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University of Pittsburgh, 2010

Carbon nanotubes (CNTs) hold exceptional promise for an array of applications in numerous
disciplines. Discovered in 1991 by Sumio lijima, CNTs have been synthesized in a myriad of
varieties including single-walled (SWNTSs), multiwalled (MWNTSs), and chemically doped,
resulting in unique electronic and physical properties, as well as an innate biocompatibility
towards biological organisms. Such attractive properties have been demonstrated in CNTs’
implementation in applications such as electronic sensors, drug delivery vehicles, and
reinforcements in composite materials. Moreover, by chemical doping, carbon nanomaterial
hybrids have been formed with intrinsic morphological and physical properties differing from
their un-doped counterparts.

Despite successful execution in these areas, reports have been generated indicating
degrees of cytotoxicity induced by carbon nanotubes. Specifically, CNTs have demonstrated
asbestos-like pathogenicity, resulting in pro-inflammatory response and granuloma formation.
Additionally, because CNTs are composed of sp? hybridized carbon atoms, they possess an
inherent resiliency toward degradation.

In my Ph.D. studies, we have addressed multiple facets of the growing field of carbon
nanomaterials. We have synthesized a nitrogen-doped carbon nanomaterial using the process of
chemical vapor deposition, which we called nitrogen-doped carbon nanotube cups. These doped
nanostructures can be conceptualized as stacked cups, which can be separated into individual
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cups through mechanical grinding. Characterized through a variety of microscopic and
spectroscopic methods, we observed that the presence of nitrogen functionalities on the cups’
open basal rims allows for cross-linkage, forming nanocapsules capable of encapsulating a
desired cargo. We also hypothesize that the presence of nitrogen functionalities will increase
their biocompatibility for drug delivery and imaging applications.

To address the realm of “nanotoxicity”, we have performed investigations of benign
degradation methods, specifically enzymatic catalysis, to oxidize carbon nanomaterials. We
have observed that incubation of carbon nanomaterials with a peroxidase-based enzyme (such as
horseradish peroxidase) with low levels of H,O, (40 puM) results in the oxidation of carbon
nanomaterials to CO, gas over ten days at room temperature. Subsequent research has
elucidated the nature of interactions between carbon nanotubes and enzymatic cofactors. These
studies, thus, elucidate a benign approach to degrade carbon nanomaterials, typically oxidized

under harsh acidic conditions or thermal oxidation in air.
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1.0 INTRODUCTION

An allotrope of carbon, carbon nanotubes (CNTSs) are elongated members of the fullerene! family
comprised of carbon atoms arranged in cylindrical fashion. Typically these structures can range
on the order of 1 - 3 nanometers in diameter for the single-walled variety or tens to hundreds of
nanometers in diameter for the multi-walled variety. In addition, typical lengths average from a
few microns to centimeters long, giving them an extraordinarily high aspect ratio (length to
width). It is this aspect ratio that gives rise to interesting applications in a multitude of
disciplines. Because CNTs are electrically conductive, they have been utilized as one-
dimensional wires in electronics applications. Composed entirely of surface atoms, CNTs are
afforded the unique opportunity to sense changes in a local chemical environment. Indeed, by
implementing such a material in electronics applications, resistors and transistors have been
made to act as sensors for chemical® and biological species.® Furthermore, their small size and
all-carbon composition offer the ability to integrate these 1-D structures, not only as sensing
elements, but also into biological environments as composite materials.” It is these fundamental
aspects of carbon nanotubes that allow for probing of chemical species, gases, and biologically
significant environments, thus aiding in the basic understanding of complex interactions in a

variety of systems.



11 PHYSICAL AND ELECTRONIC STRUCTURE

In 1991, Sumio lijima discovered carbon nanotubes in the multiwalled variety while studying the
surface of carbon electrodes used in an electric-arc discharge apparatus employed to make
fullerenes.” These needle-like carbon fibers had diameters of 4-30 nm and a length of 1 pm.
Later, in 1993 lijima® and D. S. Bethune’ simultaneously published the discovery of a single-
walled variety with diameters of ~ 1 nm. These discovered carbon nanotubes can best be
conceptualized by considering a 2-dimensional sheet of graphene, an atomically thin layer of sp?
hybridized carbon, rolled up into a cylindrical shape® as shown in Figure 1. Multiwalled carbon
nanotubes (MWNTS), as shown in Figure 1, consist of many concentrically nestled tubes
separated by a distance of 3.4 A between adjacent walls. The other common variety of
nanotubes, single-walled carbon nanotubes (SWNTS), contains only one graphitic wall, as shown
by the inner most concentric CNT in Figure 1 (colored blue).

The intrinsic properties of carbon nanotubes, in terms of electronic structure, can be
derived from their chirality, or in a more conceptual sense, how the single graphene sheet is
rolled to form a cylinder. As such, there is a variety of ways that this sheet can roll upon itself,
such as direct overlap or at a particular angle. Typically, this “roll-up” geometry is described by
two specific vectors, termed roll-up vectors and labeled as (n, m)® as shown in Figure 1, C.
Again, based upon a graphene model, each carbon atom within the graphitic lattice has three sp?
electrons bonded to each nearest neighbor and one 2p, electron, which projects normal from the
axial surface, thus creating a delocalized 7-electron system.® The roll up vectors describe the
relative overlap of these orbitals and indicate whether the system is metallic, satisfying the
conditions n-m values equal 3k or 0 where k is any integer value, or semiconducting for all other

values not satisfying this condition.



graphene sheet

Figure 1. A) Conceptual analogy of carbon nanotube (CNT) formation by “rolling up” of a single
sheet of graphene. B) Representation of multiwalled carbon nanotube (MWNT) where concentric walls are
spaced 3.4 A apart. Innermost blue region represents a single-walled carbon nanotube (SWNT). C)
Graphene sheet depicting roll up vectors (n, m). Vector pairs designate roll up notation. D) Schematic of

zigzag and armchair nanotube formation.



To give a more thorough explanation to this phenomenon, metallic CNTs have a finite
density of electronic states (no band gap) at their Fermi level — the position between valence and
conduction bands. For our purposes, we can loosely define the top of the valence band and the
bottom of the conduction band as the CNT highest occupied molecular orbital, HOMO, and
lowest unoccupied molecular orbital, LUMO, respectively. In contrast to metallic CNTSs,
semiconducting CNTs have a region of forbidden electronic states between the HOMO and
LUMO, and therefore possess a band gap. Specific classifications of carbon nanotubes with
varying roll up vectors have also been given: armchair nanotubes have roll-up vectors such that
n =m, also denoted (n, n). Zigzag CNTSs satisfy the condition such that the roll up vectors are (n,

0) as demonstrated in Figure 1, D. Lastly, chiral nanotubes must satisfy the condition (n# m).

1.2 CARBON NANOTUBE SYNTHESIS

Currently, there are three predominant techniques employed for the synthesis of carbon
nanotubes: (i) arc discharge,’ (ii) laser ablation,'* and (iii) chemical vapor deposition.** While
there are other methods including flame synthesis,™ liquid hydrocarbon synthesis,** and plastic
pyrolysis,™ these methods are not currently developed to the capacity of those previously
mentioned. As such, we will briefly describe the process of arc discharge and laser ablation,
with a more lengthy discussion of chemical vapor deposition, since this is the technique we
currently employ.

Highly crystalline MWNTSs were first discovered by lijima, as previously mentioned,” in
soot formed by the direct current (dc) arc discharge method. The principle of this technique is

the generation of an electric arc between two closely spaced (<1 mm), graphite electrodes under
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an inert atmosphere of helium or argon.™®

Additionally, this process (shown in Figure 2, A) is
typically carried out at reduced pressures of 50 — 700 mbar.*® To synthesize carbon nanotubes
using this technique, a direct current, between 50 and 120 A carried by a driving potential of ~30
V creates a high-temperature plasma (3000 °C) between the two electrodes.'® During the arcing,
a deposit forms on the cathode while the anode is consumed.” In the interelectrode plasma
region, the carbon electrodes sublime and condense rapidly to form CNTs and other carbon by-
products.  This deposit presents a cigar-like structure in which a gray shell is forned around the
periphery (Figure 2, B). The inner core of this electrode, however, is where carbon nanotubes
are formed, as well as polyhedral graphene particles. Single-walled carbon nanotubes can
additionally be produced by this method by the simple modification of changing to Fe-graphite
electrodes.® It is here that the first “hints” of requiring a metal catalyst for SWNT growth are
shown, as will be discussed later.

The premise of a second synthesis technique, laser ablation, is very similar to that of
electric arc discharge. The use of high-powered lasers in conjunction with high temperature
furnaces offers another alternative to the arc discharge approach in producing both SWNTs and
MWNTSs. In this technique, laser vaporization of a graphite target in a silica tube with inert
argon atmosphere takes place. This whole system (Figure 2, C) is confined to a high
temperature furnace at ~1200 °C, thus generating MWNTs.?® As is shown, an NdYAG laser is
typically used to vaporize the graphitic target, and subsequent condensing and collection occurs
on a cooled water trap. Also similar to the arc discharge technique is the process to produce
SWNTSs from laser ablation. In order to produce SWNTSs using this technique, it is necessary to

19
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use metal particles, which catalyze the reaction. In this sense, Thess et al.”™ were the first to

produce SWNT bundles (Figure 2, D) by using a graphite-Co-Ni target. These bundles mainly



contained (10,10) nanotubes packed in crystalline form, however when other groups tried to
repeat this procedure less than 20% exhibited this type of chirality, indicating the difficulty of
reproducibility using this technique.?’ It is mainly important to mention the disadvantages of this
technique. In particular, laser ablation is not economically advantageous, as the process involves
high purity graphite targets, the additional expense of the high powered lasers, and the yield of

nanotubes is not nearly as high as the last technique we will discuss.
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Figure 2. A) lllustrative schematic of electric-arc discharge apparatus. Helium provides the inert
atmosphere, while a vacuum pump reduces the internal pressure in the chamber containing high-purity
graphite electrodes. B) Optical image of a graphite electrode used in electric arc discharge. Cigar-like
structure is clearly evident with nanotube growth being predominantly contained to the soft, dark interior
portion. C) lllustrative schematic of laser ablation apparatus. An NdYAG (Neodymium-doped yttrium
aluminum garnet) laser vaporizes a graphite-Co-Ni target to produce SWNTs. D) Transmission electron

microscope (TEM) image of SWNT bundle produced by laser ablation technique.



Chemical vapor deposition (CVD) is currently one of the most common techniques for
growing CNTSs of both multi- and single-walled varieties. The technique is essentially a thermal
dehydrogenation reaction in which transition metal catalysts lower the temperature required to
decompose a hydrocarbon feedstock into component carbon and hydrogen. Because of its
inherent operational simplicity, many variant techniques have been reported including, (i)
floating catalysts,? (ii) fluidized beds,? (iii) fixed beds,?® (iv) aerosols,?* and (v) combination
methods® such as laser- and microwave-assisted CVD.

To cover this method from a basic perspective, there are two main aspects involved in the
CVD process: catalyst preparation and type, and the actual reaction itself. Catalysts are
commonly prepared using one of four specific methods: (i) impregnation,® (ii) sol-gel,?’ (iii)
metallo-organic CVD,?® or (iv) co-precipitation.”® In addition to these techniques, catalyst
preparation may be formed in situ via the decomposition of volatile metallo-organic compounds
within the reactor and without the use of a substrate. This type of preparation method is known
as the floating catalyst method.®® Reaction methods, though they vary slightly, are typically
initiated by the introduction of a gaseous or liquid carbon feedstock, at moderate temperatures
between 500 and 1000 °C. Figure 3 shows both a schematic view of a typical CVD apparatus
and a photograph of our own house-built CVD reactor for illustrative purposes. In this
arrangement, typically used for a fixed-bed mechanism, a cross-flow set up is used inside a
horizontal furnace where hydrocarbon vapors decompose onto the solid catalyst bed to form

CNTs.



CVD offers excellent versatility in synthesizing nanotubes directly on to useable
substrates. By growing nanotubes on a solid substrate such as a silicon wafer, these nanotubes
can be immediately incorporated into electronic devices such as field-effect transistors,
chemresistors, and field-emission devices.*® This is a significant advantage over both laser
ablation and electric arc discharge techniques, as no immediate applications can be realized
without the further processing of nanotubes from the starting material, graphite electrodes.

While all these techniques offer some simplicity in operation, carbon nanotube growth
has been at the forefront of serious conjecture among researchers. Despite this scrutiny, the
exact mechanism of CNT growth is still not fully understood. However, even if this specified
growth technique has yet to be completely analyzed, several factors remain constant for CNT
formation: 1) a carbon source, 2) a heat energy source to achieve sufficient decomposition of the
carbon source, and 3) especially in the case of SWNTSs, the presence of a transition metal

catalyst.
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Figure 3. A) Schematic illustration of a typical chemical vapor deposition (CVD) reactor with

optional gas and liquid feedstock ports. B) Photograph of our current CVD reactor.



1.3 CARBON NANOTUBE TOXICITY

While carbon nanotubes have been garnishing more applications in commercialized products, as
well as biological applications, an intrinsic drawback has yet to be discussed: they have shown a
variety of toxic and cytotoxic effects. Of some disconcertment, carbon nanotubes (needle-like in
shape) have been compared to asbestos.** Exposure and the industrial use of asbestos has led to
a global pandemic of lung diseases. Studies of exposed populations showed that the main body
of the lung was a target for fibrous asbestos, resulting in granuloma formation and scarring.*
Toxicologists have, thus, derived a benchmark in which a hazardous asbestos fiber is thinner
than 3 pm, and longer than ~20 pum, without breaking into shorter fibers.** Additionally,
concentrations must be reached to cause chronic activation of inflammatory cells, leading to

fibrosis and cancer in the target tissue.*®

An analogous comparison between asbestos and carbon nanotubes has led researchers to
assess the inherent health risk of such fiber-like nanoparticles. It has been recently shown that
certain modifications of multiwalled carbon nanotubes can induce mesothelioma in mice
following intraperitoneal injection.*® However, these findings (specific for long,
unfunctionalized MWNTSs) are exceptionally difficult to extrapolate to other carbon nanotube

3738 Moreover, MWNTSs have been excluded from those with carcinogenic potential

types.
according to a recent two-year bioassay study, which utilized intraperitoneal injection.*® Such
studies have demonstrated that fiber-length and bio-persistence are the key physical properties

that may be relevant for potential toxicity, suggesting that short (functionalized) carbon

nanotubes will be preferred for future biomedical product development.
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Regarding single-walled carbon nanotubes, available toxicological data are still
fragmentary and subject to criticism as no definitive consensus has been established. For
instance, in vivo studies demonstrated strong inflammatory response from carbon nanotubes that
reach the lungs in animal models.*® In a second study, cytotoxic responses and apoptosis during
in vitro cellular studies were observed as a result of incubation with SWNTs and MWNTs.*
However, in spite of this work, other in vivo* and in vitro® studies have demonstrated low or no
toxicity associated with carbon nanotubes. This discrepancy may be due to a lack of appropriate
methods of characterization of nanomaterials prior to and after exposure to living cells or
animals, as well as inadequate exposure protocols.** Furthermore, the inherent inhomogeneous
nature of CNT samples may be responsible for contradictory results. Researchers have, thus,
started investigations into certain aspects of CNTSs for their potential role in toxicity. These have
included (1) the length of carbon nanotubes, (2) the role of residual catalytic material, (3) and the

degree of hydrophilicity.

1.3.1 Role of CNT Length

Several studies have attempted to elucidate the influence of CNT length on overall toxicity.
Subcutaneous injection of chemically “cut” MWNTSs of two length regimes, 220 nm and 825 nm,
resulted in a pro-inflammatory response from both lengths.”> However, the inflammatory
response lessened for those CNTs at 220 nm length due to the ability of macrophages to readily
engulf the fibers of smaller length. A second investigation studied the toxicity effects of MWNT
exposure within the mesothelial lining, or lung lining, of mice. Poland et al. demonstrated that
MWNTs with lengths greater than 20 pum promoted a pro-inflammatory response and the
formation of granuloma lesions in the mesothelial lining, an analogous behavior to asbestos
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exposure.*® Short, tangled MWNTSs, on the other hand, elicited only a minor inflammatory
response. Such minimization of inflammation was once again attributed to the ability of
macrophages to engulf CNTs, quelling their toxic effects. These studies demonstrate the
influence of carbon nanotube length, albeit other factors such as surface functionality must still

be considered.

1.3.2 Role of Residual Catalytic Material

As previously mentioned, transition metal catalysts are often used for the synthesis of carbon
nanotubes, resulting in their encapsulation within a graphitic lattice or surface adsorption on a
graphitic lattice.*” It is possible to remove these transition metal particles; however, this
generally requires treatment by harsh acids*® or heating at high temperatures.”® Studies have
shown that the presence of residual metal catalyst in commercial CNT samples resulted in an
increased cellular concentration of reactive oxygen species (ROS).** Conversely, CNTs that had
been acid-treated to remove residual catalytic material demonstrated little to no ROS formation.
This was similarly confirmed in studies where Fe-containing CNTs promoted oxidative stress
and antioxidant concentration reduction for macrophages relative to CNTSs stripped of iron by
thermal and acid treatment.”® Based on these preliminary results, the presence of transition metal
catalysts promotes the formation of ROS that causes oxidative stress. The production mechanism
is highly analogous to the process of Fenton catalysis,”* known to produce hydroxyl radicals

(*OH) through the homolytic cleavage of hydrogen peroxide (H205).
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1.3.3 Degree of Hydrophilicity

Not so surprisingly, carbon nanotubes (utilized in both hydrophobic, pristine form and oxidized,
hydrophilic form) contribute differently to overall toxicity. Thus far, it appears that more
hydrophilic CNTs demonstrated enhanced cytotoxicity, relative to pristine, as-prepared CNTSs.
For example, Bottini et al. showed that oxidized CNTs (dose: 400 pug/mL) induced apoptosis in
T cells.®® Contrary to this, pristine CNTs elicited minimal inflammatory response, presumably
stemming from aggregation in an aqueous environment and possibly increasing the ease of
macrophage isolation. As imparted hydrophilicity to oxidized CNTs results in their increased
dispersivity and difficulty in isolation by macrophages, there is a higher probably of increased
cellular dispersion, which may be responsible for their pro-inflammatory responses and even

apoptosis.

1.4  OVERVIEW OF RESEARCH PROGRAM

The work reported herein discusses a multifaceted approach to the field of nanotechnology,
specifically from a carbon nanomaterials viewpoint. We consider new nanomaterials
development, impending toxicities and methodologies to mitigate these effects, and useful
applications derived from carbon nanomaterials.

Chapter 2.0 details the synthesis of novel carbon nanomaterials known as nitrogen-doped
carbon nanotube cups (NCNCs). Utilizing the synthetic process of chemical vapor deposition,
NCNCs are formed by the addition of a nitrogen precursor (such as acetonitrile) with a

hydrocarbon precursor of ethanol (EtOH) and iron catalyst (ferrocene) to form carbon fibers that
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are inherently segmented, analogous to the stacking of Styrofoam cups. Such fibers were
characterized by a variety of methodologies including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM).
Characterization revealed the ability to separate the “stacked-cup” fibers into individualized
cups, possessing an open basal rim and closed conical top. Further AFM analysis revealed the
presence of functionalities on the open basal rim, capable of hydrogen bonding to a hydrophilic
surface. These groups were subsequently manipulated utilizing bioconjugation schemes through
biotinylation and incubation with streptavidin-coated gold nanoparticles (GNPs). Using force
volume measurements, it was possible to monitor the relative adhesion forces between modified
and unmodified-cups participating in hydrogen bonding. Such studies provided indirect results
alluding to the presence of nitrogen functionalities, primarily concentrated on the open basal
plane.

