NIH-3T3 cells seeded at low
density, there was a dose-dependent reduction in proliferation (Figure 5.C.2 a) and a significant increase
in acute cytotoxicity (Figure 5.C.2 b). Cells exposed to the highest concentration of SWCNTs-BSA (i.e.,

100 pg/mL) essentially did not proliferate from their pre-SWCNTs—BSA levels and were virtually all
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propidium iodine (PI)-positive, indicating acute cytotoxicity. However, cells proliferated when seeded at a

standard density**® of ~3.0 x 10* cells/lcm® (Figure 3.C.2 c) and did not show SWCNTs-BSA-induced

cytotoxicity (Figure 3.C.2 d).
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Figure 5.C.1: Isolated and purified SWCNTs were not acutely toxic to HeLa cells but reduced cell
proliferation after two days of exposure.ﬁ‘i (A) Cell death was measured by propidium iodide uptake
and normalized by the cell permeant DNA stain Hoechst 33342. High levels of the polymer used to
disperse the SWCNTs (orange) and 50 ug/mL SWCNTs (green) were statistically similar to the control
(red) with p > 0.05. Treatment with 200 pg/mL SWCNT (blue) resulted in a slightly higher cell death, but
not indicative of SWCNTs being an acutely toxic substance. (B) HelLa cells, seeded at the same density
for each group and treated with SWCNTs for 2 days, showed a dose-dependent reduction in proliferation
as measured by a cell enumeration assay. Here, proliferation is presented as a percentage of the number
of cells present in the control sample. Cells were imaged at 20x magnification with 1000 — 5000 cells per

sample (1000 minimum in reduced proliferation case). Error bars are SEM.
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Figure 5.C.2: Acute toxicity analysis of SWCNTs-BSA." (A) NIH-3T3 cells seeded at low density (1.5
x 10* cel/s/cmz) showed a dose-dependent reduction in proliferation upon exposure to SWCNTs—-BSA for
48 h. (B) Acute toxicity (reported by permeability to propidium iodine (Pl)) showed a dose-dependent
response. (C) When cells were seeded at a “standard” seeding densit 46 (3.0 x 10°* ce//s/cmz), there was
only a slight, non-significant reduction in proliferation and (D) no change in viability. Student's t test

comparing the condition to the BSA control: *p < 0.05; **p < 0.01; ***p < 0.0001.
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5.C.b) SWCNT/Actin Interaction

Although there is no unique actin-SWCNT binding site, as there is for specific protein-protein
binding interfaces, we examined the interfacial energy to determine pseudostable binding regions. We
simulated model F-actin filaments interacting with SWCNTs to determine possible mechanisms of
interactions. We also considered specific interactions of F-actin using molecular dynamics simulations of
three actin monomers combined in a filamentous arrangement as a model segment of F-actin (Figure
5.C.3).121 To explore potential binding areas on the exposed surface of F-actin, we designed and
performed six simulations, each having one SWCNT aligned parallel to the actin subunit (two actin
monomers) but at different locations with respect to others (Figure 5.C.3 a—f).

Initial configuration of all simulations started from SWCNT-actin distances within 3 — 5 angstroms,
and we observed that the potential energy of the bound structure was optimized with a stable contact
surface area. During all simulations, SWCNTSs slid constantly on the surface of actin structures along the
length of the filament, showing that the dynamic nature of SWCNT was maintained even in the bound
state.”*

In all six simulations, the surface residues of actin formed strong interactions with the SWCNT.
There were no electrostatic interactions between protein residues and SWCNTs since graphene bonds
are neutral. Therefore, hydrophobic and I1-IT interactions were most significant in stabilizing the SWCNT
on the surface of F-actin. Although the hydrophobic residues were mainly buried inside the core of actin
monomers, there were a few on the surface, which were important for SWCNT binding such as ILE4,
VAL95, PRO111, PRO331 efc. Aromatic residues, such as TYR and PHE, formed II-II interactions with
hexagonal carbon rings, and the elongated, planar groups on ARG, ASP and LYS aligned with the regular
surface of the SWCNT.

The lowest energy SWCNT-actin complex (Figure 5.C.3 a) showed SWCNT interactions with two
actin monomers with an orientation of the SWCNT close to the actin groove. However, this interaction did
not represent the lowest potential energy of the system since the presence of the SWCNT slightly alters
the conformation of actin subunits within the filament. Therefore, the simulation with the lowest potential
energy (Figure 5.C.3 f) had a minimum alteration of actin subunits within the filament. Thus, there

appears to be a dynamic instability between the optimum conformation of the actin filament and the

100



optimum interaction between SWCNTSs and the actin filament. Since the surface chemistry of the SWCNT

is mostly uniform, the SWCNT is able to translocate in one dimension along the three monomer filament.

(e) ) . Hydrophobic | Hydrophilic | Neutral
Simulation
|K1/mol) (Ki/mol) | (KIfmol)

a -104.0936 -155.544 -103
b -38.71 -111.151 =
c -130.579 -112.482 =
d -61.9285 -58.0322 -25.161
e -23.0725 -53.4337 -29.5435
f -3.8429 -83.3035

Figure 5.C.3: Molecular dynamics simulations of SWCNT interactions with a three actin monomer

121 (a—f) represent different starting orientations between the actin and

representation of F-actin.
SWCNT, leading to different binding positions, the energies of which are indicated in (g); Red represents
the interaction sites in all figures; (a) corresponds to the simulation with the lowest interaction energy, i.e.,
the largest number of interactions while (f) has the lowest potential energy since the strong association of

actin monomers was less disturbed compared to other simulations.
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To understand the unique sliding phenomenon, we performed additional, more detailed modeling
experiments. Distinct orientations of SWCNT relative to actin were generated in order to account for a
broad range of binding possibilities between the two inside the cell (Figure 5.C.4).253 First, we used Hex
docking server®' to find the top 10 candidates according to geometry matching. After categorizing similar
docked structures, we found two distinct complexes out of which the one with highest geometrical
compatibility was selected as a representative for further MD studies. Although results from all three initial

configurations showed consistency in some aspects, each suggested interesting case-specific

interactions.

Figure 5.C.4: Three distinct initial configurations of SWCNT relative to actin.?®® Orientation (A) of
SWCNT was previously found to be favorable for actin binding.m Orientations (B) and (C) were
generated using docking of SWCNT on the actin trimer in the filamentous order (bold along the actin
polymer shown in transparent representation). The two actin monomers proximal to SWCNT are labeled

P1 and P2, while the third monomer in the neighboring strand that is more distal is labeled D.

The solvent accessible surface area (SASA) of SWCNT reached a stable value of 0.5 nm? within
the first 3 ns (Figure 5.C.5).253 For binding mode B, although the interaction energy was relatively stable,
SASA increased in time within the last 20 ns. The SASA plot for mode C fluctuated sharply after 18 ns,

showing unstable surface association with actin, which is consistent with the interaction energy.
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Therefore, SASA alone is not indicative of stable binding per se, and it should be interpreted along with

energies. All SASA and energy graphs were averaged over three trials for each binding mode.
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Figure 5.C.5: SWCNT sliding and rotation for mode A (A) Sliding in trial 1; (B) rotation in trial 1; (C)
sliding in trial 2; (D) rotation in trial 2; (E) sliding in trial 3; and (F) rotation in trial 3. SWCNTs show
different kinematic behavior in each trial which can be attributed to the highly dynamic nature of its
interaction with actin. While in trial 1 the SWCNT continues to travel in a certain direction starting from the
middle of simulation time, in other trials it returns to its original position. On the other hand, SWCNT
rotation is lowest in trial 1 in comparison to the other trials. Rotation shows stepwise changes while sliding
motion is smoother. Sliding and rotational motions do not appear to be coupled.
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Since our modeling results demonstrated that there is an energetically favorable interaction
directly between SWCNTs and F-actin, we experimentally examined the capability of G-actin monomers
and polymerized F-actin oligomers to form stable suspensions of individually dispersed nanotubes (see
Methods). Note, when nanotubes are added to water, van der Waals interactions cause them to
aggregate and bundle. However, adhering surfactants and macromolecules allow SWCNTs to be
individually dispersed, a widely used approach to create stable nanotube suspensions. The
individualization of nanotubes and the stability of the resultant suspensions qualitatively suggest the
interaction strength between the macromolecules and nanotubes. We characterized the SWCNT
dispersions by F-actin and G-actin with complementary techniques to determine yield (by UV—-vis—NIR
absorbance spectroscopy), SWCNT defects (by Raman spectroscopy) and dispersion quality (by NIR
fluorescence spectroscopy).?*®
UV-vis—NIR absorbance spectroscopy of dispersed SWCNTs showed numerous peaks (Figure

5.C.6 A), which indicate that the nanotubes are dispersed in water by both F-actin and G-actin.”® The

yield from G- and F-actin (Figure 5.C.6 B), determined using a known absorbance coefficient at 930 nm,""

12, 65, 66, 74, 116, 121 11, 74

is similar not only to the yield from other protein dispersions but also to the yield of
deoxycholate (DOC)-dispersed SWCNTSs: a surfactant that has shown excellent dispersion capability of
SWCNTs.'®

We used Raman spectroscopy to further verify the yield and to quantify the quality of the
SWCNTs after the dispersion process (Figure 5.C.6 C). The intensity of the disorder-band (at ~1300 cm’
"), which represents the number of defects in the SWCNT sp? structure, was ~10% compared to the
intensity of the G-band (~1590 cm'1), which represents the total amount of nanotubes in the suspension.2
NIR fluorescence spectroscopy is particularly sensitive to the dispersion quality (i.e., whether nanotubes

616 NIR fluorescence heatmaps demonstrate that both F-

are individually dispersed or in small bundles).
actin (Figure 5.C.5 D) and G-actin (Figure 5.C.5 E) were able to individually disperse SWCNTs. However,
their fluorescence intensities (insets of Figure 5.C.5 D,E) are only~5% of the fluorescence intensity
obtained for DOC dispersed SWCNTSs (inset of Figure 5.C.5 F) and ~20% of the fluorescence intensities

obtained for other protein dispersed SWCNTs.*°
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Figure 5.C.6: SWCNTs-actin dispersions characterization.”®® (A) UV-vis—NIR absorbance
spectroscopy of SWCNTs-actin dispersions. The peaks arise from the van Hove singularities of the
density of states and qualitatively indicate dispersion quality. (B) Using a known absorbance coefficient at
930 nm and known initial masses and final volumes, the proportion of SWCNTs remaining in the
supernatant after centrifugation was determined and indicated relatively efficient dispersion of SWCNTs,
especially for proteins. (C) Raman spectroscopy confirmed the presence of SWCNTs (G-band at ~1591
cm” and radial breathing modes (150 — 300 cm")). For comparison, the data is normalized to each
sample's G-band. Note that the large, board peak at ~2200 — 2900 cm” primarily arises from real space
SWCNT fluorescence at ~950 — 1016 nm that is unfiltered in our system. (D—F) NIR fluorescence
spectroscopy heat maps of SWCNT fluorescence. Chiralities are indicated on the heat maps for visual
aid. The color scale bar inset indicates the dynamic range of the intensity range scaling (normalized to

DOC).
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The cytoplasm is a complex and dynamic environment, and actin reorganization in the cell could
be due to many indirect factors. To explore a more direct interaction between SWCNTs and actin
filaments, we performed centrifugation and imaging assays with purified actin filaments ex vivo. We
added variable amounts of SWCNTs to F-actin and isolated cross-linked and bundled actin using low-
speed centrifugation (12000xg). At this speed individual actin filaments and SWCNTs alone did not pellet
or sediment. Increasing amounts of SWCNTs in F-actin solutions effectively promoted bundling of
increasing amounts of F-actin, as illustrated in Figure 5.C.7 A.% Similar experiments with SWCNTs and

bovine serum albumin (BSA) did not show increasing binding of BSA with an increase in added SWCNTs

ng SWCNT per 25 ug of actin per sample

A"oiR2 2 fchig el 6 8
e Gl VM e —

A ol o B
"4 s
Supernatant Pellet

a~actinin

Figure 5.C.7: SWCNTSs interact with purified actin systems and bundle actin filaments.®® (4) In a
low-speed centrifugation assay, SWCNTs bundle actin filaments increasingly in a dose-dependent way.
In the absence of SWCNTs, no actin was pelleted at 12000xg, whereas at 2, 4, 6, and 8 ng of SWCNT
increasing amounts of actin were bundled and were present in the pellet. (B) We also imaged SWCNT-
induced actin bundles using confocal microscopy. Cross-linking of actin by a-actinin caused an isotropic
network to form. In contrast, SWCNT-induced actin cross-linking led to bundles to occur, most likely due

to the anisotropic nature of the SWCNTs. Scale bar in each image is 25 um.
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suggesting a preferred interaction between SWCNTs and F-actin. Labeling of ex vivo actin flaments with
rhodamine phalloidin and imaging using confocal microscopy showed that these SWCNT-induced actin
bundles displayed an anisotropic alignment (Figure 5.C.7 B). Rhodamine phalloidin-labeled actin
networks crosslinked with a-actinin were visualized by confocal microscopy as isotropic networks, in
agreement with previous work %%