Chapter 3.0 extends the study of nanocups by further exploiting the primary
concentration of nitrogen functionalities on the open basal rim. We demonstrated that by the
simple addition of a fixing agent, such as glutaraldehyde, nanocups can be cross-linked to form
nanocapsules. Furthermore, these capsules are capable of encapsulating a wide variety of cargo,
presumably through a capillary action-like effect. In our studies, we have encapsulated
commercially-available gold nanoparticles (mean diameter: 5 nm, sodium citrate capped) by
their addition to separated nanocups prior to cross-linkage. Internalization was monitored by
tracking the surface plasmon resonance peak exhibited by GNPs, as well as characterization by
AFM. The general applicability of this approach was further demonstrated by the encapsulation

of fluorescent quantum dots, specifically ZnS nanoparticles doped by Th**.
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In Chapter 4.0, we focus on controlling the volumetric parameters of nanocapsules by
first controlling the physical parameters of the starting fibrous material. As it has been
previously demonstrated that the diameters of carbon nanotubes can be controlled by
implementation of monodispersed catalyst particles, we investigated the diameter control of
NCNCs by synthesizing a variety of monodispersed iron catalyst particles in the following size
regimes: 1-5 nm, 5-10 nm, and 10-20 nm. Using a thermal decomposition reaction involving
iron pentacarbonyl (Fe(CO)s), all three size regimes were synthesized by adjusting the carbon
chain length of our capping agent (fatty acids). CVD synthesis was then performed with a fixed-
bed growth mechanism. Results demonstrated diameter distributions proportional to catalyst
particle size. We further controlled the segment lengths of NCNCs by adjusting the
concentration of N-precursor relative to hydrocarbon precursor. Concentrations of 1%, 5%, and
9% NH3 in EtOH were used to alter segment length. As expected, increasing the concentration
of N-precursor resulted in smaller segment lengths. Furthermore, after forming capsules with the
synthesized material, interior loading capacity diminished proportionally to diameter and
segment length.

Chapter 5.0 focuses on toxicity mitigation of carbon nanomaterials. Single-walled
carbon nanotubes (as well as MWNTS) possess intriguing physical properties, as well as intrinsic
resilience/stability as a result of their sp® hybridized carbon structure. As CNTs have been
compared to asbestos, our contribution investigated a benign way to remove or oxidize carbon
nanotubes without harsh oxidizing agents or high temperature thermal decomposition. In our
work, horseradish peroxidase (HRP) was incubated with carboxylated SWNTs at 4°C. The
addition of 40 uM H,0, initiated the enzymatic degradation of SWNTSs over the course of 16

weeks.  Transmission electron micrographs demonstrated the shape deformation of the
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nanomaterial as a function of time. Degradation was further confirmed with techniques such as
dynamic light scattering (DLS), gel electrophoresis, thermogravimetric analysis (TGA), and
absorbance spectroscopy. Initial results also demonstrated a preference for large diameter
SWNTs over that of smaller diameter SWNTs present in a commercially available sample

(Carbon Solutions, Inc.).

In Chapter 6.0, a fundamental investigation of the mechanism of enzymatic degradation
is detailed. In this work, we examined the preferential degradation of carboxylated SWNTSs over
hydrophobic, pristine SWNTs. With the implementation of HRP, H,0O, is heterolytically
cleaved to form Compound | and H,O. Because of this mechanism proximity between the active
enzymatic cofactor and SWNT must be established for oxidation to occur. Thus, we observe
hydrophilic SWNTs that presumably bind close to this cofactor are degraded, while pristine
SWNTs (which bind at a distal site) remain intact. We further investigated this mechanism by
“deconstructing” the HRP enzyme into progressively smaller units such as a heme porphyrin and
iron (l11) chloride salt. Both the porphyrin and iron salt promoted the degradation of both
carboxylated and pristine SWNTs, alluding to a homolytic cleavage of H,O, that produces
scavenging hydroxyl (*OH) and hydroperoxyl radicals (¢*OOH), non-specific in their oxidation of

substrates.

In Chapter 7.0, additional publications in which I had a contributing role are described.
Such research includes fundamental investigations of stacked carbon nanotube cups as catalytic
material in oxygen reduction reactions, understanding the sensor response of metal decorated
single-walled carbon nanotubes towards carbon monoxide adsorption, utilization of a human

myeloperoxidase enzyme for the degradation of carboxylated single-walled carbon nanotubes,
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and implementation of single-walled carbon nanotube networks in resistor architectures for gas

detection.

Finally, Chapter 8.0 summarizes the work and suggests future direction for each of the
projects, including nanocapsule development and extensions of enzymatic degradation. Chapter
8.0 also discusses the importance of each of these projects separately, and presents an

overarching outlook on the future of carbon nanomaterials and nanotechnology.
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20 SYNTHESIS, CHARACTERIZATION, AND MANIPULATION OF NITROGEN-

DOPED CARBON NANOTUBE CUPS

Abstract

Isolated, carbon nanotube cups with diameters of 12-40 nm have been synthesized by chemical
vapor deposition through incorporation of nitrogen atoms into graphitic carbon structure and
subsequent mechanical separation. Incorporation of nitrogen affords carbon nanotube cups with
a unique composition comprising multiwalled, graphitic lattice with nitrogen groups on the
exterior rim and hollow interior cavities. These nanostructures demonstrate the ability to
participate in hydrogen bonding because of nitrogen functionalities on their open edges.
Furthermore, reaction with these nitrogen functionalities results in the coupling of gold
nanoparticles (GNPs) to the open rim of carbon nanotube cups. Through atomic force
microscopy manipulation and adhesion force measurements, we compare the mobility of these
structures on a hydrophilic surface before and after GNP coupling. Understanding of these
forces will aid in useful nanostructure assembly for energy and medical applications.

For this work (published in ACS Nano 2008, 2, 1914), | contributed by performing
electron microscopy (both SEM and TEM). AFM characterization and manipulation was
performed in tandem with Padmakar Kichambare and me. All conceptualization and planning of

the experiments was performed by all authors.
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2.1 INTRODUCTION

Recent development of carbon nanostructures has drawn much attention in a multitude of fields
due to their intrinsic structure, mechanical and electrical properties, and compatibility with
biologically significant systems. Interest in such systems has branched out from carbon
fullerenes® and carbon nanotubes® towards other novel carbon nanomaterials such as graphitic
onions,> cones,*® nanohorns,>” nanohelices,*® nanobarrels,>® and graphene.”® All of these unique
carbon nanomaterials show promising capabilities for applications in electronic sensors, as
catalyst support, energy storage, and drug delivery.®

Of particular interest is the design and implementation of hollow nanostructures for
utilization of their inherent cavities. For instance, it has been highly desirable to tailor
nanostructures for the specific task of drug delivery and biomedical applications.??® Initial
studies have thus utilized the interior cavities of multiwalled carbon nanotubes for biomedical
applications through ferromagnetic filling.?* Such structures are promising for medical
treatments including magnetically guided hypothermia.®* Furthermore, nitrogen-doped cup-like
structures have been proposed for applications as electrodes for probing DNA nucleotides.®
These types of structures are also valuable for energy applications.®® Inherent cavities create an

67,68

ideal medium for hydrogen®”®® and lithium storage,®® and utilization for field emission.”
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To pursue the continuing progress of such materials, we have synthesized and probed
hollow, graphitic nanomaterials, nitrogen-doped carbon nanotube cups, otherwise known as
carbon nanobells.”* These structures are synthesized and then characterized by a variety of
microscopy techniques. In these structures, nitrogen atoms are incorporated into graphitic
structure on the edges as pyridine-like nitrogen and in the interior, where nitrogen substitutes
carbon atoms.”*™ In this study, we test the reactivity of the nitrogen functionalities in terms of
their interactions with functionalized surfaces and by their conjugation with gold nanoparticles
(GNPs). AFM manipulation and adhesion measurements reveal strong hydrogen bonding
between hydrophilic surfaces and unmodified cups that can be alleviated by GNP coupling, thus

enhancing their mobility on the surfaces

2.2 EXPERIMENTAL

2.2.1 Chemical Vapor Deposition Growth and Separation of Carbon Nanotube Cups

Cups were grown using the technique of CVD with a liquid precursor. Briefly, a Lindberg/Blue tube
furnace was utilized at 950 °C. Using a three-foot long, sealed quartz tube (2.5 cm inner diameter), cups
were made by passing a liquid precursor consisting 5.0 g MeCN, 1.25 g ferrocene, and 93.75 g of EtOH at
a rate of 5 mL/ hr for one hour. Carrier gases included Ar at 422 sccm and H, at 125 sccm. After one
hour, the furnace, liquid injector, and H, gas were terminated, allowing for a 1-hour cool down time in an

argon atmosphere. The cup film was then collected off a quartz plate using a one-sided razor blade.
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Separation of the stacked, as-prepared cups was done following the previously reported
procedure.71 The cup film was placed in a mortar and grinded with a pestle along with a drop-wise
addition of EtOH. This grinding motion allowed for the physical separation of cups by breaking the van
der Waals attraction between them. The solvent was then allowed to evaporate and the solid product

collected for future use.

2.2.2 Decoration of Cups with Gold Nanoparticles

Approximately 1 mg of separated cups was suspended in N, N-dimethylformamide (DMF) (Sigma
Aldrich) via ultrasonication for approximately 20 minutes. After a stable suspension was formed this was
allowed to react with an excess of 5mM (+)-Biotin N-hydroxy-succinimide ester (Sigma Aldrich) in DMF
for 24 hours at room temperature. The suspension was then centrifuged at 3400 rpm for 20 minutes.
Supernatant was discarded and the cup-biotin complex was re-suspended in 10% ethanol via
ultransonication.

Streptavidin (from Streptomyces avidinii) coated gold nanoparticles (~10 hm nominal) in buffered
aqueous glycerol solution were purchased from Sigma Aldrich. This concentrated sample was then
diluted 100X with deionized water. The reaction between the streptavidin coated nanoparticles and cup-
biotin complex was allowed to occur by mixing them at a ratio of 1:100 (cups to GNPs). We found best

results occurred when incubation occurred at room temperature.

2.2.3 Characterization Methods

The SEM images were obtained with a Philips XL-30 FEG microscope. The electron beam accelerating
voltage of the SEM was held at 10.0 keV for all images. The cup samples, both as-prepared and

separated, were probed as a powder fixated on to carbon tape without any heavy metal coating.
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Low-resolution TEM images were obtained with a Philips/FEI Morgagni microscope. The
electron beam accelerating voltage of the TEM was held at 80.0 keV for all imaging. All cup samples
were prepared by suspension in DMF or EtOH and drop casting on a lacey carbon TEM grid (Pacific
Grid-Tech) and allowing the solvent to evaporate completely. For imaging of streptavidin/cup
bioconjugates, samples were stained with 2% uranyl acetate for improved contrast. Stain was dropped on
the sample and grid, and allowed to dry for ten minutes before excess stain was blotted away with filter
paper.

High-resolution TEM images were obtained with a JEOL JEM-2100F field-emission microscope.
The electron beam accelerating voltage of the HRTEM was held at 200 keV for all imaging. Energy
filtering was performed for zero point energy loss. All sample preparation remained the same as with the
low-resolution microscope.

AFM characterization was carried out on a Multimode scanning probe microscope (Veeco).
Tapping mode with super sharp tips (AppNano ACL-SS) allowed for intricate manipulation and
characterization.

Characterization of separated cups was carried out by freshly cleaving mica with double-sided
tape. An aqueous solution of 0.01% poly-L-lysine (20uL) was spin-coated on the mica at 100,000 rpm
for one minute, followed by washing with an equal amount of deionized water. This was then allowed to
dry for 45 minutes before spin coating one drop of cups suspended in DMF or, in the case of decorated
cups, suspended in 10% EtOH. After all solvent evaporated, this was then characterized via tapping

mode at a scan rate of 2.98 Hz and a drive frequency of 187.630 kHz.
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2.3  RESULTS AND DISCUSSION

2.3.1 Nanocups: Synthesis and Characterization

Det WD E i T ot Mag VD Ex 200 nm
SE

Figure 4. Synthesis of stacked nitrogen-doped carbon nanotube cups. (A,B) SEM images of as-
prepared cups. C) TEM image reveals that fibers consist of stacked cups. D) High resolution energy-filtered
TEM image of stacked, multiwalled cups. E) Translucent schematic cartoon illustrating orientation of cups

with respect to nearest neighbor.
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Nanotube cups were synthesized using chemical vapor deposition (CVD) from liquid
carbon/nitrogen precursors. Specifically, a mixture of EtOH, ferrocene, and MeCN was injected
at a rate of 5 ml/hr, using H, and Ar carrier gases into a CVD furnace at 950°C for one hour.
Thermal decomposition of this mixture of nitrogen and hydrocarbon precursors over an in situ
generated iron catalyst results in carbon nanotube cup growth on a quartz plate inside the reactor.
Approximately 2-3 mg (~50% yield) of the as-prepared graphitic product was isolated as a black
film layered on the quartz plate, which was peeled off with the aid of a razor blade. Scanning
electron microscopy (SEM) reveals that this material is fibrous (Figure 4, A). The fibers,
typically 1-4 microns long and diameters ranging from 12-40 nm, appear as a thick carpet under
low magnification. At higher magnification, an individual fiber appears with inherent “kinks”
and twists along the tubular axis (Figure 4, B). We used Transmission Electron Microscopy
(TEM) to make a closer examination of the fibers and elucidate their growth process. A TEM
image (Figure 4, C) reveals that fibers are composed of stacked cups with diameters which are
defined by the size of iron catalyst nanoparticles (dark spots in the image) as seen in the case of
two nanoparticles merging into one. The Fe catalyst particle is shown undergoing compression
strain, which also contributes to the stacked nature of the cups, as the catalyst is ejected to form a
new cup. Individual nanotube cups thus grow as conical, self-contained stacks to create an
individual fiber. Their conical structure, caused by nitrogen doping at the open-edge of the
nanotube cup, has been theoretically and spectroscopically examined and found to be highly
dependent on the nitrogen concentration during the growth process.”® This growth mechanism
and structure’” is similar to what has already been shown previously with the growth of bamboo-
like carbon nanotubes.” High- resolution transmission electron microscopy (HRTEM) reveals

the intricate lattice structure (Figure 4, D). Additionally, N-doping of the carbon nanotube cup
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lattice was determined at 2-7% by electron energy loss spectroscopy (EELS) (see supporting
information). As with multiwalled carbon nanotubes where all lattice walls are parallel along the
longitudinal axis, carbon nanotube cups deviate from this general schematic. The walls of the
cups extend from the curvature of the individual structures diagonally outward, but never
running in parallel along the long axis. Due to this growth formation, nanotube cups are
intrinsically isolated from each other in a “stacked” conformation. This allows for the inherent
separation of cups held together by van der Waals forces and an outer layer of amorphous
carbon.

Mechanical separation, performed by grinding with a mortar and pestle, results in a black
carbon powder of single nanotube cups. Figure 5 illustrates these separated cups and the
structure they possess. As can be seen in Figure 5, A, even though the cups are physically
separated from one another, they tend to aggregate together, presumably due to hydrogen
bonding between each other through varying types of nitrogen functionalities located on their
open rim. Figure 5, B and C further highlight the features of the cups, i.e. the hollow interior
and multiple walls (c.a. 30 walls) encompassing the structure.

Individual nanotube cups, isolated as a black powder, are opened to further investigations
using Atomic Force Microscopy (AFM).  Utilizing this technique provides valuable

characterization, manipulation, and adhesion information.
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Figure 5. Separation of stacked cups. A) SEM image of separated cups fixated to carbon tape. B)
Low-resolution TEM image of a separated cup. C) High-resolution energy-filtered TEM image of a single,
separated cup. D) Translucent cartoon of a single, separated cup illustrating its multiple walls and hollow

interior.
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2.3.2 AFM Characterization and Manipulation

Using AFM on a piece of freshly cleaved mica coated with 0.01% poly-L-lysine,”® we could
clearly distinguish cups as having a uniform height distribution narrowed to the range of 12-40
nm in height. Use of a sharp AFM probe (2-3 nm) is sufficient to map out the topology of the
cups in terms of orientation on the treated mica surface. Figure 6, A shows this conical
orientation via a 3-D topographical image. Furthermore, the phase image of Figure 6, B depicts
lighter portions in the center of the nanotube cup structure, indicative of a peak rather than a
depression that would be seen if we were observing the open side of the cup. Presumably, amine
and amide groups of poly-L-lysine, which can form hydrogen bonds with the nitrogen
functionalities of nanotube cups, give this specific “open-side-down” orientation (Figure 6, C).
This orientation implies the presence of nitrogen atoms on the open edge of the cups, as was
implicated in their growth mechanism.

Using the force of the tapping mode probe, we manipulated the cups across the mica
surface by varying the force modulation. By increasing or decreasing the amplitude set point of
the AFM, we can effectively extend or retract the tip to the mica surface.*® This extension,
therefore, acts as a means to mechanically manipulate the structures. We have observed that
while nanotube cups easily move on an untreated mica surface (Supporting Information), they
are strongly fixated to the poly-L-lysine treated mica surface (Figure 6, D). As can be seen from
the figure, the cups could be moved, however only with excessive damage. In addition to the
proposed hydrogen bonding, another source deterring nanotube cup movement in this orientation
could be tribological processes occurring between the mica surface and the open side of the
carbon nanotube cups.®* Optimum adhesion forces, i.e. friction, occurs when then the contacting

surfaces perfectly conform to each other during the critical moment of pull-off, or when the tip
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forces movement to occur.®” That being stated, we must assume that while there may not be
perfect conformity between these two surfaces, even partial conformity must contribute to the
determent of movement. Additionally, it also must be included that nitrogen doping within the

interior lattice structure causes inherent defects, thus weakening the overall mechanical stability

83,84

of the nanotube cup.
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Figure 6. AFM characterization and manipulation of unmodified cups. A) 3D AFM rendering of
carbon nanotube cup oriented “open side” against a mica surface treated with poly — L — lysine (0.01%). B)
AFM phase image of carbon nanotube cup orientation. White color indicates peaks. C) Translucent cartoon
of a single nanotube cup oriented on a treated mica surface. D) Mechanical manipulation of unmodified cup

on treated mica surface.
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2.3.3 Bioconjugation of Nanocups with Gold Nanoparticles

To defer this fixation through hydrogen bonding on a hydrophilic surface, we sought to modify
these basal nitrogen groups with gold nanoparticles. Through biotinylation of carbon nanotube
cups and the corresponding reaction with streptavidin-coated GNPs, we were able covalently
decorate the open edge of the cups. Cups were reacted with (+)-Biotin N-hydroxy-succinimide
ester in DMF at room temperature. After re-suspending this complex into a 10% ethanol
solution, we were able to combine streptavidin-coated GNPs in buffered solution to incubate.
Following complete incubation (typically 24 hours), we further characterized and manipulated
the hybrid product via AFM in tapping mode. Figure 7, A and B show the topology of GNP-
decorated cups. We can see the general structure is maintained by a single cup in the center
surrounded by GNPs decorating the exterior, open-edge. We further visualize this by a low-
resolution TEM image shown in Figure 7, D. It is evident that the GNPs only decorate this open
edge of the carbon nanotube cup, as approximately five GNPs of 10 nm or less are visible.
Additionally, as this sample was negatively stained with 2% uranyl acetate for improved
contrast,® we can still see the streptavidin surrounding the materials. Incomplete biotinylation
may have been responsible for the non-uniform distribution of GNPs around the exterior edge.
Further section analysis of this self-complexed structure can be found in the Supporting
Information. Incubation of unmodified cups with streptavidin-coated GNPs results in a lesser
degree of attachment, presumably due to hydrogen bonding between streptavidin and the cups’
nitrogen functionalities (Supporting Information). Therefore, biotinylation of cups is essential

for GNP attachment.
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Figure 7. AFM characterization and manipulation of GNP-decorated cups. A) 3D AFM rendering
of a GNP-decorated, carbon cup on a treated mica surface. B) AFM height image of GNP-decorated, carbon
cup. Lighter portions indicate peaks. C) Translucent cartoon indicating the decoration preference of GNPs
on the open side of the cup structure. D) Low-resolution TEM image of a GNP-decorated carbon nanotube

cup. E) Mechanical manipulation of GNP-decorated cup on treated mica surface.



Using the aforementioned parameters for tapping mode manipulation, we proceeded to
determine whether we had deterred the fixation of cups through hydrogen bonding to a treated
mica surface by the simple covalent attachment of GNPs. Figure 7, E illustrates the
manipulation of GNP-decorated cups using the same conditions as listed above. As observed
from this image, it is quite evident that the modified cup is now free to be manipulated through
probe force. In addition, it is seen that there is no structural deformation upon manipulation,
indicating that the hydrogen bonding and tribological effects between sample and substrate have

indeed been minimized.

2.3.4 Quantitative Adhesion Force Measurements

To quantitatively measure the impact of adhesion through hydrogen bonding and subsequent
determent through modification, force plots® in contact mode on the AFM were performed. The
spring constant of our contact mode probe was first calculated using reference cantilevers (See
Supporting Information). Surface images were then resolved in contact mode, prior to switching
over to “force calibrate” mode to acquire a deflection sensitivity. It is important to note that the
deflection sensitivity measurement was accurate as long as the laser spot position was not
changed, i.e. for the current sample. After acquiring this value (typically ~ 240 nm/V), the AFM
was set to force volume mode where ten force measurements were made on cups both
unmodified and decorated each (See Supporting Information). Adhesion forces could thus be
calculated using values obtained from force volume plots, as well as the deflection sensitivity,
and spring constant. Figure 8, A correlates adhesion forces for both unmodified and decorated
cups. As can been seen there is no correlation between cup size and adhesion forces.
Furthermore, it is evident that far less adhesion forces are involved in GNP-decorated cups.
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While force plots typically measure interactions between the sample and tip, we have already
shown that cups have the same orientation regardless of modification. In these instances, a
silicon probe is interacting with the graphitic, conical shell of the cup (Figure 8, B). Only basal
modification is imparted to these structures, indicating any variations in adhesion forces must be
a result of sample/substrate interactions. Due to the presence of GNPs, there is a decrease in

tribological effects as well as hydrogen bonding through passivated nitrogen groups of the cups.
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Figure 8. AFM experiment. A) Comparison of adhesion forces versus cup’s size for unmodified (m)

and GNP-decorated (®) cups. Solid lines indicating average force and corresponding shaded areas (standard

deviations) show statistically significant differences in adhesion of unmodified cups as compared to GNP-
decorated cups. B) Scheme demonstrating AFM manipulation experiment, where (left) mobility of
unmodified cup is affected by hydrogen bonding between pyridine-like nitrogen functionalities on cup’s edges

and poly — L - lysine, and (right) improved by attachment of GNPs.
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2.4 CONCLUSIONS

To conclude, we have shown the synthesis of a versatile material and subsequent characterization
and AFM manipulation. By showing that these structures have nitrogen atoms and can indeed be
utilized for assembly, opens up venues for many alternatives for this material. Decoration of
cups with GNPs in this manner exploits the nitrogen groups on the exterior of these structures, a
versatile point for “capping”. By using the hollow interior for drugs and capping the structures
through amide linkage, it may be possible to create a nanoscopic delivery platform.
Additionally, because of their “cup-like” shape, these structures can be used for nanocontainers,
isolating reactions within their interior. With further exploration into this structure and “bottom-
up” assembly, we can truly realize the full potential of these nanostructures in electronics,

energy, biomedical, and chemical applications.
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26  SUPPORTING INFORMATION

Supporting information for Chapter 2.0 *Synthesis, Characterization, and Manipulation of
Nitrogen-doped Carbon Nanotube Cups’ can be found in Appendix A. The data available
includes electron energy loss spectroscopy (EELS) of nitrogen-doped carbon nanotube cups
(Figure 29) as well as AFM manipulation of unmodified nanocups (Figure 30), section analysis
of GNP-decorated cups (Figure 31), 3D topographical AFM imaging of cups decorated with
GNPs without biotinylation (Figure 32), AFM imaging of free GNPs (Figure 33), spring
constant calculations, force volume plots (Figure 34 and Figure 35), adhesion force calculations

and statistical data.
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3.0 GRAPHITIC NANOCAPSULES

Abstract

Nitrogen-containing carbon nanotube cups are crosslinked with glutaraldehyde to form capsule-
shaped nanostructures. Introduction of commercially available gold nanoparticles prior to the
crosslinkage process results in their encapsulation within the interior cavity of the linked
structures. A similar encapsulation of ZnS:Tb nanoparticles shows the general applicability of
the encapsulation system. Such a facile protocol alludes to drug-delivery and energy-storage
applications.

For this work (published in Adv. Mater. 2009, 21, 4692), my contribution involved the
synthesis of nanocups, crosslinking with glutaraldehyde, and encapsulating cargo including
commercially available gold nanoparticles. | also performed electron microscopy, atomic force
microscopy, and absorbance spectroscopy analysis. Chad Shade performed time-resolved
luminescence studies on ZnS:Tb nanoparticles and encapsulated nanoparticles. Adrienne
Yingling synthesized the ZnS:Th nanoparticles. All authors contributed to the designing of

experiments and interpretation of data.
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3.1 INTRODUCTION

Carbon nanomaterials have made vast strides in a variety of fields including biological and
materials sciences.” Synthesis of hollow carbon nanomaterials such as fullerenes* and carbon
nanotubes® are particularly useful for their inherent capacity to contain materials. This
containment has been demonstrated by encapsulation of metal nanoparticles and Cgo within the
hollow interior of CNTs,® alluding to applications in drug delivery, which are typically
dominated by the field of polymer nanocapsules.®* Although the wetting and capillarity of

CNTs is an active area of research,®%

such encapsulation into hollow carbon nanomaterials is
typically performed at high temperatures during their synthesis® or by their opening under
oxidative conditions,® limiting the ability to encapsulate a wide range of organic molecules.
Here we demonstrate cross-linkage of nitrogen-doped carbon nanotube cups (NCNCs) via
incubation in 4% glutaraldehyde for the formation of graphitic nanocapsules with hollow
interiors. We found that the use of basal nitrogen functionalities on adjacent NCNCs leads to a
crosslinkage through this common fixing agent. Moreover, we demonstrate the encapsulation of
gold nanoparticles (GNPs) or lanthanide-containing ZnS:Th nanoparticles into NCNCs, where
they are subsequently trapped through the linkage process. In addition to being chemically inert,
this system affords a facile encapsulation process with the capacity to hold varying cargo within
the interior cavity. We anticipate our encapsulation method to be the starting point of more
sophisticated drug delivery or storage systems.

The desire for creating hollow nanostructures and utilizing inherent cavities is becoming
more predominant, as applications for drug delivery and medical diagnostics become

increasingly popular.* For instance, it has been demonstrated that CNTs can be filled with a

chemotherapeutic agent that inhibits the growth of tumour cells.”” Furthermore, it has been
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shown that such hollow nanomaterials may encapsulate fluorescent molecules for potential
application in diagnostic imaging.”® In the realm of energy applications, hollow nanomaterials
have found use primarily as storage media for lithium and hydrogen.**'® While these
applications demonstrate novelty and practicality, facilitating such work is difficult. In our
study, we utilize synthesized NCNCs for the encapsulation of commercially available GNPs as
well as ZnS:Th nanoparticles through simple glutaraldehyde crosslinking, thus taking advantage

of inherent nitrogen functionalities on the basal rim of these structures.

3.2 EXPERIMENTAL

3.2.1 Crosslinkage of NCNCs

Approximately 0.1 mg of NCNC powder'®™ was suspended in pure ethanol (EtOH; 10 mL)
through ultrasonication for 5 min. Following the appearance of a stable suspension, 4%
glutaraldehyde in EtOH (500 pL) was added to the suspension and allowed to incubate for 24 h

before characterization.

3.2.2 Synthesis of ZnS:Tb Nanoparticles

A reaction mixture of zinc stearate (0.4801 g), tetracosane (4.1180 g), and octadecene (5 mL)
was heated to 360 °C for 2 h, while stirring under nitrogen. After dissolution of the cation
precursor within the reaction mixture, the dopant lanthanide (Tb) mixture consisting of

Thb(NO3); (0.0601 g), toluene (0.5 mL), octadecene (2.5 mL), and trioctylphosphine (TOP) (2
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mL) was injected rapidly and left to stir for 1 h at a reduced temperature of 300 °C.
Subsequently, a solution consisting of sulfur (0.0090 g), toluene (0.5 mL), and octadecene (2.5
mL) was injected to initiate the nucleation of nanoparticles. Aliquots were withdrawn at various
times (1-120 min), and particle sizes of ~2-4 nm further purified by dissolution in butanol
followed by precipitation in methanol. Precipitated nanocrystals were re-dissolved in octanol to

remove excess solvent (octadecene/tetracosane), and precipitated once more with methanol.

3.2.3 Encapsulation of GNPs or ZnS:Tb Nanoparticles into NCNCs

Similarly to crosslinkage, approximately 0.1 mg of NCNC powder was suspended in EtOH
through ultrasonication for 5 min. Concurrently, commercially available GNPs (Sigma-Aldrich)
were diluted in pure EtOH at a 16:1 ratio (EtOH to stock solution). Following the appearance of
a stable suspension of NCNCs, the diluted GNPs (or ZnS:Th) were added at a volume of 500 piL.
This suspension was then re-sonicated for another 5 min before 4% glutaraldehyde was added

and incubated for 24 h.

3.2.4 Characterization Methods

Low-resolution TEM images were obtained with a Philips/FElI Morgagni microscope. The
electron-beam accelerating voltage of the TEM was held constant at 80 keV for all imaging. All
samples were suspended in EtOH, dropcasted onto a lacey-carbon TEM grid (Pacific Grid-Tech),

and allowed for the solvent to evaporate completely.
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AFM characterization was carried out on a Multimode scanning-probe microscope
(Veeco). Samples were prepared by spin-coating NCNCs and their variations (suspended in
EtOH) onto a freshly cleaved sheet of mica. After 45 min of drying in ambient conditions, the
images were taken. Tapping-mode experiments using Supersharp tips (AppNano ACL-SS) (~2
nm) allowed for the intricate characterization of all samples.

Time-resolved emission and excitation spectra were collected on a Varian Cary Eclipse
fluorimeter, coupled to a personal computer with software supplied by Varian. Scans were
collected with 10 flashes, a 5.0 ms gate time, a 0.5 ms delay time (if no other value is stated), and
a 20.0 ms total decay time. Excitation and emission slits of 20 nm were used. An automated
filter set was used for all excitation and emission scans. Samples were placed in 1-mm quartz
fluorescence cells purchased from NSG Precision Cells, Inc. (Farmingdale NY). Spectra were

smoothed using OriginPro (version 7.0).

3.3 RESULTS AND DISCUSSION

3.3.1 Growth, Characterization, and Separation of NCNCs

NCNCs were prepared as mentioned previously.'®* Figure 9 shows a schematic representation
of the initial synthesis process. Thermal decomposition of hydrocarbons over the in situ
generated catalyst perpetuates the growth of graphitic fibers. These fibers, typically 1 — 4 um in
length and 12-40 nm in diameter, appear as stacked, conical segments under transmission
electron microscopy (TEM) images (Figure 9, right). In addition to the induction of multiple

nitrogen functionalities, unique to this hybrid material is the nitrogen doping within the graphitic
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lattice that forces the lattice walls to run in parallel, diagonally outward from the main long axis,
thus isolating each segment from its nearest neighbor.'®* Mechanical grinding of stacked
NCNCs with a mortar and pestle breaks the van der Waals attraction between them and exposes
various possible nitrogen functionalities on the open basal plane. With this methodology,
individualized NCNCs are removed from their “stacked” conformation and are further opened to

subsequent manipulation by cross-linkage with 4% glutaraldehyde in EtOH.

+ MeCN + EtOH 950°C

Figure 9. Schematic representation of the preparation of NCNCs. Chemical vapor deposition (CVD)
from ferrocene, acetonitrile (MeCN), and ethanol (EtOH) creates stacked NCNCs. Mechanical separation
with a mortar and pestle separates the stacks into isolated structures with varying plausible nitrogen
functionalities including aniline- and hydrazine-type functionalities that can react with glutaraldehyde to
form aromatic hemi-aminal, imine, and hydrazone compounds. The rightmost image displays the TEM

image of the stacked-cup formation of NCNCs.
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3.3.2 Capsule Formation

Figure 10. A) TEM image of a single separated NCNC. The graphitic lattice structure is clear from

the high-resolution TEM image (inset). B) Cartoon illustration depicting adjacent, separated NCNCs. C)

TEM image of crosslinked NCNCs. D) Cartoon illustration depicting the crosslinkage of NCNCs.
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Figure 10, A shows the TEM image of a single, separated NCNC. As can be seen, the
single, NCNC is approximately 40 nm in length with an “open” end and a curved cap as reported
previously.'®* High-resolution TEM imaging (inset) shows that these cup-like structures consist
of multiple walls (~10 walls shown). A cartoon image, as shown in Figure 10, B, further
illustrates the separated NCNCs. Due to the presence of nitrogen functionalities on the basal
“open” plane of these structures, we are able to crosslink two neighboring NCNCs of similar
diameter, as will be explained further. Figure 10, C shows the TEM image of such crosslinked
NCNCs. The linked structure is approximately 80 nm in length and exhibits a “capsule” shape,
in contrast to the separated structures. A cartoon image shown in Figure 10, D further illustrates
the crosslinking between proximal structures. Presumably, the reaction of the nitrogen groups on
the base of NCNCs with glutaraldehyde leads to the formation of covalent bonding between the

“linker” molecules and the NCNC:s.

3.3.3 Nanoparticle Encapsulation

Progressing further with the utilization of this system, it is desirable to establish the capability for
encapsulation during the crosslinkage process as a step towards functional nanocapsules. Thus,
we investigated the capture of commercially available GNPs of an approximately 5 nm (mean)
diameter. The basal openings of NCNCs are 20-30 nm in diameter, accommodating for such
small particles to penetrate the inner cavity. As such, the addition of GNPs in solution to a
suspension of NCNCs prior to the addition of 4% glutaraldehyde should allow for the

encapsulation of particles within the inner cavities of the crosslinked structure.
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Figure 11. A) AFM image of crosslinked NCNCs with GNPs. Free GNPs are seen sporadically in the
field of view as indicated. B) Cartoon illustration of the crosslinkage of adjoining NCNCs with interior
confinement of GNPs. C) TEM image of crosslinked NCNCs encapsulating GNPs (~5 nm in diameter) in the
interior cavities. D) UV/Vis spectra of free GNPs, vacant crosslinked NCNCs, and GNPs after encapsulation
in crosslinked NCNCs. All spectra are taken in EtOH. E) TEM image of ZnS:Tb nanoparticles encapsulated
in crosslinked NCNCs. Encapsulation was performed under identical conditions as GNP encapsulation. F)
Time-resolved emission spectrum at an excitation wavelength of A, = 225 nm with a 0.5 ms delay of ZnS:Th

(black), crosslinked NCNCs (red), and ZnS:Tb encapsulated in NCNCs (green).
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Figure 11, A depicts an atomic force microscopy image (AFM) image of the resultant
incubation. Initial observations from a height image captured in tapping mode demonstrate the
successful linkage of two adjacent NCNCs, with free GNPs positioned sporadically in the
surrounding field. It is worth mentioning here that minute size distortions are common in
tapping mode imaging. Therefore, NCNCs and GNPs sizes were confirmed by section analysis
(Supporting Information). No predominant features confirm exterior adsorption; however,
because of the method of imaging, AFM did not elucidate interior confinement of GNPs. Figure
11, B further illustrates the results of such GNP encapsulation. TEM was utilized to prove
spatial interior confinement. The GNPs appear to be confined to the interior cavity of the
crosslinked NCNCs, as illustrated in Figure 11, C. In majority, this confinement of GNPs is
centralized within two specific areas of the crosslinked structures. Both distributions appear at
the topmost conical portion of each structure. Additionally, the lack of sporadic distribution of

GNPs alludes to interior confinement, as opposed to exterior adsorption.
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We investigated optical properties of the resulting functional system using UV/Vis
spectroscopy (Figure 11, D). At approximately 540 nm, the surface-plasmon resonance band for
free GNPs (with a mean diameter of 5 nm) is evident.'® After incubation with NCNCs during
crosslinking, the band for GNPs is greatly suppressed and appears at approximately 625 nm,
significantly red shifted, as is expected according to literature for GNP aggregation.’®® These
spectra are different from those of separated NCNCs and crosslinked NCNCs without GNPs
(Supporting Information). In addition, control experiments, where NCNCs were crosslinked
prior to the addition of GNPs, demonstrate a majority of vacant NCNCs, with rare cases of
exterior adsorption of GNPs as indicated by TEM and AFM imaging. No shift of the surface-
plasmon resonance band was observed by UV/Vis spectroscopy (Supporting Information).
Furthermore, control experiments with 4% glutaraldehyde and GNPs incubated in EtOH show no
shift of the surface-plasmon resonance band (Supporting Information).

In addition to the ease of facilitation, this encapsulation system exhibits interesting
mechanistic components, resulting in larger linkage success rates. Because the linkage of two
adjacent structures occurs on the open basal planes of NCNCs, there is intrinsic diameter
compatibility between them. We have observed that only similar diameter NCNCs will
participate in the successful crosslinkage with glutaraldehyde to make a nanocapsule.
Essentially, it is thought that crosslinkage of smaller-diameter NCNCs to larger-diameter
NCNCs will be less stable due to incomplete crosslinkage of the nitrogen functionalities. To
satisfy this bonding scheme, structures with similar diameters must be in close proximity for
capsule formation to occur. Incompatible-diameter species have been observed but are a rarity

(~2%), as shown in the Supporting Information.
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Presumably due to capillary action, GNPs are taken into the interior cavity of NCNCs.
NCNCs are comparable to CNTs in graphitic composition and their hollow interior, and
previously, it has been observed that CNTs exhibit capillary forces, resulting in entrapped

species.™®

Furthermore, GNPs are able to migrate through the confines of the joint interior
cavity with adjoining NCNCs (Supporting Information). Because of this simplistic uptake
mechanism, other nanoparticles or molecular species should be encapsulated without
significantly manipulating external conditions.  Additionally, once encapsulation occurs,
aggregation may ensue due to a change in the chemical environment. Commercially available
GNPs are initially suspended in aqueous solution by electrostatic stabilization'®® with a variety of
salts. Upon encapsulation, GNPs are surrounded by a hydrophobic shell, possibly without the
presence of stabilizing salts. However, we cannot completely rule out the possibility of
aggregation due to spatial confinement. In either case, such aggregation is responsible for the
red shift of the plasmon resonance band discussed above and in accordance with the literature.*®

For confirmation of capillary uptake and for a demonstration of the general applicability
of this system, a control sample of ZnS nanoparticles doped with Tb*" (ZnS:Tb)!*"1% (~2-4 nm
in size) was used in an identical procedure. ZnS:Tb nanoparticles are encapsulated within
crosslinked NCNCs as viewed by TEM imaging in Figure 11, E. Because of the presence of
luminescent lanthanide cations within the ZnS shell, it is also possible to track the luminescence
emission related to the Th** species. Free ZnS:Tb nanoparticles (in ethanol) are shown in a time-
resolved emission spectrum (recorded with a 0.5 ms delay), as demonstrated in Figure 11, F.
Three narrow emission bands are present corresponding to the slow relaxation from the °D, state
to 'F, levels of Tb®. More importantly, once encapsulated by NCNCs through the same

crosslinkage procedure ascribed for GNPs, a major change in the optical properties is observed
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and the Tb*" luminescence is strongly suppressed, as demonstrated in Figure 11, F. Such
encapsulation and change in the luminescence properties further demonstrates the broad
applicability of this system, including the design of photonic materials.

It is also worth mentioning here that it should be possible to tailor specific interior
volumes based upon the control of the growth process of NCNCs. Previous theoretical studies
have demonstrated growth dependence on the presence of the nitrogen abundance from the stock

precursor.®

The current synthesis affords NCNCs with 2-7% N-doping of the graphitic
lattice."™ However, increasing this doping effect directly by increasing the relative abundance in
the liquid precursor will tailor shorter NCNCs and, thus, smaller interior cavities. Furthermore,
precise control over the diameter distributions of catalytic particles should allow for a direct

determination of the diameter distributions of NCNC:s.