Fluorescence of pyrene—actin kinetic experiments showed that the rate of actin polymerization

was not affected by SWCNTs, suggesting that SWCNTSs interact with actin filaments but not strongly with

actin monomers (Figure 5.C.8).%°

12 4 —— actin
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Figure 5.C.8: SWCNTs do not affect actin polymerization.®® Using a pyrene actin polymerization kit
(BKOO03; Cytoskeleton, Inc.) with 0.025 mg/mL actin in a Fluorolog fluorometer, we saw no discernable
change in actin polymerization (red, arrow) with the addition of varying concentrations of SWCNTSs.
Results were taken in duplicate at each SWCNT concentration and the slopes of fluorescence intensity

versus time in each case were statistically similar to the control.

To examine more direct interactions of SWCNTs—-PF127 with actin, we used FLIM to visualize
potential fluorescence lifetime quenching in the presence of SWCNTs (Figure 5.C.9).121 FLIM measures

changes in the fluorescence emission decay time and is highly sensitive to environmental factors within
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Figure 5.C.9: FLIM lifetime images and quantification of averaged mean fluorescence

21 (a) 1, pseudo-color images of Hela cells labeled with rhodamine phalloidin (left),

lifetimes (t)-
Oregon Green phalloidin (middle) and Alexa Fluor 488 DNase |I. (Note: 7, = 7; for a single exponential
decay). (b) Quantification of (a), showing the individual lifetime time constants, v, and 7,. The exponential
model (single or double) was determined by the model having the goodness of fit ( ;(2) closest to unity. (c)
Quantification of fluorescence lifetime images from in vitro samples, as in (b). Note: the value of n reflects
the number of images averaged, each of which consists of 256 x 256 pixels, each of which has a value of

fluorescence lifetime (if signals were present).
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the Foster radius (~5 nm) of the fluorophore, including electronic interactions with SWCNTs.??

Fluorescence lifetime, dependent on fluorophore and chemistry within the Féster radius, can be modeled
as a single or double exponential decay.?*®

We performed FLIM of rhodamine phalloidin labeled F-actin structures inside SWCNTs—-PF127-
treated HelLa cells. SWCNTs quenched the 1, of the rhodamine, suggesting a close interaction (Figure
5.C.9 a,b). To ensure that the quenching effects were due to SWCNT interaction with F-actin versus a
SWCNT interaction with the fluorophore, we performed FLIM with Oregon Green phalloidin labeled actin
filaments (Figure 5.C.9 a,b). In both cases, quenching of t,, was localized within specific F-actin regions
(Figure 5.C.9 a). Also, both cases showed a quantitative change in fluorescence lifetime profile (based on
a goodness of fit, xz, closest to unity), shifting from a single exponential decay for control to a double
exponential decay for SWCNT-treated samples (Figure 5.C.9 b). Interestingly, we observed no change in
T, for Alexa Fluor 488 DNAse | (Figure 5.C.9 a,b), which labels the monomeric G-actin in cells. Spatially,
some fluctuations were observed in a very small range (~500 ps), but on average there was no change in
the 1, (Figure 5.C.9 b).

These studies suggest that SWCNTs show specific association with F-actin inside cells. To
confirm SWCNT-actin filament specificity, we polymerized purified actin in vitro and treated purified actin
filaments with bovine serum albumin (BSA), higher salt (with phosphate buffered saline, PBS), the
SWCNT-dispersion polymer PF127 and PF127-dispersed SWCNTs (Figure 5.C.9 c). The fluorescence

lifetime of rhodamine phalloidin-labeled F-actin was only altered for SWCNT—-PF127 (Figure 5.C.9 c).

5.C.c) SWCNTs Reorganize F-actin Structures

We imaged actin structures inside of cells using rhodamine phalloidin-labeled actin filaments by
both fluorescence widefield and confocal microscopy. Widefield imaging of confluent monolayers of
treated cells showed that F-actin structures inside of SWCNT-treated cells were greatly redistributed
compared with control cells (Figure 5.C.10).%° Actin structures at the middle focal plane of untreated cells

were present only at the cortex of the cells, whereas SWCNT-treated cells showed actin throughout the
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Figure 5.C.10: High resolution imaging shows reorganization of rhodamine phalloidin-labeled
actin inside of SWCNT-treated cells. (A) Widefield view of the X-Y plane of control cells imaged at the
midline of the cell shows actin at the cortex or edge of the cell. In contrast, SWCNT-treated cells show
intracellular, peri-nuclear spiky actin projections with little order. (B) Confocal imaging of isolated cells in
the X-=Z plane (compressed in the Y-direction) with pseudocolor for rhodamine phalloidin intensity
highlights the reorganization of actin. In control cells, actin was most concentrated in the stress fibers
along the basal layer of the cell. SWCNT-treated cells had strong actin density throughout the cell, losing
the preferential localization. (C) We have quantified the localization of actin densities in cells. In control
cells, the actin was concentrated at the basal layer of the cell, whereas in SWCNT-treated cells actin was
found throughout the cell. The change in standard deviation between the control and SWCNT-treated
cells highlighted the regular distribution in control cells and the heterogeneous distribution of actin

throughout SWCNT-treated cells. (n = 15 control, 10 SWCNT-treated).
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interior of the cells in spiky, peri-nuclear projections. Imaging of isolated cells also showed significant
reorganization of actin and changes in cell morphology.

Confocal imaging in the X—Z plane of isolated cells confirmed that the cellular actin filaments,
which are normally localized to basal stress fibers, were heterogeneously redistributed to the cellular
interior (Figure 5.C.10 B). We then quantified localization of actin filaments in control and SWCNT-treated
cells by measuring the fluorescence intensity of rhodamine phalloidin from 10 cells normalized to cell
height (Figure 5.C.10 C; there is no statistical difference in cell height between control and treated cells).

Actin structures may be reorganized by SWCNTs or focal adhesions may be “attracted” to the
localized stiffness induced by SWCNTs at the apical surface during treatment and cause the subsequent
formation of stress fibers. To determine the mechanisms by which actin may be reorganized in cells, we
transfected cells with GFP-paxillin and imaged changes associated with SWCNT treatment. Control HeLa
cells showed typical actin/paxillin structures with actin stress fibers terminating at punctate paxillin focal
adhesions (Figure 5.C.11 A,B; Figure 5.C.12 A).66 Cells treated for 2 days with 200 ug/mL SWCNTs
showed redistribution of paxillin structures (Figure 5.C.11 A,B; Figure 5.C.12 B). We measured an
effective time course of F-actin (measured with GFP-moesin) and paxillin (GFP-paxillin) mis-localization
at early times (order of hours) in single cells to determine temporal events in SWCNTSs’ reorganization of
cytoskeletal structures. We found that actin was initially redistributed to the apical surface as plaques
(Figure 5.C.11 C). Slightly later, paxillin was redistributed to the apical surface (Figure 5.C.11 B). We
suggest that SWCNTs affect actin as well as paxillin, but actin structures are altered prior to paxillin
redistribution and to a greater degree (Figure 5.C.11 D), although basal changes in paxillin may appear
earlier.

Earlier, we described how human mesenchymal stem cells (hMSCs) exhibited a 5—-10x increased
SWCNT uptake compared with other cell types, including NIH-3T3 cells and HelLa cells, from the initial
study,"" possibly due to increased metabolic activity.?** #** Treatment of hMSCs with 30 pg/mL SWCNTs—
PF127 also showed redistribution of F-actin (Figure 5.C.13)."*' SWCNTs—PF127-treated hMSCs were
associated with misaligned F-actin structures after only 3 h of high levels of exposure (Figure 5.C.13 a).
After 24 h, regions of misaligned, isotropic F-actin structures were extended vertically in dramatic fashion

(Figure 5.C.13 b,c (zoomed)).
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Figure 5.C.11: SWCNTs cause early redistribution of actin then paxillin inside cells.®® (A) At long
times, HelLa cells expressing GFP-paxillin normally show punctate focal adhesions (green) at the end of
actin stress fibers labeled with rhodamine phalloidin (red). In SWCNT-treated cells (200 ug/mL for 2
days), GFP-paxillin does not localize correctly to punctate focal adhesions (scale 25 um). (B) At short
times of treatment (under 6 h), cells expressing GFP-paxillin imaged in X-Z show relocalization of
plaques to the apical side of the cell. (C) GFP-moesin, which labels actin but does not alter levels of actin
expression,245 shows actin normally along the basal level of the cells is relocalized to apical plaques
(scale 5 um). (D) Quantification of short-time redistribution of actin (by GFP-moesin, red) and paxillin (by
GFP-paxillin, green) shows that actin structures are reorganized within the cell in under an hour, whereas
paxillin is unchanged. With increased time paxillin showed reorganization, but the redistribution was less
severe than actin (error bars are SEM with n = 10 per point).
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Figure 5.C.12: Reorganized focal adhesions in SWCNT-treated cells.® (A) HelLa cells transfected
with GFP-paxillin (green) show punctate, peripheral focal adhesions at the end of actin stress fibers
(rhodamine phalloidin, red). (B) Cells expressing GFP-paxillin treated with 200 ug/mL SWCNT for 2 days

show a redistribution of paxillin throughout the cell.
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Control

Figure 5.C.13: Confocal images of rhodamine phalloidin-labeled F-actin of hMSCs exposed to
SWCNTs at 30 pg/mL."*" (a) Confocal compressions in Z show regions of altered F-actin structures after
only 3 h of SWCNT exposure. (b) Confocal compressions in Y reveal that after 3 h of exposure, the areas
of F-actin mislocalization did not substantially extend in the Z-direction; however, after 24 h of exposure,

the projections in Z were overt and substantial. (c) Zoomed in view of (b).

HelLa cells with neighboring cells and treated with 30 pg/mL SWCNTs—PF127 showed cellular
redistribution of F-actin that was less dramatic than high levels of treatment on isolated cells (Figure
5.C.14).121 Generally, we have found that isolated cells (or cells at lower seeding density) were more
sensitive to SWCNT treatment and showed a more dramatic response.66 Here, confocal imaging of F-
actin structures inside cells showed redistribution from the basal region of the cell to spiky apical plaques,
changing cell distribution, global structures and localized structures. From the X-Y view (Figure 5.C.14 a),
small F-actin projections are observed at the periphery of the cell. However, there was no alteration to G-
actin, suggesting a specific interaction between SWCNTs and F-actin.
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Figure 5.C.14: Confocal images of HelLa cells exposed to low-dose SWCNTs."*' Confocal images of

G-actin

rhodamine phalloidin-labeled F-actin, Alexa Fluor 488 DNase I-labeled G-actin and DAPI-labeled nuclei
(weak blue color) of control and SWCNTs-PF127-treated HelLa cells: (a) Confocal compressions in Z. (b)

Confocal compressions in Y. Scale bars are 10 um.

Next, we applied a sophisticated image analysis algorithm to quantify F-actin differences within
the cell from standard 2D images. This study examines completely isolated HelLa cells treated with high
levels of SWCNTs (100 pg/mL SWCNTs-PF127 for 24 h) to push the limit of cell response and remove
confounding effects from cell-cell interactions. From compressed confocal images of rhodamine-

phalloidin-labeled F-actin of HeLa cells (Figure 5.C.15 a,d),"’

we first compared the raw images against a
bank of artificial linear and curvilinear elements. This step enhanced the F-actin stress fibers and
suppressed the background noise and fluorescence contributed by un-polymerized actin, subsequently
generating a stress fiber enhanced image (Figure 5.C.15 b,e). From there, we applied binary clustering
followed by a morphological thinning step on the stress fiber enhanced images to determine the
centerlines of actin structures (Figure 5.C.15 c,f). After disambiguating centerline bifurcations and
intersections and measuring the centerline lengths of the resultant network, we observed a statistically
significant reduction in stress fiber length from many samples: 4.40 + 0.49 um for control to 1.66 + 0.41
um for SWCNT treated (p < 0.01, Figure 5.C.15 g). Also, the multimodal length features of typical actin

stress fibers are lost in the presence of SWCNTSs.
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Figure 5.C.15: Morphometric image analysis of F-actin stress fibers of HeLa cells treated with 100
pg/mL SWCNTs-PF127."*' (a) Rhodamine phalloidin stained F-actin in control cell. (b) Stress fiber
enhanced image from (a) emphasizing stress fibers and suppressing background fluorescence. (c)
Centerline of stress fibers obtained from (b). (d), (e) and (f) Corresponding images of (a), (b) and (c) with
the entire process applied to a cell treated with SWCNTs—PF127. (g) Frequency distribution of actin
stress fiber length as determined from the stress fiber centerline images (n = 4 control cells, n = 2
SWCNT-treated cells). Weighted average lengths are 4.40 £ 0.49 um for control and 1.66 £ 0.41 um for