3.4  CONCLUSIONS

In conclusion, by imparting NCNCs with basal nitrogen functionalities, we were able to utilize a
common fixing agent, glutaraldehyde, for the crosslinkage of two adjacent nanostructures,
creating a “nanocapsule”. Further to this process, we have demonstrated a capillary-uptake
encapsulation method for the confinement of nanoparticles within the interior cavities of
adjoining NCNCs. The results allude to applications in drug delivery and energy storage.
Through the utilization of the hollow cavities for drugs or chemotherapeutic agents, followed by
this crosslinkage for encapsulation, it may be possible to perpetuate a delivery platform, where
simple bond cleavage releases the cargo, while leaving the carbon shell open for

functionalization, thus directing the NCNCs to specific areas of the body. Moreover, it may be
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possible to use the interior of these structures for catalysis or storage. Further investigations of

encapsulation and subsequent “releasing” mechanisms will increase the potential applicability

for such materials.
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3.6  SUPPORTING INFORMATION

Supporting information for Chapter 3.0 ‘Graphitic Nanocapsules’ can be found in Appendix B.
The data available includes UV/Vis spectra of separated and crosslinked NCNCs (Figure 36),
section analysis of crosslinked NCNCs encapsulating GNPs (Figure 37), 3D AFM profile of
separated NCNC and GNP (Figure 38), section analysis of separated NCNCs and GNPs (Figure
39), TEM imaging of crosslinked NCNCs followed by GNP incubation (Figure 40), AFM phase
imaging of crosslinked NCNCs followed by GNP incubation (Figure 41), UV/Vis spectra of free
GNPs and GNPs added after crosslinkage of NCNCs (Figure 42), TEM imaging of mismatched,
crosslinked NCNCs with GNPs (Figure 43), TEM imaging of free GNPs with 4%
glutaraldehyde (Figure 44), UV/Vis spectra of free GNPs and GNPs with 4% glutaraldehyde
(Figure 45), UV/Vis spectra of free GNPs, encapsulated GNPs, and separated NCNCs with
GNPs (Figure 46), TEM imaging showing particle migration (Figure 47), TEM imaging of non-
encapsulated GNPs (Figure 48), and time-resolved emission and excitation spectra of ZnS:Th

nanoparticles (Figure 49).
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40 CONTROLLING THE VOLUMETRIC PARAMETERS OF NITROGEN-DOPED

CARBON NANOTUBE CUPS

Abstract

Analogous to multiwalled carbon nanotubes, nitrogen-doped carbon nanotube cups (NCNCs)
have been synthesized with defined volumetric parameters (diameter and segment lengths) by
controlling the catalyst particle size and the concentration of nitrogen precursor utilized in the
chemical vapor deposition (CVD) reaction, allowing for tailored interior cavity space of cross-
linked NCNC:s, i. e. nanocapsules.

This work, published in Nanoscale 2010, 2, 1105-1108, was a collaborative effort
between undergraduate researcher Matthew B. Keddie and me. Matthew contributed by
performing the thermal decomposition reaction required for varying diameter iron nanoparticle
synthesis. Additionally, he performed CVD synthesis of NCNCs on varying diameter catalyst
particles, as well as prepared and utilized multiple nitrogen concentrations of feedstock solution.
In this work, | contributed electron microscopy characterization, atomic force microscopy
characterization, dynamic light scattering analysis, and performed statistical analysis on

encapsulated GNPs. All authors discussed and contributed to the experimental work plan.
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4.1 INTRODUCTION

Chemical doping of carbon nanomaterials, especially carbon nanotubes (CNTS), has attracted
much interest because of the ability to modify their electronic properties.*’® For instance, such
modification has been performed by B and N doping.**! It has been theoretically modeled and
experimentally confirmed that N-doped single-walled carbon nanotubes exhibit metallic
behavior."*?  Furthermore, the incorporation of nitrogen atoms induces structural defects
resulting in novel bamboo-like fibers.'** Essentially, induction of nitrogen during the synthesis
of graphitic CNTSs results in the formation of pentagons (as opposed to hexagons) increasing the

4

curvature of the lattice,*™* observed as defects and bamboo-like morphology. If this

concentration is further increased, it is possible to synthesize stacked cup-like fibers comprised
of individual conical segments.**

Previously, we have demonstrated the synthesis of multiwalled, stacked cup-like carbon
nanotubes, known as nitrogen-doped carbon nanotube cups (NCNCs), through the incorporation

of nitrogen precursor during the CVD reaction.'®

These fibers, presumably because of the
presence of nitrogen functionalities, exhibited electrocatalytic activity towards oxygen
reduction.*® Furthermore, treatment through mechanical grinding allowed for the separation of
individual segments or “cups” from the fiber. Studies by atomic force microscopy (AFM)
revealed the presence of a large concentration of nitrogen functionalities decorating the open
basal plane of individual cups, allowing for the possibility of bioconjugation.'®® By the addition
of glutaraldehyde, a suspension of hollow, separated cups can be cross-linked to form
nanocapsules capable of encapsulating a variety of cargo such as gold nanoparticles (GNPs) or

quantum dots.™” Such studies demonstrate the versatility of synthesized nanostructures in terms

of both morphology and electronic properties; however, the ability to control the volumetric
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parameters of synthesized NCNCs and, in turn, the interior cavity space of nanocapsules has yet
to be demonstrated. In this paper, the volumetric parameters (diameter and segment length) of
NCNCs were controlled by the use of monodispersed iron nanoparticles and varying the N-
precursor (NH3) concentration. We demonstrate that the diameter of individual cups can be
tuned by the use of defined diameter catalyst particles. Moreover, segment length is

demonstrated to be inversely related to N-precursor concentration.

4.2 EXPERIMENTAL

4.2.1 lron Nanoparticle Synthesis

Iron nanoparticles (FeNPs) were synthesized by the thermal decomposition of iron pentacarbonyl
(Fe(CO)s) as reported previously.'*® Briefly, approximately 2 mmol of Fe(CO)s was mixed with
5 mmol of a fatty acid consisting of either oleic, lauric, or octanoic acid in 10 mL of dioctyl
ether. The solution was then refluxed at 286 °C under an N, atmosphere for 1 hour (Figure 12).
Particles were precipitated by the addition of 20 mL of isopropyl alcohol (IPA) and centrifuged
at 3400 rpm. This was followed by several washings with IPA and subsequent resuspension in

hexane for further use in CVVD reaction
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Figure 12. Synthesis of nitrogen-doped carbon nanotube cups (NCNCs) by chemical vapor

deposition (CVD) reaction from NH; and EtOH using monodispersed Fe nanoparticles (FeNPs) as a catalyst.

4.2.2 NCNC Synthesis from Monodispersed FeNPs

Synthesized particles were further spin-coated at 1400 rpm on to a bare quartz plate (2.5 cm x
2.5 cm) and placed in a sealed quartz tube for CVD reaction. As illustrated in Figure 12,
NCNCs were synthesized from a liquid precursor of 1%, 5%, or 9% NHj (wt/wt) in EtOH.
Specifically, a three-foot long, sealed quartz tube (2.5 cm i.d.) was placed in a Lindberg/Blue
tube furnace and heated to 950 °C. Carrier gases of Ar and H, with flow rates of 422 sccm and
125 sccm, respectively, were used to remove O, from the system. The liquid precursor of 5%
NH3; was injected at 5 mL/h for 1 h, followed by termination of the reaction by stopping the
precursor. H; was then shut off and the system was allowed to cool in an Ar atmosphere for 1 h
prior to collection of the synthesized product by sonicating the quartz plate in 15 mL of N, N-

dimethylformamide (DMF).
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4.3 RESULTS AND DISCUSSION

4.3.1 Diameter Control

Transmission electron microscopy (TEM) was used to characterize as-synthesized FeNPs and the
resultant NCNCs. As shown in Figure 13, NCNCs’ diameter distributions appear to be directly
proportional to FeNP diameter. Using octanoic acid in the thermal decomposition of Fe(CO)s,
FeNPs of 12 + 1.8 nm are produced yielding NCNCs of 33 £ 5 nm in diameter. Likewise, FeNPs
synthesized with lauric acid result in an average diameter of 7.1 + 0.8 nm, with an average
NCNC diameter of 26 + 5 nm. Synthesized FeNPs from oleic acid have an average diameter of
3.1 £ 0.6 nm with NCNCs’ average diameter of 16 + 4 nm; however, it is important to note the
shape of NCNC:s utilizing oleic acid-synthesized FeNPs. As shown in the top inset of Figure 13,
C, NCNCs deviate from their typical conical morphology in exchange for a “tear-drop” shape.
Presumably, a result of the high radius of curvature from oleic acid-synthesized catalyst
particles, the resulting tear-drop morphology is observed. Such divergence from a conical
segment structure alludes to a size threshold for radius of curvature in FeNPs in NCNC

synthesis.
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Figure 13. TEM micrograph of NCNCs synthesized from (A) octanoic acid capped iron

nanoparticles (FeNPs, ~15 nm), (B) lauric acid capped FeNPs (~ 10 nm), and (C) oleic acid capped FeNPs (~5
nm). Diameter distributions of NCNCs are observed to depend on catalyst particle size (shown lower left
insets, scale bar 50 nm). Inset in (C) illustrates shape deformation from a conical “cuplike” structure (Scale

bar 20 nm).

Table 1 provides the resulting statistical measurements for synthesized FeNPs and
corresponding NCNC diameter distributions. Moreover, dynamic light scattering (DLS) was
performed to assess size discriminations in FeNP diameter distributions inherently witnessed by
TEM (Supporting Information). As listed, slight variance between TEM and DLS measurements
of FeNPs are observed. Because NCNCs are fibrous 1-D structures, DLS measurements were
not performed as spherical estimations would prove disingenuous. Shown in the Electronic
Supplementary Information, AFM was also used to assess the size of synthesized FeNPs of
varying diameter. Briefly, particles were spin-coated from hexane on a bare piece of mica.
Tapping mode imaging was then implemented to visualize particles, followed by cross-sectional
height analysis to measure 20.8 nm, 12.4 nm, and 2.7 nm for FeNPs synthesized using octanoic,

lauric, and oleic acids, respectively.
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Table 1. FeNP Diameter Distributions

Fatty acid Diameter of FeNPs Diameter of NCNCs
Octanoic acid 16 £3nm? (12.5 + 1.8 nm)® 335 nm
Lauric acid 8+2nm? (7.1 +0.8 nm)® 26 =5 nm
Oleic acid 5+2nm? (3.1 + 0.6 nm)° 16 £4 nm

aTEM data. *DLS data.

4.3.2 Effect of N-Doping on Segment Length

We further controlled the volumetric parameters of NCNCs and experimentally elucidated the
role of N-doping on structural morphology by altering the nitrogen concentration in the liquid
precursor at a “fixed” monodispersed nanoparticle distribution. For our studies, octanoic acid-
synthesized particles were used for CVD reaction possessing a diameter distribution listed above
(12.5 £ 1.8 nm). Additionally, stock solutions of 1%, 5%, and 9% NH3 in EtOH were prepared
as liquid precursors for NCNC growth.

As described previously, CVD was performed using octanoic acid-synthesized FeNPs
spin-coated from hexane on a bare quartz plate. The NH3-containing precursor was injected at a
rate of 5 ml/h for 1 h under an inert atmosphere at 950 °C, followed by termination of the
reaction and sonication of the product into DMF. TEM analysis was then used to examine the
structural morphology due to the variation of NH3 concentrations in the feedstock. Figure 14
illustrates the corresponding low and high resolution TEM micrographs of NCNCs synthesized

with 1%, 5%, and 9% NH3, respectively. Additionally, electron energy loss spectroscopy
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(EELS) was performed and confirmed a range of 2-7 atomic % N in each sample (Supporting
Information). It is also important to note that since the same FeNPs were used for each variance
in N concentration, all three runs resulted in NCNCs with similar diameters (38 = 9 nm) but
different segment lengths. As can be observed from the micrograph indicating 1% NHs3, an
individual segment length is approximately 750 nm. Of interesting note, some structures
exhibited no segments at all, but were represented by the morphology of a multiwalled carbon
nanotube. As the concentration of NH; in the feedstock increased to 5%, however, conical
segments of the type illustrated previously were observed. Using 9% NH3 as the liquid
precursor, increasingly smaller segment lengths were observed in the range of 31 £ 8 nm, as

indicated in the corresponding table.
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CVD Conditions

1% NH, 5% NH, 9% NH,
Length of NCNCs
760 + 80 nm 130+ 80 nm 31+8nm

Figure 14. Varying the NH; concentration during the CVD reaction (uniform particle size, 16 + 3
nm) resulted in alteration of the segment lengths of NCNCs. Nominal length values and ranges are listed

under each concentration 1%, 5%, and 9% respectively.
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Such control of segment length has been theoretically predicted.*****® Two models were
studied in which (1) carbon atoms in the wall of the NCNCs were substituted or (2) nitrogen
atoms were adsorbed at the open edge of the NCNCs. Results from this study concluded that
dopant nitrogen atoms exhibit a preference for edge adsorption, as opposed to side wall
incorporation. Thus, once enough N atoms are present on the open edge of the NCNC, carbon
atoms will not attach to this site, effectively acting as a “stopper” for further growth of longer
nanotubes. Our experimental results support this hypothesis. As NH3 concentration in the liquid
precursor is increased, available N atoms are also increased resulting in faster saturation of open
edge planes and shorter segment lengths. The converse holds true as well, as indicated by longer

segment lengths using 1% NHs.

4.3.3 Tailored Encapsulation of GNPs

Defining these parameters (segment length and diameter) enables for the tailored volumetric

capacity of individual NCNCs. As we have previously demonstrated,*’

separated NCNCs can
be cross-linked by the addition of glutaraldehyde. Moreover, cargo such as gold nanoparticles
(GNPs) and quantum dots can be encapsulated by their addition prior to crosslinkage,
presumably through a capillary action effect. However, in facilitating this work, polydispersed
structures were often found, each with its own intrinsic loading capacity. Utilizing NCNCs of
controlled diameter and segment length should provide uniform and tailored interior volume for
encapsulation of a variety of cargo. Indeed, it was observed that variation in these parameters
effectively increased or decreased the loading capacity. Briefly, 0.1 mg of NCNCs doped by
1%, 5%, or 9% NH3 were mechanically separated through grinding with a mortar and pestle and

resuspended through sonication in EtOH for 5 min (Figure 15). Approximately 2 mL of the
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separated NCNC suspension was mixed with 500 pL of commercially available GNPs (Sigma
Aldrich, 5 nm nominal diameter, diluted 16:1 with EtOH) and further sonicated for an additional
5 min. Subsequently, 500 pL of 4% glutaraldehyde (GA) was added, and the suspension was
incubated for 24 h. Figure 15 shows the TEM micrographs from encapsulated GNPs. Using
TEM, the morphology of the resultant nanocapsules, as well as the number of GNPs
encapsulated within their interior cavity was examined. For 5% NH3-synthesized nanocapsules,
9 + 4 GNPs were found within the interior of 25 measured structures. In contrast, 9% NH3-
synthesized nanocapsules revealed the encapsulation of 3 £ 1 particles within the interior cavity.
Moreover, an increased distribution of particles was found for the former. This suggests that
while 5% NH3-synthesized nanocapsules can posses tens of particles, a critical value of ~4 GNPs
can be encapsulated within the small interior cavity of 9% NH3-synthesized nanocapsules,
confirming a direct correlation between segment length and interior loading capacity. Results
from 1% NH3-synthesized nanocapsules deviated from this trend, however. We expected that
increased segment length would result in an increased number of particles encapsulated. On
average, no GNPs were found within the interior of formed nanocapsules. Additionally, capsule
formation was not observed in many cases, presumably the result of non-covalent n-m
interactions dominating that of covalent bond formation. Therefore, with the exception of
NCNCs made using 1% NH3 precursor, interior cavity space can be estimated based upon the
number of encapsulated GNPs. GNPs of 5 nm diameter occupy a volume of 65 nm®. Thus, for
5% NH3-synthesized nanocapsules, the average interior volume is approximately 600 nm®, while

that of 9% NH3 is 200 nm®.
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Figure 15. A) Schematic illustration of stacked NCNC segment separation by mechanical grinding,
followed by cross-linkage with 4% glutaraldehyde (GA) in the presence of gold nanoparticles (GNPs),
resulting in encapsulated GNPs. TEM micrographs demonstrate the encapsulation of GNPs with cross-
linked NCNCs for (B) 1%, (C) 5%, and (D) 9% NH;-synthesized NCNCs. E) Corresponding bar graph
shows the statistical distribution of encapsulated GNPs. 1% NH;-synthesized nanocapsules did not contain a

significant contribution of encapsulated GNPs.
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While we demonstrate the successful control of NCNCs by CVD using monodispersed
FeNPs, similar types of nanostructures can be synthesized by other methods. For instance, Chun
et al. utilized an anodized aluminum oxide (AAQO) template and performed CVD reactions using
acetylene to deposit graphitic carbon within the template wells.*®® The resultant product was a
film of carbon nanocups that could be separated through the use of Ar milling. With this
methodology, a higher degree of control of physical dimensions can be attained; however, there
are no intrinsic N-functionalities with which to perform subsequent reactions. Our protocol, in
lieu of an exact degree of dimensional tailoring, incorporates a variety of N-functionalities for
chemical reactions. As a result, we have demonstrated the successful cross-linkage of NCNCs to
form nanocapsules, a task not easily accomplished without the inherent presence of N-
functionalities.

The ease of encapsulating cargo such as GNPs in graphitic nanocapsules offers
significant advantages over current nano-encapsulation methods. Typically, alternative systems
utilize layer-by-layer adsorption of oppositely charged macromolecules to a colloidal
template.”** Polymer nanocapsules have been able to encapsulate species such as quantum dots
and magnetic nanoparticles; however, these systems suffer from complexity of compositional
processes or limited stability in external chemical environments as varying pH may make such
capsules more or less permeable.*?* In contrast, NCNC-formed nanocapsules encapsulated cargo
presumably through capillary action, followed by chemical crosslinking reaction. Once
encapsulated, the multiwalled graphitic shell provides an inert barrier between external
environments and interior cargo, offering high stability and versatility for a variety of

applications.
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44  CONCLUSIONS

Finite control over structural and morphological properties of nanomaterials through chemical
doping is essential for their engineered properties. We have demonstrated the novel utility of
nitrogen-doping to achieve desired volumetric parameters of a hybrid carbon nanomaterial.
Furthermore, imparted functionality is observed in the fabrication of nanocapsules of defined
interior capacity for the encapsulation of cargo. Such immediate applications of this type of
material may include their use in drug delivery where inherent nitrogen functionalities permit

biocompatibility, and tailored cavity space may be utilized for medicinal cargo.
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46  SUPPORTING INFORMATION

Supporting information for Chapter 4.0 *‘Controlling the Volumetric Parameters of Nitrogen-
Doped Carbon Nanotube Cups’ can be found in Appendix C. The data available includes AFM
height profiles of synthesized FeNPs (Figure 50), DLS measurements of synthesized FeNPs
(Figure 51), high-resolution TEM and EELS analysis of synthesized NCNCs (Figure 52), and

low-resolution TEM image of encapsulated GNPs (Figure 53).
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5.0 BIODEGRADATION OF SINGLE-WALLED CARBON NANOTUBES

THROUGH ENZYMATIC CATALYSIS

Abstract

We show here the biodegradation of single-walled carbon nanotubes through natural, enzymatic
catalysis. By incubating nanotubes with a natural horseradish peroxidase (HRP) and low
concentrations of H,O, (~40 uM) at 4 °C over 12 weeks under static conditions, we show the
increased degradation of nanotube structure. This reaction was monitored via multiple
characterization methods, including transmission electron microscopy (TEM), dynamic light
scattering (DLS), gel electrophoresis, mass spectrometry, and ultraviolet — visible — near-infrared
(UV-vis-NIR) spectroscopy. These results mark a promising possibility for carbon nanotubes to
be degraded by HRP in environmentally relevant settings. This is also tempting for future
studies involving biotechnological and natural (plant peroxidases) ways for degradation of
carbon nanotubes in the environment.

This work, published in Nano Lett. 2008, 8, 3899-3903, was the collaborative work of
the Star Research Group and the Kagan Research Group (Environmental and Occupational
Health) at the University of Pittsburgh. Contributing roles included initial observations reported
by Padmakar D. Kichambare and Pingping Gou, electron paramagnetic resonance studies

performed and analyzed by Irina I. Vlasova, and gel electrophoresis performed and analyzed by
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Alexander A. Kapralov and Nagarjun Konduru. My contribution to this work was the execution
of incubation studies over a 16 week period, including TEM and DLS analysis,
thermogravimetric analysis, and absorbance spectroscopy. Dr. John Williams of the University
of Pittsburgh performed and interpreted MALDI-TOF mass spectrometry data. Professors

Alexander Star and Valerian Kagan aided in experimental design and discussion.

5.1 INTRODUCTION

Single-walled carbon nanotubes represent an emerging realm between nanomaterials and

3122 and drug delivery.’®*?®  These

biological systems, specifically for that of biosensing
progressions towards biological systems have subsequently spawned necessary research into
toxicity of carbon nanotubes as varying functionalities and carbon nanotube types become
incorporated into experimental parameters and introduced by altering media.’***?® While it has
been shown that carbon nanotubes can indeed act as a means for drug delivery, negative effects
such as unusual and robust inflammatory response,'?® oxidative stress and formation of free
radicals, and accumulation of peroxidative products have also been found as a result of carbon
nanotubes and their accumulated aggregates.’****® Here we report the catalytic biodegradation of
carbon nanotubes in vitro by oxidative activity of horseradish peroxidase and low concentrations

of hydrogen peroxide (40 puM). This indicates possible biotechnological and natural (plant

peroxidases) ways for degradation of carbon nanotubes in the environment.
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5.2 EXPERIMENTAL

Experimental work was carried out using electric arc discharge single-walled carbon nanotubes
purchased from Carbon Solutions Inc. (P2-SWNTSs) and further purified by oxidative treatment

with H,S04/H,0, to remove residual metal catalyst."*’

This treatment is known to impart
carboxylic acid groups, thus improving solubility in agueous media. After rigorous filtration
with copious amounts of water, approximately 0.1 mg of nanotubes was suspended in 4.5 ml of
phosphate buffered saline (PBS) at pH 7.0 using an ultrasonic bath for one minute (Branson
1510, Frequency 40kHz). These suspended nanotubes typically remained well dispersed for one
week at room temperature prior to precipitation, allowing for greater surface area exposure, and
possibly greater degradation. Lyophilized horseradish peroxidase (HRP) Type VI (Sigma
Aldrich) was solubilized in PBS at 0.385 mg/mL, and then added to the carboxylated nanotube
suspension at a volume of 4.0 mL. The entire suspension was then statically incubated over 24
hours at 4 °C in the dark. We believe these temperature conditions correspond with possible
applications of the biocatalytic system for environmental biodegradation of carbon nanotubes in
different seasons. An excess of 10.0 mL of 80 uM H,0O, was added to the bulk sample to start
the catalytic biodegradation of carbon nanotubes in the presence HRP. Static incubation with
H,0, (resulting concentration ~40 uM) was also performed in refrigerated conditions and kept
in the dark to avoid enzyme denaturation and photolysis of H,0,.*® Furthermore, assessments
of HRP activity incubated with carbon nanotubes were performed. To avoid complications of
spectrophotometric assays in the presence of strongly-light scattering suspensions, we used
electron spin-resonance measurements of the activity based on detection of radicals formed

139 or a phenolic compound, etoposide.****** Both

during one electron oxidation of ascorbate,
assays revealed strong signals from the respective peroxidase substrates, thus demonstrating that
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carbon nanotubes did not cause inactivation of the enzyme (see Supporting Information), in
agreement with the data in the literature.****** Careful control of pH and temperature conditions

was maintained to ensure the enzyme’s prolonged survival over the incubation period.

5.3 RESULTS AND DISCUSSION

Throughout the course of 16 weeks, aliquots (250 pL) of the incubating suspension were
removed bi-weekly after gentle shaking of the bulk sample to evenly distribute material without
denaturation of HRP. An equal volume of 80 uM H,O, was then added to replace the volume of
aliquot removed. Figure 16 presents visual evidence of biodegradation of the suspended carbon
nanotubes over the full range of incubation time. As can be seen, there is a steady progression of
fading color intensity and turbidity from the control sample through week 16, where the solution
of incubated nanotubes appears to be clear. This decline of light scattering and absorbance from
nanotubes cannot be the result of simple dilution, as even though 250 pL aliquots were replaced
with an equal volume of H,05, this is hardly a significant volume for a mass dilution of the 20
mL bulk sample. A simple explanation involves oxidation of already carboxylated nanotubes
through a highly reactive intermediate (Compound 1) produced via the interaction of H,O, and

HRP.
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Figure 16. Aliquots of carbon samples are displayed by increasing HRP/H,O, incubation time in
weeks (left to right). A) A control of carboxylated nanotubes is shown (far left) in comparison to a gradient
decay of light scattering and absorbance as incubation time continues. B) HRP is shown as a cartoon image
of tertiary structure, while the active heme center is illustrated. C) Interaction of H,O, with the HRP active
center produces highly oxidizing species, a ferryl oxo (+4) iron, and porphyrin (Por) = radical cation,

resulting in length decrease of carbon nanotubes.
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A highly oxidizing redox potential (about 950 mV) for HRP Compound I/Compound
[1*41% defines its broad spectrum of applications as a potent biotechnological oxidant
(particularly in the immobilized form) in the environmental and health care sectors, and in
pharmaceutical and chemical industries.**® These features represent a poignant characteristic of
HRP, and reason why intrinsic catalytic iron is insufficient to degrade nanotubes in the presence
of low, local levels of H,0, as evidenced by our controls consisting of carboxylated nanotubes
incubated with HRP, and carboxylated nanotubes incubated with H,O, at the same
concentrations listed above (see Supporting Information).

To add to the visual confirmation of biodegradation of HRP-incubated nanotubes,
transmission electron microscopy (TEM) was used to examine each aliquot removed from the
incubating bulk sample. Initially, atomic force microscopy (AFM) was used to characterize
these aliquots, but visualization at later weeks became impossible because biodegraded material
obscured the images (see Supporting Information). In order to effectively, terminate the
oxidative reaction of HRP/H,0, and to effectively remove PBS salts, which were found to
obstruct the imaging, centrifugation (3400 rpm) was used to decant off the PBS solution,
followed by suspension into approximately 1 mL of N, N-dimethylformamide (DMF) through
sonication. As DMF has typically shown excellent dispersion of carbon nanotubes, while
denaturing HRP, this acted as an effective solvent for imaging without the development of any
noticeable residue. One drop of the aliquot in DMF was then placed on a lacey carbon grid
(Pacific-Grid Tech) and allowed to dry in ambient for 2 hours prior to TEM imaging (FEI
Morgagni, 80 keV). Figure 17 shows a time-lapsed series of nanotubes throughout the
incubation period in HRP/H,0,. As can be seen in the first panel, carboxylated carbon

nanotubes were approximately 517 + 372 nm (see Supporting Information), based on point-to-
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point measurements, indicative of the 24 hour cutting procedure as previously mentioned.**” As
incubation time progressed to 8 weeks, we observed a substantial decrease in average nanotube
length (231 + 94 nm) and the appearance of globular material, as demonstrated by the second
panel. By the end of concurrent incubation period (16 weeks), it had become difficult to account
for any nanotube structure. Examination of the samples at 12 weeks, revealed that the bulk of
nanotubes were no longer present, and globular material had amassed, contributing to the
predominant species imaged. In agreement with these data, dynamic light scattering (Particle
Technology Labs, Malvern Zetasizer Nano) (Figure 17, D) showed a sharp contrast in size
distributions through progressive weeks. Particle sizes were determined based off the refractive
index of carbon as the particle and DMF as the carrier fluid. Smaller size distributions at
progressive weeks may be attributed to decreased bundling in nanotube structures, however other
data point to degradation of material. To further examine the ability of HRP/H,0O, to biodegrade
nanotubes, we additionally analyzed their mobility profile using electrophoresis in a 0.5%
agarose gel (Figure 17, E). To reveal the location of nanotubes in the gel, we utilized a complex
of albumin with bromophenol blue stain. In the absence of nanotubes, albumin/bromophenol
blue complex gave a distinctive band (1). Control (non-treated) nanotubes, due to their relatively
large size, did not enter the gel (arrow) and caused retardation in the migration of the
albumin/bromophenol blue complex (asterisk) (2). When the suspension incubated for 16 weeks
with HRP/H,O, was loaded on the gel, no distinctive band of nanotubes was detectable at the
loading site and the albumin/bromophenol blue complex migrated as a free complex similar to

the control (3).
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Figure 17. TEM tracks the biodegradation of carbon nanotubes as incubation time increases (A-C)
Length decrease is seen at week 8 with some globular material present, while at week 12 mostly globular
material is present. This change is attributed to nanotube biodegradation. D) DLS shows size distribution
between select weeks. Larger material present in week 2 is not present in week 16, while additional smaller
material is found to be present at week 16. E) Agarose gel electrophoresis reveals that HRP/H,0,
functionalization results in the disappearance of nanotubes capable of binding albumin/bromophenol blue
complex. Electrophoresis was performed in TAE buffer (40 mM Tris acetate and 1mM EDTA). Prior to
loading, nanotubes were incubated with bovine serum albumin fraction V (100 mkg per sample) and
bromophenol blue (0.05%) for 30 min at room temperature. F) TGA of carbon nanotubes prior to

incubation (black) and after degradation (red).
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In addition, thermogravimetric analysis (TGA) was performed on a larger sample with
more frequent H,O, additions. Approximately 5 mg of carboxylated nanotubes were incubated
with HRP at 37 °C with hourly additions of 1 mM H,0O, for 5 days. Examining the mass of this
sample after solvent removal, we have found that approximately 40% by weight of nanotube
material was lost. TGA shows a marked contrast in profiles (Figure 17, F). Carboxylated
carbon nanotubes, as shown in black, start to lose weight around 200 °C as opposed to pristine
SWNTs (900 °C), in agreement with the literature.®*” However, nanotubes incubated with
HRP/H,0, were less stable and demonstrated larger overall weight loss with the most significant
losses at 100 °C and 670 °C. This indicates a higher level of induced defects in good agreement
with TEM observations.

To further characterize species present in the incubation aliquots, matrix assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry was used to analyze
varying samples. We employed Applied Biosystems VVoyager 6174 in a positive ionization mode
whereby all samples were analyzed using o-Cyano-4-hydroxycinnamic acid as a calibration
matrix. All samples (carbon nanotubes, nanotubes with HRP, and nanotubes incubated in
HRP/H,0, for t = 16 weeks) were suspended in DMF and prepared as previously mentioned.
Figure 18 shows the overlay of significant signals for each sample. As can be seen, carbon
nanotubes (blue) and our control of nanotubes with HRP but without H,O, (red), share similar
mass to charge (m/z) peaks, specifically at approximately 12,000. This evidence supports that
HRP alone (43,000 m/z)'*® is not responsible for any decrease in m/z of carboxylated nanotubes.
In contrast, nanotubes incubated for 16 weeks with HRP/H,O, (green) had sharply differing
characteristics. Shown in Figure 18, only the lower end of the spectrum produced any relevant

signal, with no peaks present at m/z of 12,000. Focusing on the m/z ratio from 500 to 2500,

73



multiple peaks were found in high intensity (>50%), specifically between 600 and 1000. The

presence of these lower m/z peaks and the lack of signal at 12,000 may be indicative of oxidative

fragmentation and possibly a shortening of nanotube material throughout the incubation period.
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Figure 18. MALDI-TOF Mass spectrometry results of carboxylated nanotubes (blue), control

sample of nanotubes with HRP only (red), and nanotubes after 16 weeks of incubation with HRP and 80 uM

H,0O, (green). Inset shows expanded view of incubated sample.
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Furthermore, HRP/H,0, mediated oxidative modification of carbon nanotubes was
investigated using UV-Vis-NIR spectroscopy (Perkin Elmer). Aliquots (500 pL) were sonicated
briefly in DMF before being analyzed. Figure 19 shows the resulting UV-Vis-NIR spectra from
600 — 1200 nm. This wavelength range was chosen to avoid spectral interference from solvent
and water molecules. It should be recalled here that carbon nanotubes are mixtures of different
diameters and helicities; the resultant spectrum includes electronic transitions for both metallic
and semiconducting nanotubes (Figure 19, A). The broad S, semiconducting band of the carbon
nanotubes is evident between 1000 and 1100 nm, as well as the M; metallic band between 650-
750 nm. By monitoring the S, band over the incubation period, we could see notably two
distinct features: 1) The S, band blue shifted as time progressed and 2) by week 16, most band
structure in terms of the S, and M; bands was lost. Both the blue shifting of the S, band and
loss of structure by week 16 can be attributed to the degradation of carbon nanotubes. Because
blue shifting is not significant upon enzyme addition, we can postulate that only smaller diameter
nanotubes are present in later weeks of incubation. Since nanotubes have an energy-induced

band gap inversely proportional to nanotube diameter,'*®

it is possible that only smaller diameter
material is present; while at week 16, loss of band structure is indicative of most nanotube

material being oxidized.
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Figure 19. Nanotube density of states band diagram and UV-vis-NIR spectroscopic measurements
tracking the biodegradation of nanotubes as HRP/H,O, incubation time increases. A) Nanotubes are
synthesized with varying helicities and diameters giving rise to both metallic and semiconducting tubes with
respective energetic transitions. B) Blue shifting is seen in the S, semiconducting band as incubation time
increases. This shift correlates to the presence of smaller diameter nanotubes. Week 16 subsequently shows

a loss in band structure as nanotubes biodegrade.
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5.4  CONCLUSIONS

In conclusion, we provided here compelling evidence of the biodegradation of carbon nanotubes
by HRP/H,0, over the period of several weeks. This marks a promising possibility for
nanotubes to be degraded by HRP in environmentally relevant settings. It is tempting to
speculate that other peroxidases in plants and animals (e.g. myloperoxidase) may be effective in
oxidative degradation of carbon nanotubes. If so, enhancement of these catalytic biodegradation
pathways may be instrumental in avoiding cytotoxicity in drug delivery,* gene silencing,™" and

2 With further insight into this type of biodegradation process, it will be

tumor imaging.’
possible to engineer better, more efficient drug delivery platforms, where the patient need not
worry about the injection of materials that could possibly accumulate causing cytotoxic effects.

While we demonstrate this initial biodegradation, more studies are necessitated to ascertain the

by-products of the biodegradation, as well as cellular studies for practical application.
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5.6  SUPPORTING INFORMATION

Supporting information for Chapter 5.0 ‘Biodegradation of Single-Walled Carbon Nanotubes
through Enzymatic Catalysis’ can be found in Appendix D. The data available includes
statistical data correlating nanotube length as a function of time (Table 2), TEM imaging of
H,0, (Figure 54) and HRP (Figure 55) controls, AFM imaging of carbon nanotubes prior to
incubation (Figure 56) and after 8 weeks of incubation with HRP/H,O, (Figure 57), EPR

spectra (Figure 58), and EPR methodology.
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6.0 MECHANISTIC INVESTIGATIONS OF HORSERADISH PEROXIDASE-

CATALYZED DEGRADATION OF SINGLE-WALLED CARBON NANOTUBES

Abstract

Single-walled carbon nanotubes (SWNTSs) have been investigated for a variety of applications
including composite materials, electronics, and drug delivery. However, these applications may
be compromised depending on the negative effects of SWNTSs to living systems. While reports of
toxicity induced by SWNTs vary, means to alleviate or quell these effects are in small
abundance. We have reported recently the degradation of carboxylated SWNTs through
enzymatic catalysis with horseradish peroxidase (HRP). In this full Article, we investigated the
degradation of both carboxylated and pristine SWNTSs with HRP and compared these results with
chemical degradation by hemin and FeCls. The interaction between pristine and carboxylated
SWNTs with HRP was further studied by computer modeling, and the products of the enzymatic
degradation were identified. By examining these factors with both pristine and carboxylated
SWNTSs through a variety of techniques including atomic force microscopy (AFM), transmission
electron  microscopy (TEM), Raman spectroscopy, ultraviolet-visible-near-infrared
(UV—vis—NIR) spectroscopy, gas chromatography—mass spectrometry (GC-MS), high-
performance liquid chromatography (HPLC), and liquid chromatography-mass spectrometry

(LC—MS), degradation pathways were elucidated. It was observed that pristine SWNTSs
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demonstrate no degradation with HRP incubation but display significant degradation when
incubated with either hemin or FeCl;. Such data signify a heterolytic cleavage of H,O, with
HRP as pristine nanotubes do not degrade, whereas Fenton catalysis results in the homolytic
cleavage of H,O, producing free radicals that oxidize pristine SWNTSs. Product analysis shows
complete degradation produces CO, gas. Conversely, incomplete degradation results in the
formation of different oxidized aromatic hydrocarbons.

This work, published in J. Am. Chem. Soc. 2009, 131, 17194-17205, was once again a
collaboration between the Star Research Group and the Kagan Research group. Contributing
roles included gas chromatography-mass spectrometry, high-performance liquid
chromatography, liquid chromatography-mass spectrometry, and Amplex Red measurements
performed and analyzed by Gregg P. Kotchey and Dr. John Williams, enzyme immobilization
and absorbance measurements by Yanan Chen, and molecular modeling by Naveena Yanamala
and Dr. Judith Klein-Seetharaman. | contributed by initiation of enzymatic and non-enzymatic
degradation reactions (hemin and iron chloride), TEM analysis, UV-vis-NIR analysis, Raman
spectroscopic analysis, and AFM imaging. Profs. Valerian Kagan and Alexander Star directed

experimentation and discussion.

6.1 INTRODUCTION

Single-walled carbon nanotubes (SWNTSs) have been at the forefront of nanoscience research for

153,154

a variety of applications including gas sensing, composite materials,"*>**° biosensing,**’

and drug delivery.™®* While the latter two applications have been successful, there are reports
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of cellular toxicity induced by SWNTSs. Specifically, oxidative stress and the formation of free

181 robust inflammatory response,'®? and even asbestos-like pathogenicity*® have been

radicals,
found as a result of the inception of SWNTSs into biological systems. As a means to diminish
these effects, various bioconjugation schemes have been used to functionalize SWNTSs including
DNA' and peptides,'®® as well as supramolecular approaches such as functionalization with
poly(ethylene glycol) (PEG).*®® These methods do, indeed, subdue the initial toxicity typically
induced by this variety of carbon nanomaterials; however, the issue of long-term circulation
without the possibility of physiological or even environmental degradation remains.

Recently, we have demonstrated the enzymatic degradation of carboxylated SWNTSs
using horseradish peroxidase (HRP) and low, localized concentrations of H,0, (~40 pM).*
Degradation of SWNTs with HRP was shown to proceed over the course of several weeks at 4
°C in the dark. The interaction between HRP and H,0, has been extensively studied.'®® In
essence, HRP, as a heme peroxidase, contains a single protoporphyrin 1X heme group. While in
an inactive form, the heme peroxidase is of a ferric (Fe**) oxidation state. Hydrogen peroxide
then binds to the ferric species, and a transient intermediate forms, in which peroxide is bound to
the heme iron as a ligand. It is then thought to undergo a protein-assisted conversion to an
oxywater complex specifically through the His 42 and Arg 38 residues, leading to what is known
as Compound |, comprised of a ferryl oxo iron (Fe**=0) and a porphyrin 7 cation radical. We
hypothesize that the generation of Compound | (redox potential of 950 mV)'*®° through the
heterolytic cleavage of H,0, would result in the degradation of carboxylated SWNTs located in
close proximity to the HRP catalytic site. On the other hand, FeCl; would affect Fenton

catalysis, where homolytic radical generation from H,O, would demonstrate no selectivity, and

pristine SWNTs would be degraded as well as carboxylated SWNTSs.
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To elucidate the mechanism of enzymatic degradation of SWNTSs, we focus on the HRP
preferential oxidation of carboxylated SWNTs over pristine SWNTs and the identification of the
degradation products. From the perspective of the enzymatic substrate (SWNTS), it is tempting
to speculate that, as a result of complete degradation, SWNTs will be completely oxidized to
CO,,'™ via formation of various intermediate species in the degradation solution. Additionally,
from the perspective of HRP, it is unknown whether degradation is contingent upon proximity of
the enzyme’s heme site to the surface of SWNTSs.