SWCNT-treated (p < 0.01).
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5.C.d) Effects of SWCNTs on Motor Proteins

Since actin filaments are altered and redistributed inside SWCNT-treated cells, we examined
myosin |l localization in SWCNT-treated cells. We observed a minority of myosin Il mislocalized
throughout the cell, but myosin Il mislocalization appeared to occur co-localized to altered F-actin
structures (Figure 5.C.16).121 Specifically, we examined myosin Il and F-actin mislocalization within peri-
cellular radial protrusions (Figure 5.C.16). We measured F-actin and myosin Il in peri-cellular projections
from the central cell body, which are common in isolated cells treated with SWCNTs. Most F-actin
projections did not have myosin Il contained within them. In the minority of projections that contained
myosin, the myosin extended only 36 + 6 % of the length of the F-actin. F-actin was able to extend into
long projections (in some cases > 10 um), extending apically from the surface and radially from the cell,
but myosin Il is not recruited to these regions. Together, these results suggest that F-actin is reorganized

in the presence of SWCNTSs, and a small amount of myosin Il is reordered along with the F-actin.

5.C.e) Effects of SWCNTs on Cellular Traction Stress

Since actin structures and, to a lesser extent, paxillin structures were reorganized in SWCNT-
treated cells, we tested for functional changes related to force generation. We have already observed
functional cellular changes including three-dimensional actin organization, some giant cells, and multi-
nucleation as well as general changes in cell proliferation. To measure force generation, we seeded NIH-
3T3 cells on polyacrylamide hydrogels with micropatterned adhesive 50 um squares (Figure 5.C.17 A).66
A molecular layer of patterned gelatin was covalently attached to the polyacrylamide gel and allowed us
to obtain samples of homogeneous shape and size. NIH-3T3 fibroblasts were chosen since they generate

large traction forces on the substrate to which they adhere.®’

By imaging fluorescent latex beads in the
polyacrylamide gel and tracking the movement of the beads before and after the cell is removed, we were
able to produce intensity color maps representing the spatially varying stress produced inside the cell
boundary (Figure 5.C.17 B). Stress is significantly reduced in SWCNT-treated cells, particularly at the

corners. The maximum levels of traction stresses generated by the cell, quantified as the 95 percentile

traction stress or the average magnitude of the highest 5% of stresses, is reduced in SWCNT-treated
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Figure 5.C.16: Imaging of myosin Il in NIH-3T3 cells.

(a) F-actin

Myosin |l Merge
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NIH-3T3
30 png/mL
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i ——
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Control

121

myosin Il regulation is only slightly affected by incubation with SWCNTs—PF127, although F-actin is
alerted. (b) Confocal images of a SWCNT-treated (100 ug/mL) NIH-3T3 cell compressed in Z (top) and Y
(bottom) show F-actin outward protrusions and apical protrusions, respectively. These protrusions are

mostly devoid of myosin Il. (c) Control images of NIH-3T3 fibroblasts show more defined edges with actin

and myosin primarily at the basal region of the cell.
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Figure 5.C.17: SWCNT-treated fibroblasts generate less stress than control cells.® (A) NIH-3T3
cells were cultured on polyacrylamide hydrogels embedded with fluorescent particles coated with a
molecular layer of gelatin. These cells, which grew only on the gelatin squares, were then treated with
SWCNTs at 200 ug/mL for up to 1 day. When cells were manually removed from the substrate with a
microneedle, the translocations of the embedded particles were mapped to cellular stresses.?’ (A)
Phase-contrast images of control and SWCNT-treated cells show that the cells are well-adhered, spread
on the surface and take the shape of the pattern. (B) Cell stress vectors, with directions shown with
arrows and magnitudes represented with the intensity color maps. (C) Maximum stresses of multiple cells
tested were reduced with increased time of SWCNT treatment. A 95% traction stress refers to the highest
percentile of stresses, that is, the highest 5% of stresses (p = 0.001 at 21 h). (D) The traction stresses
averaged over whole cells were also significantly reduced (p = 0.005 at 21 h). Error bars are SEM with n

= 16 for treated cells and n = 20 control cells.
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Figure 5.C.18: Fibroblast traction stress generation.
SWCNT-treated (200 pg/mL for 24 h) NIH-3T3 cells confirmed that the cells were well-adhered and
spread to fill the micropatterned gelatin square surface on the polyacrylamide hydrogel. (Right) Heat map

of traction stress averaged over n = 16 for treated cells and n = 20 for control cells demonstrating that

SWCNTs reduce the magnitude but do not alter the distribution of traction stress.

cells (Figure 5.C.17 C). Also, the average traction stress is significantly reduced with increased SWCNT
treatment time (Figure 5.C.17 D).

Our previous studies examined force generation capabilities with comparisons between individual
cells or averaged mechanics.®® However, the regular geometry of cells allowed for composite overlays of
many SWCNTs—PF127-treated and control cells. We found that SWCNT treatment of fibroblasts reduces
121

average traction stress of the cells by half but does not alter traction stress distribution (Figure 5.C.18).
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5.C.f) Effects of SWCNTs on Mitosis

Confocal X-Y compressions revealed altered F-actin structures in isolated cells (Figure 5.C.19).66
Using widefield microscopy and imaging, we observed that ~60% of all SWCNT-treated cells showed
cytokinetic division defects, such as giant cells, multinucleated cells, incomplete cytokinesis or an
observable cleavage furrow (Figure 5.C.20),66 suggesting that cells are not able to proceed through cell
division. In contrast, only ~10% of untreated HelLa cells or cells treated with PF127 polymer showed any
division defects. We have used a ratio of SWCNT to PF127 of both 1:10 and 1:20, and an excess of

PF127 did not affect SWCNTSs effects on actin reorganization or cellular division defects.

Control

SWCNT-treated

Figure 5.C.19: Changes in cell shape and actin reorganization in single cells treated with
SWCNTs.% HeLa cells were grown at low confluency to eliminate cell-cell interactions and were treated
with 200 ug/mL SWCNTs for two days. Actin was labeled (rhodamine phalloidin, red), cells were imaged
with confocal microscopy and the XY projections were compressed. In these sample individual, isolated

cells it is obvious that actin structures are reorganized, stress fibers are lost and cell shape is altered.
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Figure 5.C.20: Unique cellular phenotypes associated with SWCNT treatment.®® HelLa cells treated
with 200 ug/mL SWCNTs with labeled actin (rhodamine phalloidin, red) and DNA (DAPI, blue) show a
small but finite number of altered cellular phenotypes including giant cells (A,B,D,E), multinucleated cells
with two (B), three (C), four (D) and many more (E,F) nuclei per cell. Control, confluent HelLa cells
showed a monolayer in culture (G), and treated confluent cells show little difference with phase contrast
imaging (H). Apoptosis and cell division, observed by nuclear condensation, are not observed in control
cells (I). However, SWCNT-treated cells show numerous dividing cells (J, arrows). When actin is labeled

in confluent cells, cells frozen in cytoskinesis are better observed (K). The scale bars are 50 um.