In this Acrticle, the interaction between HRP and SWNTSs is examined through a variety of
methods including transmission electron microscopy (TEM), atomic force microscopy (AFM),
ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy, Raman spectroscopy, gas
chromatography-mass spectrometry (GC-MS), high-performance liquid chromatography
(HPLC), and liquid chromatography-mass spectrometry (LC-MS). As compared to our previous
work, SWNTs were incubated with HRP and varying concentrations of H,O, at higher
temperature. Evaluation of these conditions shows significant acceleration of reaction kinetics at
room temperature with little influence by an excess of H,O; in the tested regime. These findings
do not apply to pristine SWNTSs, however, as no degradation was observed, alluding to
hydrophobic interactions preventing proximity of the HRP heme site to the substrate (pristine
SWNTSs). Molecular modeling was additionally implemented to investigate possible binding sites
for carboxylated and pristine SWNTSs to HRP, resulting in varying proximity to this active site.
Incubation with other ferric iron species including hemin and FeCl; with H,O, resulted in the
degradation of both carboxylated and pristine SWNTSs, consistent with a homolytic cleavage of
H,0, and the formation of free radicals. Further characterization with GC-MS and HPLC of

carboxylated SWNT samples (incubated with either HRP or ferric iron species) elucidated CO,
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production as expected, as well as multiple products in solution identified by LC-MS. Product
analysis reveals the formation of CO, and intermediate oxidized aromatic hydrocarbons. These
findings are important for better understanding the exact mechanism of enzymatic degradation of

SWNTs.

6.2 EXPERIMENTAL

6.2.1 Materials

SWNTSs prepared by the arc-discharge process*’* were purchased from Carbon Solutions, Inc.
(P2-SWNT). Lyophilized HRP type VI, PBS, reagent grade MeOH, hemin (chloride), FeCl;
(hexahydrate), and 30% H,0O, were purchased from Sigma Aldrich. Amplex Red was purchased

from Molecular Probes, Invitrogen.

6.2.2 Carboxylation of SWNTs

SWNTs were carboxylated as reported previously.”*” Briefly, approximately 25 mg of SWNTSs
was sonicated (Branson 1510, frequency 40 kHz) in 200 mL of H,SO4/H,0, (30%) at a ratio of
3:1 for 24 h at 0 °C. It is important to note that this solution is highly oxidizing. Caution must be
taken when handling this system. After 10 and 15 h, 2.0 mL of H,0, was supplemented into the
reaction to compensate for H,O, decomposition. The final dispersion was heated at 70 °C for 10
min, and subsequently diluted 10-fold, filtered on a 0.22 um Teflon membrane filter, and washed

with copious amounts of water to a neutral pH.
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6.2.3 Incubation with HRP and H,0»

Two vials were prepared by sonicating for 1 min approximately 1 mg of carboxylated SWNTSs
into 4.0 mL of 1x (11.9 mM phosphates, 137 mM NaCl, and 2.7 mM KCI) phosphate buffered
saline (PBS) per each vial. Lyophilized HRP type VI was solubilized in PBS at 0.385 mg/mL
and added to the carboxylated SWNTSs suspension at a volume of 4.0 mL, creating a total volume
of 8.0 mL. All vials were then sealed with a septum and wrapped with parafilm to create an
airtight seal. Following one full day of incubation, an initial 8 mL of either 80 or 800 uM H,0,
was added by needle through the septum to start the degradation reaction, followed by daily
additions of 250 uL of either 80 or 800 uM H,0O, added to one of the two vials. This was

continued on a daily basis for 10 days.

6.2.4 Monitoring HRP Activity with Amplex Red

Two vials were prepared by sonicating for 1 min approximately 1 mg of pristine SWNTSs into 4.0
mL of PBS per each vial. Lyophilized HRP type VI was solubilized in PBS at 0.385 mg/mL, and
then added to the two pristine vials at a volume of 4.0 mL, for a total volume of 8.0 mL per vial.
An additional 8.0 mL of 80 uM H,0, or 800 uM H,0O, was added to vials containing pristine
SWNTs and HRP to start the degradation reaction. On a daily basis, 250 pL of either 80 or 800
uM H,0, was injected into one of the two vials for 10 days. As a control, two vials consisting of
4.0 mL of HRP and 4.0 mL PBS were prepared, and the reaction was initiated by 8.0 mL of
H,0; (80 or 800 uM). Daily additions of 250 pL of either 80 or 800 uM H,0O, was performed

for 10 days. All samples were then analyzed at days 1 and 10.
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Amplex Red (Molecular Probes, Invitrogen) was employed to test HRP activity. A 10
mM stock solution of Amplex Red was prepared by dissolving the reagent in dimethyl sulfoxide
(DMSO). To a 250 uL aliquot of sample being tested for enzymatic activity were added 234 pL
of double-distilled water, 15 uL of 800 uM H,0>, and 1 puL of 10 mM Amplex Red. After gentle
mixing, the UV-vis spectrum of the sample was taken with double-distilled water used as the

background.

6.2.5 Incubation with Hemin and H,O»

Two vials were prepared by sonicating for 1 min approximately 1 mg of carboxylated or pristine
SWNTs into 4.0 mL of dimethylformamide (DMF). Hemin (1 x 10 M in DMF) was then added
in excess at a volume of 16.0 mL. Following 24 h of incubation, samples were centrifuged for 1
h and decanted of nonphysisorbed hemin,”® followed by washing with double-distilled H,O.
The washed precipitates were then sonicated for approximately 1 min into 4.0 mL of double-
distilled water followed by the addition of 4.0 mL of 800 uM H,0O, to initiate the reaction.

Approximately 250 pL of 800 uM H,0, was thereafter added on a daily basis.

6.2.6 Incubation with FeCl; and H,0O,

Two vials were prepared by sonicating for 1 min approximately 1 mg of carboxylated or pristine
SWNTs into 4.0 mL of double-distilled water. FeCls (1 x 10™* M aqueous) was then added at a
volume of 500 pL and left to incubate for 24 h. Following incubation, 4.0 mL of 800 uM H,0,
was added to initiate the reaction. Approximately 250 uL. of 800 uM H,0O, was then added on a

daily basis.
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6.2.7 Transmission Electron Microscopy

Samples in PBS solution were first centrifuged at 3400 rpm for 3 h and decanted of supernatant
to effectively remove salts from the buffer. Resuspension into approximately 1 mL of DMF was
performed by sonication for 1 min. One drop of the suspended sample was placed on a lacey
carbon grid (Pacific-Grid Tech) and allowed to dry in ambient conditions for 2 h prior to TEM
imaging (FEI Morgagni, 80 keV or JEOL 2100F, 200 keV). Samples in double-distilled water

were used without any further preparation.

6.2.8 UV-vis—NIR Spectroscopy

Aqueous samples (150 pL) were analyzed using a Lambda 900 spectrophotometer (Perkin-
Elmer) and 0.20 mL quartz cuvettes (path length: 1 cm, World Precision Instruments, Inc.).
SWNTs were scanned from 600 to 1300 nm, while studies involving Amplex Red were scanned

from 300 to 800 nm. All samples were used without any further treatment or purification.
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6.2.9 Raman Spectroscopy

Samples were centrifuged at 3400 rpm for 3 h and decanted of supernatant to remove salts from
the buffer, then resuspended in MeOH through sonication for approximately 1 min. Samples
suspended in MeOH were prepared by drop-casting approximately 20 puLL on a quartz microscope
slide and drying. All spectra were collected on a Renishaw inVia Raman microscope using an
excitation wavelength of 633 nm. Samples were scanned from 1000 to 1800 cm ™' to visualize D
and G band intensity changes from the degradation process. Spectra were collected with a 15 s

exposure time and averaged across 5 scans per sample.

6.2.10 Gas Chromatography—Mass Spectrometry (GC—MS)

Approximately 2 puL of sample headspace (total headspace volume: 5 mL) was injected into a
Shimadzu QP5050A GC-MS unit with an XTI-F capillary column by sampling through the
septum of one of the two previously mentioned vials. A basic temperature program was
performed, starting at 100 °C held for 1 min, followed by temperature ramping at a rate of 10

°C/min until a maximum temperature of 325 °C was achieved and held for an additional 10 min.

6.2.11 High-Performance Liquid Chromatography (HPLC)

Samples in PBS solution or double-distilled water were first subjected to gentle heating (40 °C)
under vacuum to remove water. Resuspension into approximately 200 pL of MeOH was
performed by gentle shaking for 1 min, to concentrate the sample. A Waters 600 analytical

HPLC system equipped with both a 996 photodiode array detector and 2410 refractive index
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detector was utilized for separation, and this device was outfitted with a reversed phase C18
column consisting of either a Waters Nova C18 or a Waters Symmetry 300 C18 column
(Supporting Information). An isocratic solvent system consisting of 30% water and 70% MeCN
was selected. Both the water and the MeCN were sparged with He (Valley Gas) for 30 min, and
the C18 column was equilibrated for 30 min with the solvent prior to use. Twenty microliters of
sample was analyzed over a period of 30 min with a solvent flow rate of 1 mL/min. Empower

Pro software was utilized to complete all postprocess data analysis.

6.2.12 Liquid Chromatography—Mass Spectrometry (LC—MS)

Approximately 3 mL of aqueous samples was acidified by the addition of 500 pL of 0.1 M HCI
and extracted with dichloromethane (3 mL). After removal of dichloromethane, products were
then redispersed in pure MeOH (500 pL). Approximately 10 puL of concentrated sample was
injected into an Agilent/HP 1100 LC/MSD unit with an isocratic mobile phase of H,O:MeCN
(30:70) using an Xterra C18 column. Samples were analyzed for positive ions using electrospray

mass spectrometry.
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6.2.13 Atomic Force Microscopy (AFM)

A Multimode scanning probe microscope (Veeco) was utilized in tapping mode for height,
phase, and sectional analysis. Sample preparation was performed on freshly cleaved mica treated
with approximately 20 uL of 0.1% (w/w) poly-I-lysine (aq) through spin-coating at 1400 rpm.
Approximately 10 uL. of sample (aq) was spin-coated at 1400 rpm and allowed to dry in ambient
for 45 min prior to imaging. Using a “Supersharp” Si probe (tip radius <5 nm, AppNano),
tapping mode at a drive frequency of 182.316 Hz, an amplitude set point of 0.2465 V, and a
drive amplitude of 216 mV was performed. Images were initially scanned in a 13.1 pm area prior
to magnification of relevant areas. Post imaging processing included section analysis for

quantifying cross-sectional heights of samples.
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6.2.14 Molecular Modeling, Docking of SWNTSs to HRP

13 to have a

The 3-D structure of SWNTs was generated using Nanotube Modeler software
diameter of 1.3 nm using the chiral indices (m, n) as (8, 8) and (14, 4) to model metallic and
semiconducting SWNTSs, respectively. SWNTs were modified to contain carboxyl and hydroxyl

groups using the Builder Tool, provided by Pymol visualization software.!”

Docking of the
modified (carboxylated and hydroxylated) and pristine SWNT to the HRP X-ray crystal structure
(PDB ID: 1H5A, chain A) was performed using the iterated Local Search Global Optimization
algorithm provided by AutoDock Vina.}™* The pdbgt format files (required as input) of both the
receptor and the SWNT were generated using the ADT tools package provided by
AutoDock4.0.” The entire surface of the target was searched for possible binding sites without
bias. The grid maps representing the protein were calculated automatically by the AutoDock
Vina software.’’* A cubic box was built around the protein with 126 x 126 x 126 points as X, Y,
and z sizes. A spacing of 0.4 A between the grid points was used, making the center of the
protein to be the center of the cube, that is, X, y, and z centers at 5.766, 5.952, and 13.735,
respectively. A total of two CPUs were used to perform the docking. All other parameters were
set as default as defined by AutoDock Vina. We further analyzed these conformations to find the
most preferred binding site (clusters with a maximum number of conformations and minimum

energy) in each case. Although both binding sites were predicted as potential interaction sites for

modified (carboxylated and hydroxylated) SWNTSs, the preference for each site differed.
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6.3 RESULTS AND DISCUSSION

6.3.1 Enzymatic Degradation of SWNTs at Room Temperature

In our previous communication, we presented evidence of enzymatic degradation of
carboxylated SWNTSs over the course of 12-16 weeks at refrigerated conditions ( ~4 °C).*" It is
known that rates of chemical reactions are generally increased by a factor of 2-4 for every 10
°C.1"® Thus, for a temperature increase from 4 to 25 °C, an increase in the kinetic rate by a factor
of 4-8 should be observed. Such an increase in temperature would result in the same degradation
in approximately 2 weeks, provided that enzyme denaturation does not occur.

HRP and carboxylated SWNTs were statically incubated for 24 h at room temperature
prior to the addition of 8.0 mL of 80 uM H,0, to begin the reaction. H,O, was then
subsequently added to the reaction on a daily basis at 250 pL volume for 10 days, and the sample
vials were kept in the dark to avoid photolysis of H,0,.1"" As evidence of degradation after 10
days of incubation, Figure 20, A shows a photograph of an initial vial of carboxylated nanotubes
(left) versus day 10 of incubation with HRP and daily additions of 80 uM H,O; (right). There is
a noticeable decrease in light scattering and absorbance from the sample at day 10 of incubation,

alluding to degradation as witnessed previously over the course of 16 weeks.
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Figure 20. A) Photograph demonstrating enzymatic degradation of carboxylated SWNTs (left) and
after 10 days of incubation with HRP and H,O, (right). B) TEM micrograph confirming degradation of
carboxylated SWNTs. (Insets) Approximately 2% of fields displayed carbonaceous intermediates. C) High-
resolution TEM micrograph of carboxylated SWNTs after 3 days of degradation with HRP and 80 pM H,0,.
No crystal lattice structure is observed. D) Vis-NIR spectra of carboxylated SWNTs (black) and HRP-
degraded SWNTSs (red). E) Raman spectra of carboxylated SWNTs (black) and HRP-degraded SWNTSs (red)

(asterisk indicates contribution from quartz substrate).
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To confirm that this decrease in light scattering was the result of degradation,
transmission electron microscopy (TEM) was performed on samples prior to and after 10 days of
incubation with HRP and H,O,. Figure 20, B shows tracking of non-degraded, carboxylated
SWNTs (left) and carboxylated SWNTs degraded by HRP and H,O, at room temperature over
the course of 10 days. As can be seen, carboxylated SWNTs display lengths of approximately
400 nm prior to incubation. After 3 days, some carbonaceous material is present resembling that
of SWNTSs. Additionally, Figure 20, C shows a high-resolution TEM image of SWNTSs after 3
days of degradation. As observed, while a one-dimensional structure is still evident, no tubular
structure is present, indicating the oxidation of graphitic material. However, after 10 days, no
noticeable carbon nanotube material is apparent, presumably due to the oxidation of the graphitic
carbon lattice to CO, gas. While most fields on a lacey carbon TEM grid appeared to be
unoccupied, ~2% (1 field in 50) had carbonaceous products, not resembling SWNTSs (inset) and
presumably represent an intermediate of incomplete oxidation.

Degradation was additionally confirmed spectroscopically. Visible-near-infrared (vis-
NIR) absorption spectroscopy measurements were taken on carboxylated SWNTs (aq) and those
degraded after 10 days of incubation with HRP and 80 uM H,O, (aq). It should be noted that
SWNTSs are synthesized as mixtures of varying diameters and chiralities, exhibiting metallic and
semiconducting electronic properties, as well as corresponding spectral features. Figure 20, D
shows the spectral features of carboxylated SWNTs, evident from the broad S, second
semiconducting transition absorbing between 1000 and 1100 nm, and the M1 metallic transition
absorbing between 650 and 750 nm.*"® These bands appear to be subdued upon incubation with
HRP and H,0, (red trace). As graphitic structure becomes oxidized, transitions associated with

sp® carbon framework of pristine SWNTs would diminish and completely disappear as a result of
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enzymatic degradation. Further examination with Raman spectroscopy reveals similar results.
Figure 20, E displays the tangential G-band and disorder-induced D-band of carboxylated
SWNTSs, as previously reported.’”® After enzymatic degradation for 10 days, these bands are no
longer present, and only the signal for the quartz substrate (denoted by *) is present. These data
again confirm the degradation of carboxylated SWNTs over the span of 10 days when incubating

at room temperature (25 °C).
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To examine further the mechanism of degradation between HRP and SWNTSs, studies
were performed investigating the role of carboxylated versus pristine graphitic lattices. As such,
pristine SWNTSs (Carbon Solutions, Inc.) were incubated under the same conditions as mentioned
for carboxylated SWNTSs. Briefly, pristine SWNTs were sonicated for approximately 5 min in
DMF. Subsequently, samples were centrifuged at 3400 rpm, and the supernatant was decanted.
The precipitated pristine SWNTs were then washed with double-distilled H,O and resuspended
in 4.0 mL of PBS through additional sonication. Pristine SWNTSs treated in this manner retained
some solubility (suspension stable for up to 2 days), but not to the extent of carboxylated
SWNTs. Periodic shaking was then necessary to re-suspend pristine SWNTSs. To this suspension
was added 4.0 mL of 0.385 mg/mL HRP (ag), and it was allowed to incubate for 24 h prior to
H,0O, additions as previously performed. Over the course of the 10 day incubation with HRP and
H,0,, there was no noticeable decrease in scattering or absorbance but increased aggregation,
suggesting a lack of degradation of carbon material. To confirm this phenomenon, TEM imaging
was performed on an aliquot taken 10 days after incubation with HRP and 80 uM H,0O,. Figure
21, A shows that pristine SWNTs are still intact {2 pm in length) and do not appear to be
deformed or degraded in any manner. Because pristine SWNTSs did not degrade, two factors were
of immediate importance to investigate: (1) the role of H,O, concentration and (2) the viability

of HRP with pristine SWNTSs.
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Figure 21. A) TEM micrograph of pristine SWNTs after 10 days of incubation with HRP and 80 pM
H,0, and (B) 800 utM H,0,. C) High-resolution TEM micrograph of pristine SWNTs after 10 days of
degradation with HRP and 800 pM H,O,. Crystal lattice structure is observable as SWNTs appear bundled,
with exfoliation of smaller bundles present at the immediate ends of larger bundles. D) UV-vis spectra of
Amplex Red activity with HRP and 80 pM H,O, or (E) 800 pM H,0,. F) Vis-NIR spectra of pristine

SWNTs (black) and after 10 days of incubation with HRP and 80 pM H,0,.
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Pristine SWNTSs were then subjected to conditions identical to those mentioned with the
exception of initiating degradation with an excess of 800 uM H,0, (Km: 0.11 mM).* 1t was
interesting to see whether changing the concentration by an order of magnitude would affect the
degradation of pristine SWNTSs in a significant manner. As indicated by the TEM micrograph in
Figure 21, B, no significant degradation was found with the addition of 800 uM H,O,. Closer
examination using high-resolution TEM revealed bundled SWNTs that retained their crystal
lattice structure after 10 days of incubation with HRP and 800 uM H,0, (Figure 21, C). Such
data, however, may point to the denaturation or inactivation of HRP by pristine SWNTSs. It is
then advantageous to investigate whether the enzyme retains activity in solution with pristine
SWNTs and if this activity is affected by the 10-fold increase in H,O, concentration.

To test the viability of HRP in the presence of pristine SWNTSs, Amplex Red was used.
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) is a reagent commonly employed to measure

trace H,0O, concentrations in biological systems.'®!

In the presence of H,O,, Amplex Red
undergoes HRP-catalyzed oxidation to form radical intermediates. The radical intermediates then
proceed via a dismutation reaction to form resorufin, which has distinct fluorescence and
absorbance spectra. Because the conversion of Amplex Red to resorufin depends on an active
enzyme, the spectral features of resorufin can be used to monitor HRP activity. Thus, by
monitoring an absorbance peak present at 570 nm, a result of resorufin produced from active
enzyme and Amplex Red, it is possible to validate enzyme viability. Figure 21, D,E depicts the
results for the Amplex Red assay; three major trends can be ascertained from this data. First,
initially, the UV-vis spectroscopic data displayed a peak around 570 nm, which indicated that

HRP was originally active. Second, there was no decrease in absorbance at day 10; therefore, a

sufficient quantity of HRP remained active to catalyze the conversion of Amplex Red into
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resorufin. While it may be possible that HRP is deactivated by auto-oxidation, a significant
contribution from active HRP is still present. Third, HRP remained viable after additions of both
80 and 800 uM H,0,. These observations logically lead one to conclude that while HRP remains
active (or active in part) in the presence of pristine SWNTS, it cannot catalyze their degradation
in the tested time frame and given HRP concentration. Further spectroscopic confirmation of this
phenomenon was observed using Vvis-NIR spectroscopy. Figure 21, F shows a spectroscopic
comparison between pristine SWNTs and those subjected to HRP and 800 uM H;0,. As
indicated by the spectral features, characteristic S, and M; bands are present after 10 days of
incubation, demonstrating a lack of degradation. One plausible explanation for this observation

involves interactions between SWNTs and HRP, to be discussed below.

6.3.2 Oxidation of SWNTSs by Fenton’s Reagents

Data thus far allude to heterolytic cleavage of H,O, to form Compound I and H,O. As pristine
SWNTs do not degrade in the presence of HRP and H,O5, this lends credibility to a proximity
effect between the active site of Compound | and SWNTSs. In contrast to this mechanism,
homolytic cleavage of H,O, results in the production of hydroxyl radicals ((OH) via Fenton’s
chemistry.’® In essence, H,0, oxidizes Fe?* to Fe** and produces OH™ and “OH. Ferric iron is
then reduced back to ferrous iron by additional peroxide, producing H* and ‘OOH.

Fe?* + H,0, > Fe" + «OH + OH (1)

Fe** + H,0, > Fe* + «O0OH + H* (2)
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While both Compound | and hydroxyl/hydroperoxyl radicals are highly oxidizing
species, the ability of Compound | to degrade SWNTs may be contingent upon spatial proximity
to the heme active site, whereas the reactivity of hydroxyl and hydroperoxyl radicals is limited
only by the rate of diffusion and their half-lives.'®

To compare the HRP oxidation mechanisms involving Compound | formation and
hydroxyl and hydroperoxyl radicals formed via Fenton chemistry to degrade SWNTSs, we chose
hemin (chloride), a ferric iron chloroprotoporphyrin, and a ferric iron salt (FeCls). It is important
to note that while Fenton catalysis is typically initiated with ferrous iron, we chose ferric iron
species to be consistent among all iron forms tested. Most importantly, because FeCl3 lacks the
protein structure of HRP, homolytic cleavage of H,O, to form hydroperoxyl and hydroxyl
radicals is the predominant pathway for oxidation to occur, whereas hemin may act under either
a homo- or a heterolytic cleavage mechanism.

For the examination of hemin, approximately 1 mg of pristine or carboxylated SWNTs
was sonicated in 4.0 mL of DMF. Hemin (1 x 10 M, in DMF) was then added in excess at a
volume of 16.0 mL. After 24 h of incubation, samples were centrifuged, decanted of excess
hemin and DMF, and sonicated into 4.0 mL of double-distilled water. Typically, hemin forms an
inactive dimer when free in solution.®* However, it has been previously shown that porphyrins
physisorb onto SWNTs, providing close proximal contact to the iron site.*”? Such proximity may
result in increased activity, generating oxidizing species close to carboxylated and pristine
SWNTs, promoting degradation. The degradation reaction was initiated by the addition of 4.0
mL of 800 uM H,0,, followed by daily additions of 250 uL of 800 uM H,O, for a total of 10

days.
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Over the 10 day incubation period, carboxylated SWNTs were degraded by hemin and
800 uM H,0, (Supporting Information). In contrast to incubation with HRP and 800 uM H,O»,
pristine SWNTSs have also showed significant degradation. Figure 22, A shows TEM images of
the products of this degradation reaction over the course of 10 days. As demonstrated, after 2
days of incubation, pristine SWNTSs appeared to “swell” and aggregated together. After day 4,
however, pristine SWNTs broke down with significant noticeable deformation. By day 8, only
small carbonaceous products and residual iron (catalyst from nanotube synthesis) were present

(Supporting Information).
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Figure 22. A) TEM micrographs displaying degradation of pristine SWNTs with hemin and 800 pM

H,O, over 10 days. Inset at day 4 shows deformation of individual fibers, while inset at day 8 shows residual

iron. B) Vis-NIR spectra of pristine SWNTs after incubation with hemin and H,0,. C) Raman spectra of

pristine SWNTs degraded by hemin and H,O,. (Asterisk indicates quartz substrate contribution.)
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Spectroscopic data further support these observations. Figure 22, B shows the vis-NIR
spectra of pristine SWNTSs degraded with hemin and H,O, over 10 days. A loss of intensity and
changes in band shape for the M; and S, metallic and semiconducting transitions of pristine
SWNTSs are quite evident and comparable to results seen with carboxylated SWNT degraded by
HRP and H,0,. These spectral changes suggest degradation of the pristine graphitic material.
Raman characterization further supports this degradation as demonstrated in Figure 22, C.
Pristine SWNTs display prominent D and G band contributions initially. After 5 days of
degradation, the D:G band ratio increases, indicating modification of the pristine SWNT
structure, accompanied by an increase in the number of defect sites. By day 10 of incubation,
only the residual peak for the quartz substrate is present, as indicated by an asterisk. Therefore,
the degradation of pristine SWNTs by hemin is likely to proceed by increased proximity to the
active iron site, whereas HRP limits this proximity as a result of distal site binding, as will be

further explained.
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To compare these degradation methods to that of a Fenton catalyst, where only free
radicals are generated, FeCl3 was used. Briefly, 1 mg of carboxylated (Supporting Information)
or pristine SWNTs was sonicated for 1 min into 4.0 mL of double-distilled water. Next, 500 uL
of FeCls (1 x 10™* M, aqueous) was added to all samples, and they were incubated for 24 h
before 4.0 mL of 800 uM H,0O, was added to initiate the reaction. Daily additions of 250 pL of
800 uM H,0, were continued for 10 days. Figure 23, A shows the TEM images of pristine
SWNTs incubated with FeCl; and H,0,. Evidently, even after 2 days of incubation, long
pristine SWNTs oxidized into individual flakes, an observation similar to that reported by
Kosynkin et al. whereby unzipping was facilitated by chemical treatment with H,SO, and
KMnO,4.'® By day 4, flakes were approximately 40 nm in length, while at day 8, it appeared
that mostly residual iron was present. Upon closer examination with high-resolution TEM, flakes
(-3 nm wide) displayed a crystalline structure, indicating the presence of graphitic material

(Figure 23, B).
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Figure 23. A) TEM micrographs of FeCl;z-catalyzed degradation of pristine SWNTs. SWNTSs are
shown to “flake” at day 2, followed by progressive shortening through day 8. B) High-resolution TEM
micrograph of “flake” produced after degradation (day 5) with FeCl; and 800 pM H,O,. Crystal lattice
structure is still observable for the individual flake. Further elemental analysis shows the presence of carbon,
oxygen, and iron (Supporting Information). C) Vis-NIR spectra of pristine SWNTs degraded by FeCl ; and
800 pM H,0,. D) Raman spectra of pristine SWNTs degraded by FeCl; and 800 pM H,0,. (Asterisk

indicates quartz substrate contribution.)
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Similar results were obtained spectroscopically, as well. Figure 23, C shows the vis—NIR
spectra of pristine SWNT degradation. Initially, pristine SWNTs displayed pronounced
semiconducting and metallic transition bands (S, and My, respectively). Following 5 days of
incubation, these bands were greatly suppressed, and finally all band structure was lost at day 10.
Raman data conformed to these results as shown in Figure 23, D. Pristine SWNTs were
observed to have defined D and G band peaks contributed by the defect sites and the pristine
graphitic lattice of the SWNTS, respectively. The ratio of the D to G bands then increased after 5
days, indicating progressive oxidation of the material. By day 10, however, only the peak for the
quartz substrate was observed, indicating a complete loss of nanomaterial.

Results of both hemin and FeCl; demonstrate that by increasing the proximity of active
iron sites and generating radical oxygen species, pristine SWNTs will degrade. Conversely, no
degradation is evident with pristine SWNTs and HRP, indicating an alternate degradation
mechanism, presumably because of the heterolytic cleavage of H,O, to form Compound I. The
role of SWNTSs in the homolytic degradation reaction is even more significant as Fenton catalysis
is typically generated from ferrous iron, although it is ferric prior to addition with pristine
SWNTSs. Because the degradation reaction does progress, it may be that carbon nanotubes are
acting as a reducing agent to reduce ferric iron to ferrous iron because of their unique redox
properties'® and possible reducing character of the inherent polyphenol functionalities located

within the SWNT lattice of both pristine and carboxylated varieties.'*’
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6.3.3 Degradation Product Analysis

Identification of intermediate products of the HRP-catalyzed degradation reaction was performed
using HPLC, LC-MS, and GC—MS. While the formation of CO , gas will be shown as a likely
final product of the degradation process, classes of intermediate species resulting from
incomplete degradation have yet to be identified or enumerated. It may be possible that multiple
intermediate products may form and reside in the aqueous media, including various oxidized
aromatic hydrocarbons. To begin evaluating the variety of species present within aqueous media,
reversed-phase HPLC was implemented. Briefly, agueous samples were dried by heating under
vacuum at 40 °C for 2 h, thus retaining carbonaceous products and buffer salts contained therein.
It is important to note that during this procedure it is possible that low boiling point molecules
were lost in the process. However, in PBS solution prior to concentration, they are in low
abundance and not detected by an HPLC chromatogram (Supporting Information). Reagent
grade MeOH was then added to re-suspend the dehydrated product through gentle shaking.
Samples consisting of HRP-degraded, hemin-degraded, and FeCls-degraded, carboxylated
nanotubes at day 8 of incubation were injected into a reversed phase HPLC column. An isocratic

program consisting of a 30:70 mixture of H,O:MeCN ran for 30 min at a flow rate of 1 mL/min.
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Figure 24, A shows the resulting chromatogram from HRP-degraded SWNTSs. Beginning
at 4.5 min and terminating at 10.5 min, a series of peaks are eluted with a 1 min elution delay.
This series of peaks may be due to the presence of oxidized aromatic hydrocarbons, while elution
peaks at 20 and 25 min may be due to larger oxidized aromatic species with higher affinity to the
C18 column. As a comparison, mellitic acid and trans-cinnamaldehyde were injected as
standards (Supporting Information). They were observed to elute in the same retention time as
peaks presented in the HRP-degraded sample. Additionally, pure HRP in MeOH was injected to
verify that observed peaks from HRP-degraded samples did not belong to fragmented enzyme

(Supporting Information).
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Figure 24. A) HPLC (Nova C18 column) chromatogram of HRP-degraded, carboxylated SWNTSs
after 8 days of incubation. B) Hemin-degraded and (C) FeCl;-degraded, carboxylated SWNTs after 8 days of

incubation.
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Products resulting from hemin and FeCl; degradation by free radical oxidation were
analyzed by HPLC. Figure 24, B shows the resulting chromatogram for hemin degraded
products. As is evident with hemin degradation, a series of peaks is observed immediately after
4.5 min, at elution times previously demonstrated for HRP products, and identified as possible
oxidized aromatic hydrocarbons. Only past elution times of 15 min are any differences noted in
the chromatograms (areas indicative of larger oxidized aromatic hydrocarbons). Similar results
are shown for FeCls-degraded carboxylated SWNTs (Figure 24, C). A series of peaks
corresponding presumably to oxidized 2-5 membered rings is seen, although with less intensity.
These results demonstrate that products formed are strikingly similar regardless of heterolytic or
homolytic reaction pathways for SWNT degradation. However, differences present at elution
times past 15 min, where larger oxidized polycyclic aromatic hydrocarbons (PAHs) may be
found, suggest the nonspecific oxidation of SWNTs (by hemin and FeCls3) into larger flakes
through an “unzipping” effect as opposed to that of HRP degradation, where oxidation is
mediated on site-specific areas consistent with TEM observations. Additional structure
elucidation of the intermediate degradation products would require their isolation on a
preparative scale HPLC and characterization by NMR and mass spectrometry methods, as we are

examining a mixture of intermediate products without finite separation.

To identify types of products resulting from the degradation of SWNTs by HRP, hemin,
or FeCl;, LC-MS was performed. Briefly, samples were prepared by removing 3 mL aliquots
from bulk aqueous solutions, acidifying with 0.1 M HCI, and extracting with dichloromethane (3
mL). After solvent removal, the products were re-dispersed into 500 pL of MeOH and
separated/analyzed using a reversed-phase C18 column and mass spectrometer with conditions

identical to those mentioned previously for HPLC. By analyzing positive ions, multiple products
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were identified from HRP-degraded, carboxylated SWNTs. Shown in Figure 25, A, mass to
charge (m/z) values of 106.1, 110.1, 132.1, and 212.1 were observed for HRP-degraded SWNTs,
indicative of benzaldehyde (1), 1,2-benzenediol (2), cinnamaldehyde (3), and diphenylacetic acid
(4). Of significance, FeCls-degraded pristine SWNTs exhibited similar degradation products
(Figure 25, B). In addition to those molecules attributed to HRP degradation, benzyl alcohol (5),
1,3,5-benzenetriol (6), cinnamic acid (7), and 4-benzyloxybenzoic acid (8) were also identified.
This again confirms the presence of similar classes of compounds for both heterolytic and
homolytic degradation mechanisms; however, it is important to note that mass spectrometry
cannot distinguish between molecular ions and fragments, and preparative scale experiments
involving product separation still need to be performed. Moreover, the identified products were
similar to those observed in studies of the bioremediation of polycyclic aromatic hydrocarbons
(PAHS).'® In that work, degradation was observed by the addition of cytochrome Paso
monoxygenase enzyme; PAHs were first oxidized to arene oxides followed by the formation of
dyhydrodiols and phenols, as well as aromatic carboxylic acids.’®® Complete oxidation in that

case resulted in the formation of CO,.
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Figure 25. A) LG-MS spectrum of HRP -degraded, carboxylated SWNTs and (B) FeCl;-degraded
pristine SWNTs. C) Products identified and present in the HRP degradation method included oxidized PAHs
such as benzaldehyde (1), 1,2-benzenediol (2), cinnamaldehyde (3), and diphenylacetic acid (4). FeCls-
degraded pristine SWNTs produced benzyl alcohol (5), 1,3,5-benzenetriol (6), cinnamic acid (7), and 4-

benzyloxybenzoic acid (8), as well as products common to both methods (1 and 3).
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As a result of complete oxidative degradation of SWNTSs, however, one would expect the
final product to be carbon dioxide, a gas. To verify the production of CO, as a product of
complete degradation, GEMS was used to analyze the headspace of the sample. As was
previously noted, sample vials were prepared by capping with a septum and parafilm, thus
allowing for the sampling of headspace using a gastight needle. Approximately 2 puL of sample
headspace was injected at two discrete times: (i) prior to the introduction of H,O, to initiate the
reaction and (ii) after 10 days of incubation with HRP and H,0O,. CO, concentrations were
evaluated relative to ambient N, concentrations present in the headspace. Further, a control of
double-distilled water and H,0, (no HRP) was treated and analyzed under the same conditions
to verify contributions from any possible ambient CO, (Supporting Information). Figure 26, A
demonstrates the increase in CO, (m/z: 44) contributions after 10 days of incubation. Apparently,
the abundance of CO, doubled over the course of 10 days. Further examination of CO,
production with hemin and FeCls;-mediated degradation was also performed. The change in the
CO, abundance after 10 days of SWNT degradation relative to the original value is shown in
Figure 26, B. As can be seen, the CO, concentration became approximately 100% higher with
carboxylated SWNTs degraded in the presence HRP, hemin, or FeCls. Conversely, pristine
SWNTs incubated with HRP had a minimal evolution of CO,, comparable to the control of H,O.
Pristine SWNTs incubated with hemin or FeCls, however, displayed a marked increase in CO;

(Supporting Information).
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Figure 26. A) Relative intensity versus mass (m/z) for CO, headspace concentration relative to N,
for HRP-degraded SWNTs. Enzymatic degradation results in an approximate doubling of the CO,
concentration. B) Percent (%) change in the headspace CO, concentration after 10 days of incubation of (b)
carboxylated SWNTs, HRP, and H,O,, (c) pristine SWNTs, HRP, and H,0,, (d) carboxylated SWNTs,
hemin, and H,0,, and (e) carboxylated SWNTSs, FeCl3, and H,0,. A control of H,O with daily additions of
H,0, (without HRP) is shown in black (a). C) Kinetics tracking of CO, evolution by GC-MS over a 10 day

period for carboxylated and pristine SWNTSs incubated with HRP and H,0O, (800 pM).
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Furthermore, we have monitored the evolution of CO, gas in sample headspace on a
daily basis to compare the kinetics of the degradation process between carboxylated and pristine
SWNTs incubated with HRP and H,0, (800 uM). As shown in Figure 26, C, CO, evolution
was followed for 10 days and measured relative to N,. As evident from this figure, pristine
SWNTs incubated with HRP and H,0O, did not produce any significant concentrations of CO; in
the sample headspace over the course of 10 days, further indicating a lack of degradation of the
pristine material. Conversely, when carboxylated SWNTs were incubated with HRP and H,O-,
CO, was measured in the sample headspace and found to follow pseudo first-order Kinetics

(Figure 26, C).

6.3.4 AFM Characterization

Atomic force microscopy (AFM) was used to probe the interaction between HRP and
carboxylated SWNTSs. Previously, AFM has been implemented to monitor interactions between
biological species and SWNTs.****%  As such, multiple samples including HRP, carboxylated
SWNTs, and HRP incubated with carboxylated SWNTs were imaged in tapping mode using a
super sharp silicon probe (<5 nm radius, AppNano). Figure 27, A illustrates the height profile of
a single HRP unit. Of important note, because tapping mode was used for imaging, distortions

arose in the sample in the form of exaggerated size features.'®*

Thus, it was important to
perform a cross-section analysis on all samples to verify true height profiles. HRP then
demonstrated a height of approximately 5 nm as shown by the section analysis (Supporting
Information). Further, Figure 27, B shows the height profile of a single, carboxylated SWNT
prior to incubation with HRP. Section analysis confirmed a height of 1.8 nm, representative for

this type of SWNT (Supporting Information). Upon examining carboxylated SWNTs incubated
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with HRP (Figure 27, C), it was evident that enzyme attachment presumably occurred at the
carboxylated sites along the axis of SWNTs. Section analysis (Figure 27, D) confirmed this
additive effect of enzyme attachment. A similar trend, however, was noted for pristine SWNTSs
incubated with HRP. AFM of pristine SWNTSs interacting with HRP displayed similar enzyme
adsorption (Supporting Information). It may be that specific orientations between enzymes and
SWNTs in solution promote or inhibit their degradation. Because pristine nanotubes are prone to
bundle in solution, it may be that access is limited to the HRP active site. However, previous
high-resolution TEM imaging shows exfoliation of larger bundles near the ends. These sites
would then be suitable for enzymatic docking and subsequent degradation. Thus, a more
probable scenario would be the docking of pristine SWNTSs to an alternative hydrophobic site,

further separated from the heme active site responsible for oxidation.
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Figure 27. A) AFM image of single HRP unit under tapping mode imaging. B) AFM image of single,

carboxylated SWNT. C) AFM image of carboxylated SWNT interacting with multiple HRP units. D) AFM

section analysis of combined carboxylated SWNT and HRP showing a height of approximately 6.0 nm.
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As further proof of proximity effects, carboxylated SWNTs were cast onto a quartz
substrate and subjected to identical conditions involving HRP and H,0,. Thin-film UV-vis-NIR
absorption spectroscopy data suggest that no significant degradation of the SWNT film occurred
over a period of 10 days, presumably due to lack of mobility and spatial confinement of

carboxylated SWNTSs and adsorbed HRP (Supporting Information).