5.D) Discussion

5.D.a) Acute Toxicity

Our results demonstrate that SWCNTs are generally not acutely cytotoxic; however, we do
observe a dose-dependent reduction in cellular proliferation. While SWCNTSs are not acutely cytotoxic, we
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note that we have not performed a detailed cytotoxicity analysis. Currently we are performing more in-
depth analysis of potential SWCNT toxicity. Since cells are not killed within 72 h (a typical, longer
exposure time for our experiments), it suggests that SWCNTs may have potential to be used in acute
biological applications. Also, we have shown that cells recover from SWCNT exposure, potentially
decreasing the long-term impact of SWCNT exposure. Hence, after substantial further validation of
SWCNT safety, SWCNTs may hold potential for in vivo applications.

As for the differential responses between low and high seeding density, we suggest that the
seeding density-dependent reduction in proliferation may be related to focal adhesions and cell
spreading: cells at low seeding density, where cell/substrate interactions are more important than cell/cell
interactions, may be unable to effectively spread256 or form focal adhesions due to SWCNT-mediated
actin reorganization.ee’ .73 Also, SWCNT interactions with the cell membrane may alter cell/cell signaling
at low cell density. Fortunately for potential SWCNT-based biological applications, minimal deleterious
cellular effects were observed at higher seeding densities, suggesting that SWCNTs would not be as

cytotoxic for many in vivo applications where cells naturally exist at higher densities.

5.D.b) SWCNT/Actin Interaction

We suggest that a small, non-specific interaction of the SWCNT with the available face of the
actin monomers may be insufficient for stable association. However, a sliding behavior of SWCNTs along
the filament may allow a continuous association of SWCNTs along F-actin. This interaction may be due,
in part, to similar anisotropic properties (e.g., aspect ratio >> 1) of SWCNTs and F-actin. Specifically, the
persistence lengths of F-actin and SWCNTs are nearly similar, suggesting similar length scales of
entropic fluctuations. The possibility for substantial lateral interactions between SWCNTs and F-actin is
further supported by our experiments that demonstrate that SWCNTSs do not alter G-actin localization.

Both F-actin and G-actin solutions were able to generate dispersions of SWCNTSs. Interestingly,
both F- and G-actin generated dispersions with yields that are similar to DOC. Additionally, NIR
fluorescence was achieved for both actin dispersions, confirming the presence of individualized SWCNTSs.
However, the quantum vyield of the actin dispersions was ~100x less than DOC. We suspect that while

actin structures can interact with SWCNTSs, as demonstrated by our modeling results and as observed

123



experimentally both in cells and ex vivo,*® ™’

actin likely also generates small bundles of SWCNTSs. As a
result, actin can provide a high yield of nanotube dispersion (at a similar yield to SWCNTs—DOC) due to
small bundles which allow SWCNTs to remain dispersed but do not fluoresce, resulting in relatively weak
fluorescence intensity.

For the actin dispersions, we used SWCNTs with smaller diameters than our other studies, which
prohibited our Raman system’s ability to use RBMs to determine SWCNT dispersion state. However,
more of these SWCNT chiralities fluoresce with wavelengths that can be detected in our Raman system.
SWCNTs-DOC Raman spectrum shows intense NIR fluorescence, while the actin dispersions possessed
minimal fluorescence, in agreement with NIR fluorescence spectroscopy. Also, all samples had similar
Ip:lg, confirming that no DA generated defects in the SWCNT structure.

FLIM also led to insights into SWCNT/actin interaction. Through the SWCNT-mediated change in
fluorescence lifetime, we have shown direct interactions (within ~5 nm) of SWCNTs and purified actin
filaments produced ex vivo, and intracellular FLIM results have suggested that SWCNTs and F-actin
directly interact within cells. We suggest that the similarities in diameters and persistence lengths of F-
actin and SWCNTSs are responsible for the preferential interaction. Cells have a large concentration of F-
actin, and we have observed delivery of up to 10° SWCNTs per cell."" These high concentration
constituents could associate via weak, lateral protein-SWCNT interactions, the global strength of which is
additive along the SWCNT interface with the repetitive actin filament. Modeling demonstrated that the
anisotropic, similar interface SWCNT is able to travel in one dimension along F-actin and maintains
regions of semi-stable interaction. This dynamic association can then stabilize relatively short actin
filaments within the cell away from basal stress fibers and in apical F-actin structures. The SWCNT/F-
actin interaction does not appear to substantially impact myosin II; there are no localization changes of
myosin |l except to a small degree in combination with highly distorted F-actin structures.

Taken together, we suggest that there is likely a weak binding enthalpy between the polymer-
coated SWCNTs and the actin filaments. While we have seen no evidence of strong protein binding to
dispersed SWCNTs—-PF127 (e.g., BSA, G-actin), even a slightly preferential binding energy between actin
monomers and SWCNTs would be amplified by the increased contact area along the length of actin

filaments and SWCNTs since both molecules are anisotropic and of similar sizes.?’ Any such
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SWCNT/actin interaction in the cell would be accentuated over other protein or macromolecule
interactions due to the high concentration, anisotropy and remodeling speed of actin. Also, immediately
after entering the cell, SWCNTs have the most access to actin of any anisotropic or polymeric
macromolecule, which may facilitate this non-specific interaction. Collectively, these results suggest a

preferential interaction of SWCNTs with F-actin, both inside the cell and in vitro.

5.D.c) SWCNTs Reorganize F-actin Structures

For the Z-distribution of F-actin structures, not only does the intensity information itself yield
useful information but also the magnitude of the error bar can lead to scientific insight. Specifically, the
size of the error bars for SWCNT-treated cells is indicative of large heterogeneity of F-actin distribution
compared to control. The significantly larger area under the curve for SWCNT-treated cells, which is the
total fluorescence intensity and hence proportional to total F-actin, is possibly due to a G- to F-actin shift
or an upregulation of actin.

In addition to altering F-actin structures, we also observed subtle alterations to focal adhesions.
Since we purposefully selected for small (~150 nm) SWCNTs, it is unlikely that small points could be
acting as zones of increased stiffness that redistribute focal adhesions. Since F-actin structures are
altered before focal adhesions and are alerted to a greater extent, it may be that changes in F-actin
distribution may induce changes to focal adhesions.

SWCNTs were also shown to reduce F-actin stress fiber length which could substantially alter
cellular functions. Shortened stress fibers could prevent sub-cellular transport, mechanical stress
transmission, mechanotransduction, efc. Therefore, SWCNTs — through F-actin alterations — could lead to
altered cellular functions. To answer these questions, we have investigated motor proteins and traction

stress of SWCNT-treated cells, as discussed below.

5.D.d) Effects of SWCNTs on Motor Proteins

While SWCNTSs drastically alter F-actin structures, it is interesting that the actin-associated motor

protein myosin Il is not mislocalized. Therefore, while F-actin structures are reorganized, not all
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associated F-actin structures/functional molecules are altered. Hence, cells may be more robust to

SWCNT exposure than anticipated from only considering the potential impacts from F-actin alterations.

5.D.e) Effects of SWCNTs on Cellular Traction Stress

We have shown that SWCNTs reduce cellular traction stress. Considering that SWCNTSs reduce
F-actin stress fiber length, it is reasonable that cells cannot transmit force as effectively, manifesting as
reduced traction stress. Hence, we suggest that this reduction in traction stress is due to loss of larger

actin stress fibers which transect the cell and allow for larger forces.

5.D.f) Effects of SWCNTs on Mitosis

It is possible that cells were arrested in late cytokinesis because SWCNTSs stabilized the actin
filaments recruited to the cleavage furrow,?® and the actin could not disassemble to allow the cell to
proceed through cell division. Alteration of actin structures could also explain phenotypes of giant cells.
The significant increase in division defects warrants careful study before utilizing SWCNTSs for biological

applications.

5.E) Conclusions

Nanomaterials such as SWCNTs have potential for use in biological applications, but their impact
on human health is still unknown. By understanding potentially hazardous conditions, proper safety
measures can be initiated for production, handling and disposal. Inert nanomaterials may be small
enough to be ignored by the organism’s foreign body and immune response or by cellular responses, but
we have observed that SWCNTs accumulate in the cells and interfere with cellular processes. The
dramatic phenotype observed in SWCNT-treated cells also raises the question on how to define “toxicity”.
We observed no acute cell death, but a reduction in cell proliferation can be seen as a significant
environmental hazard. Here, high concentrations of SWCNTs bundle actin filaments, reorder actin inside
the cell and reduce cell proliferation. The potential long-term, bioaccumulative effects warrant prudent

consideration for the use of SWCNTs and nanomaterials in general for widespread applications.
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We also observed that purified and dispersed SWCNTs can induce dramatic anisotropic actin
bundle formation both in cells and ex vivo. Disrupting or remodeling of F-actin structures can greatly alter
cell functions, and targeting F-actin has the potential to provide novel disease therapies. Thus far,
naturally occurring substances such as actin stabilizers such as Jasplakinolide,*® actin depolymerizing
agents such as Latrunculin A and cytochalasin D,?®° and actin remodelers such as gelsolin®®' have been
utilized to modify actin organization and have been widely used in cell biology, cell mechanics and

biophysics research.?®

However, a lack of cell-specific targeting has prevented their application in
medical treatments including anticancer therapies since nonspecific actin reorganization within an
organism would be disastrous.?*®

SWCNT-treated cells showed greatly reduced cell proliferation with an increased actin-related
division defects, but did not show acute cell death including necrosis and late apoptosis. Images obtained
using laser scanning confocal microscopy show that actin, normally present in basal stress fibers in
control cells, is located in heterogeneous structures throughout the SWCNT-treated cell. This dramatic
reorganization of actin using synthetic molecules within a cell, while not grossly disrupting cell shape or
causing apoptosis, represents a novel tool for probing fundamental cellular properties. The potential for
biotechnological advances, such as cancer therapies, by studying targetable moieties that can selectively

stop cellular division but not cause death or elicit the immune responses is extremely promising. Unlike

many natural small molecules, SWCNTs and the polymer coating can both be modified for targeting.
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CHAPTER 6: SUMMARY AND CONCLUSIONS AND FUTURE OUTLOOK

6.A) Summary and Conclusions

SWCNTSs are a new, unique nanomaterial that is being heavily explored in numerous disciplines
for a myriad of applications. Due to their inherent, desirable properties for biological applications,
pioneering research has focused on developing SWCNT-based biotechnologies. However, relatively little
attention has been focused on generating highly purified, length selected, well dispersed SWCNTs for
biological applications. Therefore, for this thesis, our research focused on utilizing dispersions of highly
purified, length-selected SWCNTSs.

In Chapter 2, it was shown that proteins can, in general, be used to disperse SWCNTs in water
and that depletion-attraction has no substantial effect up to 100:1 BSA:SWCNT. Increasing sonication
time increases individualization of SWCNTs but concomitantly increases defects into the SWCNT
structure, demonstrating that there is a tradeoff between increasing sonication time and preservation of
SWCNT optical properties. Perhaps the most important result of the chapter is the critical need for
dispersions to be stable in physiologically relevant solution. While the outcome is somewhat obvious, the
field typically generated dispersions that were suggested for use in biological applications but their
stability was typically not tested. Our work not only highlights the need for stability but also generalized
how different classes of proteins disperse SWCNTSs.

Chapter 3 contained another major contribution of this thesis: the quantification of the time rate of
uptake and concentration dependent uptake of SWCNTSs into various cell types, enabled by designing a
new methodology using Raman spectroscopy to determine SWCNT concentration in cellular lysates.
These values were previously unknown for virtually all SWCNT dispersions, and the results were
somewhat surprising: dynamic equilibrium on the order of seconds to minutes and a threshold
concentration of ~10 ug/mL above which the concentration-dependent uptake is lower. Additionally,
SWCNTSs’ ultimate sub-cellular localization was imaged using confocal Raman spectroscopy and imaging,
yielding valuable information regarding cellular fate of internalized SWCNTSs. Finally, the rate of recovery

from SWCNT exposure was quantified, revealing that SWCNTs—-BSA could be expelled from within cells.
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The results described in Chapter 4 revealed that SWCNTs are internalized into cells by
endocytosis only (not membrane penetration). After ~30 min of exposure to SWCNTs—PF127, the number
of cellular endosomes increases while after 24 h it returns to control levels. Understanding the uptake
mechanisms’ subtle details is also critically important for the design of SWCNT-based biological
applications. The discovery of the membrane activity of SWCNTs—PF127 — without physical penetration
of the cell membrane — allows for new approaches for sub-cellular delivery of SWCNTs and other
molecules internalized via endocytosis.

Importantly, we showed that highly purified, length-selected, well-dispersed SWCNTs are not
acutely cytotoxic but reduce cellular proliferation. Additionally, we observed altered mitosis, cell shape,
nuclei and mitosis at high levels of SWCNTs. Our results highlight an important phenomenon of inert
nanoparticles: biocompatibility is much more than simply not killing cells. Instead, nanoparticles may
generate altered sub-cellular organization and function, ultimately leading to cellular pathologies which
could then, in turn, be highly detrimental to in vivo applications, especially for long-term exposures.

Along those same lines, we also discovered that SWCNTs reorganize F-actin structures both
within cells and ex vivo. Via molecular dynamics simulations and ex vivo experiments, we determined that
SWCNTs can bind F-actin in a non-specific manner and slide along the filament. Hence, highly
anisotropic, sub-persistence length SWCNTs will be able to bind and slide along F-actin filaments.
Functionally, this results in altered cellular states including reduced cellular traction stress (without
alterations to myosin Il) and altered mitosis. However, F-actin related structures — e.g., myosin Il and
paxillin — show minimal to no reorganization.

In conclusion, the work of this thesis focused on SWCNT sub-cellular interactions with cells and
the role of the SWCNT dispersing agent on controlling these interactions. The scientific discoveries here
reveal important facts regarding SWCNT cellular uptake and localization, the subtle but extremely
important SWCNT-subcellular alterations and the cellular processing of SWCNTs. These findings, while
focused on SWCNTSs, can be generalized and are important for defining and understanding nanoparticle
toxicity, the engineering of nanoparticle-based drug delivery systems and modulating sub-cellular

processing of nanoparticle by properly engineering the nanoparticle interface.
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6.B) Future Outlook

As for the future of SWCNTs for use in biological applications, there appears to be some
particular applications for which SWCNTs are well suited. These areas of opportunity range from both
basic science to clinical applications.

For basic science, this thesis suggests that since SWCNTSs alter F-actin structures, they may be
utilized as a new actin disrupting molecule. SWCNTs’ strong optical absorbance may allow for specific
ablation of nano-sized regions of F-actin structures within live cells. Another potential application is to use
SWCNTs as a model nanoparticle for further study of cellular uptake and expulsion of nanoparticles.
SWCNTSs are particularly useful for these studies due to their unique, strong optical properties that allow
for sensitive quantification of their concentration, resistance to degradation and inherent cellular uptake.
Another interesting basic science application is the potential to further investigate the role of dispersing
agent on sub-cellular processing. Since many molecules can disperse SWCNTSs, it allows for the facile
investigation of dispersing agent-dependent effects on sub-cellular processing, separated from the effects
of SWCNTs themselves.

One medically orientated application that is being developed for clinical trials is gadolinium-
loaded ultra-short SWCNTs (GNTs). For magnetic resonance imaging (MRI), contrast agents are needed

263

for a plethora of diagnoses.”™ Chelated gadolinium is the current clinical standard as a MRI contrast

agent; however, the contrast is relatively low, necessitating large doses.?®®

There is potential for
substantial adverse reactions to the agents; therefore, new formulations that can reduce the dose and
enhance the contrast would represent a substantial improvement to patients. GNTs are a new type of
MRI contrast agent with at least an order of magnitude enhancement to the contrast.”®* Preliminary
studies have demonstrated that GNTs are not toxic and function as enhanced MRI contrast agents.264
Currently, they are being developed for human, clinical use.

Another potential application is for in vivo imaging.'® ** However, as described in Chapter 1,
imaging beyond a few millimeters is not feasible due to substantial scattering and absorbance from tissue

molecules. Therefore, imaging applications are subject to inherent limitations. However, SWCNTs do

represent a relatively unutilized area of spatial resolution and penetration depth. Therefore, it is
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conceivable that SWCNTs can be used to image features quite near the surface or features next to which
a probe can be used for imaging. Additional barriers to SWCNT use as imaging agents is their low
quantum yield compared to competitors such as quantum dots whose quantum confinement can be tuned
to exist in the biological window. However, quantum dots are synthesized of cytotoxic materials which
may motive using properly prepared SWCNT use to minimize toxicity.

SWCNTSs are being engineered for specific sensing applications, especially for biomolecules.'® ?*
265 Currently, pioneering research is being undertaken to embed SWCNTSs into hydrogels and implant
them under the skin to sense nitric oxide and glucose.19’ 20.26% gince SWCNTS do not degrade and can be
dispersed in a manner to make their fluorescence extremely sensitive and specific, it allows for
unprecedented biomolecule sensing.

Also, SWCNTs have been highly investigated to be used as a drug delivery vehicle.””® Due to
their high surface area, internalization into cells and potential for imaging (optical or MRI if loaded with
gadolinium), SWCNTSs represent a unique vehicle with advantages over current materials. However, the
long-term fate of SWCNTs in the body and the ability to release payload at the site for delivery are
challenges that must be overcome before SWCNTs can be a viable candidate for clinical applications.

In conclusion, SWCNTSs possess unique properties that position them as materials with numerous
advantages over current materials for specific biological applications. However, there are many
fundamental and technical challenges that impose limitations to potential SWCNT biological applications.
Therefore, it seems that SWCNTs will be utilized for biological applications when their
properties/advantages substantially outweigh the potential risks associated with SWCNTs and the

limitations of the current state of the art materials.
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GFP (non-specific transfection)
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three dimensional
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biomedical engineering
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cell culture media

carbon nanotube

carbon dioxide

constant phase element
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disorder band
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sodium deoxycholate
dioleoyl-sn-glycero-3-phosphocholine
dipalmitoyl-sn-glycro-3-phosphocholine
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fluorescence lifetime imaging microscopy
graphene band
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pAc-GFP1-Endo

gamma (y) globulins
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human mesenchymal stem cells
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LMs
LSz
MIP
MP

NA

NIR
PBS
PEG
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PMT
PTFE
QSAR
R
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stBLMs
SWCNT
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Ti
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vDW
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lysozyme
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near-infrared
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Pluronic F-127

photomultiplier tube
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quantitative structure—activity relationship
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solvent accessible surface area
sparsely-tethered bilayer lipid membranes
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time-correlated single photon counting
i fluorescence lifetime time constant
mean fluorescence lifetime

total oxidizable carbon
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