6.3.5 Molecular Modeling

Molecular modeling tested these theories regarding orientation effects between carboxylated and

pristine nanotubes with HRP. Suggested previously,**>*’

there is a strong interaction between
SWNTSs and proteins due to the attractive forces between the carboxyl groups of SWNTs and
positively charged domains of proteins. Such adsorption allows for the distance separation of the
HRP active site to be diminished in relation to the carboxylated SWNT substrate. By bringing
carboxylated SWNTSs in proximity to the heme site forming Compound I, it is possible for the
reactive species to oxidize and thus degrade SWNTSs. It can then be assumed that because of the
hydrophobic nature of pristine SWNTs, HRP is forced to align itself in such a way as to result in
the increased proximal distance between the heme active site and SWNT substrate. Such a slight
increase in distance will discourage the oxidation and thus the degradation of pristine SWNTSs.
To further understand the molecular interactions during the degradation of modified
(carboxylated and hydroxylated) SWNTs by HRP, we identified the possible binding sites on the

enzyme to accommodate SWNTs. 1919

The generated modified and pristine SWNT models
with the chirality (8,8), which are metallic SWNTs with 1.3 nm diameters, were docked to the
HRP crystal structure (PDB ID: 1H5A, chain A). In each case, the resulting nine complexes
were further analyzed to find the best docked conformation. For modified SWNTs with both
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carboxyl and hydroxyl groups added at the end, 6 out of 9 docked conformations were predicted
to bind to HRP in close proximity to the heme binding pocket (Figure 28, A,C). The
carboxylated ends of the SWNT are oriented toward a positively charged arginine residue,
Argl78, on HRP (Figure 28, C, Arg is colored in yellow). This may be important in stabilizing
the binding of carboxylated/hydroxylated SWNTs with the protein. Analysis of the residues
located within 5 A distance from the docked modified SWNT revealed the presence of F68,
N135, L138, A140, P141, F142, F143, T144, Q147, R178, F179, D182, N186, F187, S188,
N189, and Q245. The involvement of most of these residues in the catalysis of oxidation
reactions has been demonstrated previously.?*®* In addition to this, some of these residues are
also part of the catalytically active site of the enzyme.”®® In contrast, for pristine SWNTs, the
most preferred interaction site (9 out of 9 conformations) was located at the distal end of the
enzyme, opposite from its heme moiety (Figure 28, B,D). While the predicted interaction
energies for the modified and pristine SWNTs werel5.1 kcal/mol (at the heme binding site)

and —15.7 kcal/mol (at the distal end of the heme binding pocket), respectively (Supporting
Information), the remoteness of the binding site for pristine SWNTs from the heme makes its
catalytic oxidation unlikely. These predictions are in good agreement with the experimental
results. Additional controls were performed to examine the effect of sidewall defects on HRP
binding, the binding of bundled-pristine SWNTSs to HRP, and a comparative inquiry of nanotube
chirality where different helicities ((8,8) and (14,4) for metallic and semiconducting nanotubes,
respectively) but identical diameter were studied. All results confirmed previous observations
and can be found in the Supporting Information. Such data suggest that helicity has no apparent
role over preferential enzymatic degradation. Most likely, diameter and especially surface

functionalities are responsible for successful oxidation to occur.
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Figure 28. Binding of modified (carboxylated and hydroxylated) and pristine SWNT to horseradish
peroxidase. Location of the most preferred binding site on HRP for (A) modified SWNT and (B) pristine
SWNT. The corresponding 5 A binding site residues from the (C) modified SWNT and (D) pristine SWNT to
HRP for the predicted binding site locations shown in (A) and (B), respectively. SWNT is colored in gray and
rendered in sticks. Residues that correspond to arginine are colored in yellow. The heme is rendered as sticks

and colored in red and render as mesh.
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6.4  CONCLUSIONS

Both pristine and carboxylated SWNTs were explored in terms of their ability to degrade in the
presence of HRP. Moreover, varying conditions including temperature and concentrations of
H,0O, were explored. Data suggest that strong adsorption of HRP to carboxylated sites facilitates
the degradation of carboxylated SWNTSs, while the hydrophobic nature of pristine SWNTSs forces
HRP to orient in a way that increases the distance between the heme active site and the SWNT
surface, thus mitigating the enzyme’s oxidative effects. Such data suggest heterolytic cleavage of
H,0, to form Compound I, as opposed to homolytic cleavage facilitated by hemin and FeCls.
Use of either of the latter two species catalyzes the homolytic cleavage of H,O,, thus forming
hydroxyl and hydroperoxyl radicals in a process known as Fenton’s catalysis. Moreover,
hydroxyl and hydroperoxyl radicals are able to diffuse in solution once formed, and oxidize both
carboxylated and pristine SWNT substrates, causing their degradation. Further, the nature of the
degradation products has been estimated by HPLC and LE€MS, and the formation of carbon

dioxide was established by GC-MS. Future studies involving the preparative scale investigations

of products formed during incomplete degradation could reveal their exact structures.
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6.6 SUPPORTING INFORMATION

Supporting information for Chapter 6.0 ‘“Mechanistic Investigations of Horseradish Peroxidase-
Catalyzed Degradation of Single-Walled Carbon Nanotubes’ can be found in Appendix E. The
data available includes Amplex Red controls with 80 uM (Figure 59) and 800 uM (Figure 60)
H,0; in H,0, GC-MS control with H,0O (Figure 61), GC-MS of pristine SWNTs and hemin
(Figure 62), GC—MS of pristine SWNTs and FeCl; (Figure 63), HPLC chromatograms of HRP-
degraded SWNTs (Figure 64), trans-cinnamaldehyde (Figure 65), and mellitic acid (Figure 66),
HPLC chromatogram of non-concentrated sample (Figure 67), HPLC chromatogram of HRP
(Figure 68), section analysis of HRP (Figure 69), carboxylated SWNT (Figure 70), and
carboxylated SWNT with HRP (Figure 71), AFM image of pristine SWNTSs (Figure 72), section
analysis of pristine SWNTs (Figure 73), AFM image of pristine SWNTs and HRP (Figure 74),
section analysis of pristine SWNTs and HRP (Figure 75), UV-vis-NIR spectra of carboxylated
SWNTSs on fixed substrate (Figure 76), carboxylated SWNTs degraded by hemin (Figure 77),
carboxylated SWNTSs degraded by FeCl; (Figure 78), EDXA of products from pristine SWNTSs
degraded by hemin and H,O, (Figure 79, Figure 80), intermolecular binding energies (Table
3), molecular modeling of HRP interaction with sidewall defects (Figure 81), interaction of HRP
with bundled pristine SWNTs (Figure 82), and a comparative study of HRP docking with

varying chirality SWNTs (Figure 83).
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7.0 CONTRIBUTING ROLES IN ADDITIONAL PUBLICATIONS

The following abstracts are taken from publications in which | played a minor contributing role
to the research. My contribution (and its significance), as well as the contributions of other

authors are described in detail.

7.1 ELECTROCATALYTIC ACTIVITY OF NITROGEN-DOPED CARBON

NANOTUBE CUPS

Citation: Y. Tang, B. L. Allen, D. R. Kauffman, and A. Star, J. Am. Chem. Soc. 2009, 131,

13200-13201.

Abstract

The electrochemical activity of stacked nitrogen-doped carbon nanotube cups (NCNCs) has been
explored in comparison to commercial Pt-decorated carbon nanotubes. The nanocup catalyst has
demonstrated comparable performance to that of Pt catalyst in oxygen reduction reaction. In
addition to effectively catalyzing O, reduction, the NCNC electrodes have been used for H,0,
oxidation and consequently for glucose detection when NCNCs were functionalized with glucose
oxidase (GOx). Creating the catalysts entirely free of precious metals is of great importance for

low-cost fuel cells and biosensors.
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For this published manuscript, my contribution consisted of synthesizing stacked NCNCs
and separated NCNCs for use in electrochemical measurements. | further contributed electron
microscopy (TEM) characterization of NCNCs. Yifan Tang, performed all electrochemical
measurements, including detection of glucose with glucose oxidase. He further contributed by
writing the manuscript and performing thermogravimetric analysis. Douglas Kauffman
performed TEM characterization on Pt-decorated multiwalled carbon nanotubes, as well as x-ray
photoelectron spectroscopy (XPS) measurements. All authors contributed to experimental

discussion and data analysis.
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7.2 UNDERSTANDING THE SENSOR RESPONSE OF METAL DECORATED

CARBON NANOTUBES

Citation: D. R. Kauffman, D. C. Sorescu, D. P. Schofield, B. L. Allen, K. D. Jordan, and A.

Star, Nano Lett. 2010, 10, 958-963.

Abstract

We have explored the room temperature response of metal nanoparticle decorated single-walled
carbon nanotubes (NP-SWNTSs) using a combination of electrical transport, optical spectroscopy,
and electronic structure calculations. We have found that upon the electrochemical growth of Au
NPs on SWNTs, there is a transfer of electron density from the SWNT to the NP species, and
that adsorption of CO molecules on the NP surface is accompanied by transfer of electronic
density back into the SWNT. Moreover, the electronic structure calculations indicate dramatic
variations in the charge density at the NP-SWNT interface, which supports our previous
observation that interfacial potential barriers dominate the electrical behavior of NP-SWNT
systems.

For this published manuscript, my contribution consisted of performing Raman
spectroscopy on SWNT samples (bare and gold nanoparticle modified). Analysis was performed
in the radial breathing modes (RBM) regime (100 — 200 cm™) and the defect induced (D-band)
and graphitic (G-band) regime (1000 — 1700 cm™). Douglas Kauffman contributed material
functionalization, energy dispersive x-ray analysis (EDXA), XPS, SEM, absorbance
spectroscopy, cyclic voltametry, and conductance vs. time measurements. Dan Sorescu and Dan
Schofield performed all theoretical modeling calculations. All authors contributed to varying

parts of the data analysis.
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7.3 ~CARBON NANOTUBES DEGRADED BY NEUTROPHIL

MYELOPEROXIDASE INDUCE LESS PULMONARY INFLAMMATION

Citation: V. E. Kagan, N. V. Konduru, W. Feng, B. L. Allen, J. Conroy, Y. Volkov, I. I.
Vlasova, N. A. Belikova, N. Yanamala, A. Kapralov, Y. Y. Tyurina, J. Shi, E. R. Kisin, A. R.
Murray, J. Franks, D. Stolz, P. Gou, J. Klein-Seetharaman, B. Fadeel, A. Star, and A. Shvedova,

Nature Nano. 2010, 5, 354-359.

Abstract
We have shown previously that single-walled carbon nanotubes can be catalytically biodegraded
over several weeks by the plant-derived enzyme, horseradish peroxidase. However, whether
peroxidase intermediates generated inside human cells or biofluids are involved in the
biodegradation of carbon nanotubes has not been explored. Here, we show that hypochlorite and
reactive radical intermediates of the human neutrophil enzyme myeloperoxidase catalyze the
biodegradation of single-walled carbon nanotubes in vitro, in neutrophils and to a lesser degree
in macrophages. Molecular modeling suggests that interactions of basic amino acids of the
enzyme with the carboxyls on the carbon nanotubes position the nanotubes near the catalytic site.
Importantly, the biodegraded nanotubes do not generate an inflammatory response when
aspirated into the lungs of mice. Our findings suggest that the extent to which carbon nanotubes
are biodegraded may be a major determinant of the scale and severity of the associated
inflammatory responses in exposed individuals.

For this published manuscript, my contribution consisted of performing absorbance and
Raman spectroscopy, transmission electron microscopy, and atomic force microscopy. Utilizing

these techniques, it was possible to evaluate the degree of degradation of single-walled carbon
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nanotubes incubated with human myeloperoxidase. Cell-based experiments were performed by
the members of Dr. Valerian Kagan’s group of the Occupational and Environmental Health
Department.  Additional characterization, as well as animal studies, was performed by
contributing authors.  All authors participated in the design of experimental work and

interpretation of the data (in their respective fields of research).
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74  CARBON NANOTUBE SENSORS FOR EXHALED BREATH COMPONENTS

Citation: O. Kuzmych, B. L. Allen, and A. Star, Nanotechnology 2007, 18, 375502-1 — 375502-

7.

Abstract
A new method for the detection of nitric oxide (NO) in gas phase is based on a combination of
acidic gas scrubbing, oxidation, and conductivity measurements using a chemically
functionalized carbon nanotube field-effect transistor (NTFET) device. Gas mixtures containing
NO are passed through an Ascarite scrubber and then an oxidizing material (CrO3) which
converts NO into NO,. The latter is delivered to the surface of the NTFET sensor coated with
poly(ethylene imine) (PEI) polymer. Interaction of the gas with a chemically functionalized
NTFET results in a conductivity change that is proportional to the NO gas concentration. The
wide range of NO gas concentrations from about 2 ppb to 5 ppm was tested. A detection limit of
NO has been measured as 5 ppb with a signal-to-noise ratio (S/N = 3) in inert atmosphere at a
fixed relative humidity (RH = 30%). Cross-sensitivity to CO, and O, was measured in the gas
mixture, modeling human breath conditions. Compared to using chemiluminescence, a state-of-
the-art technique for monitoring NO concentrations, this method offers the advantages of low
cost, compact size, and simplicity of set-up for monitoring NO concentrations while overcoming
the limitations of cross-contaminants, possibly creating a foundation for enabling self-
diagnostics and home care for asthma sufferers.

For this published manuscript, there was a combined effort of my former colleague,
Oleksandr Kuzmych, and myself. Oleksandr contributed initial conductance measurements with

bare and PEIl — coated SWNT devices exposed to NO and converted NO (NO,). He further
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examined cross-sensitivity towards O,, as well as relative humidity. My contribution to this
work was investigating the cross-sensitivity towards CO, gas, and focusing on methods to

mitigate its effect.
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8.0 SUMMARY AND FUTURE WORK

81 SUMMARY OF WORK

In the preceding chapters, we have taken a multifaceted approach to the field of nanoscience,
specifically in the realm of carbon-based nanomaterials. Not only did we develop new carbon-
based hybrid materials, but also we have investigated the inherent toxicity of currently studied
nanomaterials such as carbon nanotubes.

In Chapter 2.0, the synthesis of novel nitrogen-doped carbon nanotube cups (NCNCSs) is
discussed. By utilizing a nitrogen-containing precursor during chemical vapor deposition, it was
possible to synthesize carbon fibers in “stacked cup” morphology. We then later discovered that
these fibers could be broken down into component “cups” through simple mechanical grinding
with a mortar and pestle. By the presence of a nitrogen-precursor, carbon fibers were inherently
doped with varying nitrogen functionalities (predominantly located on the open-basal rim of each
cup). These functionalities were probed through atomic force microscopy manipulation as well
as bioconjugation with biotin and streptavidin-coated GNPs. Further complex measurements,
such as force volume imaging, permitted a correlation of hydrogen bonding strength towards a
given substrate (hydrophobic or hydrophilic).

In Chapter 3.0, we utilize the presence of nitrogen-functionalities located on the basal rim

of nanocups for cross-linkage purposes. By the simple addition of 4% glutaraldehyde, we

129



demonstrated the ability to cross-link adjacent NCNCs to form hollow nanocapsules. Such
capsules were characterized by a variety of methodologies including transmission electron
microcopy and atomic force microscopy. Taking this a step further, we then sought to
encapsulate nanoparticles for a proof-of-concept demonstration. Commercially-available GNPs
were, indeed, encapsulated by their addition in a suspension of separated NCNCs prior to cross-
linkage. As GNPs possess a surface plasmon resonance in the visible regime, we were able to
track the encapsulation by the apparent red shifting of the resonance peak as a result of
aggregation within the interior. Other methods of examination included AFM to verify internal
encapsulation versus exterior adsorption. We further showed the general applicability of this
approach by encapsulating quantum dots synthesized at the University of Pittsburgh by the
Petoud Group.

In Chapter 4.0, we sought to possess structural control over the dimensions of formed
nanocapsules from NCNCs to discriminate loading capacity. Based from previous research and
with the assistance of an undergraduate student, Matthew B. Keddie, iron nanoparticles were
synthesized using thermal decomposition reactions of an iron-containing precursor. Particle
sizes were finitely controlled and correlated to fatty acid (capping ligand) chain length. Three
monodispersed sizes were used for CVD growth of NCNC fibers. TEM results demonstrated
that diameter distributions could be tailored by nanoparticle size. Furthermore, we demonstrated
the control over segment length by varying the nitrogen-precursor concentration (1%, 5%, 9%).
Segment lengths were shown to be proportional to nitrogen-doping. The resultant capsules
(formed by cross-linkage) had loading capacities proportional to segment length and diameter.

In Chapters 5.0 and 6.0, we “switch gears” to focus on the inherent toxicity of

nanomaterials.  Specifically, we investigated the bioremediation of single-walled carbon
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nanotubes using benign approaches. Prior to this work, it was known that because of the natural
resiliency of carbon nanotubes, oxidation or degradation could only occur by thermal oxidation
in air at high temperatures or harsh chemical treatment. Our study demonstrated the oxidation
and degradation of SWNT by the addition of common enzyme known as horseradish peroxidase
(HRP) and low localized concentrations of H,O, (~40 puM). The first occurrence was at 4 °C
resulting in degradation over the span of 12 weeks. In our second study, however, the
degradation time was reduced to 10 days at room temperature. We also began to fundamentally
investigate the mechanism of degradation using the enzymatic system. These studies
demonstrated that carboxylated, hydrophilic SWNTs oxidized in the presence of HRP/H,O,, but
pristine did not. It was believed that carboxylated SWNTs docked at a proximal binding site
towards the active heme group in HRP, whereas pristine SWNTSs docked at a distal site. Such a
hypothesis was confirmed by theoretical modeling performed by Dr. Naveena Yanamala and Dr.
Judith Klein-Seetharaman. Further experimentation was performed to examine the effect of the
heme porphyrin and iron salt with SWNTs (carboxylated and pristine). Degradation was
observed in all cases demonstrating that HRP heterolytically cleaved H,0O, to form Compound |
and H,O (increasing substrate selectivity), while heme porphyrin and iron salt homolytically

cleaved H,O, producing free radicals capable of non-specific oxidation.
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Finally, Chapter 7.0 described contributing roles to other publications in a variety of
nano-based research experiments including fundamental investigations of stacked carbon
nanotube cups acting as a catalyst for oxygen reduction reactions, understanding the sensor
response of metal-decorated single-walled carbon nanotubes, investigating human peroxidase
enzymes, specifically myeloperoxidase, for the enzymatic degradation of carbon nanotubes, and

finally the use of single-walled carbon nanotubes as a sensor platform for gas analyte detection.

8.2 FUTURE WORK

We believe each of these projects (materials synthesis and enzymatic bioremediation) contribute
to the field of nanoscience and nanotechnology. However, such progress is a continuum, and
work is never done. All of these projects, while important, constitute stepping stones in which to
perform further studies.

For example, in the investigations of NCNCs as nanocapsules, subsequent
experimentation can yield promising results. Thus far, we have attempted cross-linkage only
using glutaraldehyde. This linkage is pH sensitive, and acid hydrolysis will result in the opening
of nanocapsules. It is curious, however, what cross-linkers may be implemented in order to
direct the specific opening of these capsules and the subsequent release of their inherent cargo.
For instance, replacing the cross-linker with a disulfide containing molecule, it may be possible
to have redox-mediated opening of such capsules. Of a more fundamental nature, one could
analyze what phenomenological events occur within the interior of these capsules. Aggregation
is obviously forced even in the presence of highly electrostatically repulsed particles such as

GNPs. Upon capsule opening, do the interior interactions of the capsules irreversibly modify
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their cargo? This, of course, can be tested by examining a variety of particles for encapsulation
with varying surface functionalities. Small fluorescent molecules may additionally be used to
examine the porosity of these multiwalled capsules. After adequate characterization, it may then
be possible to perform application-based studies, such as the encapsulation of contrast agent for
enhanced MRI platforms. Of important note, in lieu of successful applications, there still exists
the possible toxicity of these nanomaterials.

In that essence, much room for research is still present for the study of bioremediation
using enzymatic catalysis. As we have demonstrated, it is possible to oxidize carboxylated
SWNTSs using this approach. However, the question remains, “What are the fundamental
properties that dictate the ability of peroxidase enzymes to degrade carboxylated SWNTs”. If it
is, indeed, the mere hydrophilic nature of carboxylated SWNTSs to dock in proximity to the heme
site of HRP, then simple non-covalent modification of pristine SWNTs through polymer
wrapping or molecule attachment should facilitate the same degradation. There is, of course, the
possibility that it is a more complex interaction that not only relies on hydrophilicity, but also
perhaps the induced defects to the graphitic lattice or the potential surface charge on the SWNTSs.
There may also be a diameter or shape dependency to allow enzyme docking. All of these
factors are open for investigation. Manipulation may even be explored as varying peroxidases
are examined or their cofactors (active sites) modified to accommodate hydrophobic interactions
over hydrophilic.

In my experience here, the pursuit of science has been an ongoing journey of
imagination, innovation, stick-to-it-ness, and compromise. These words are so selected because
as any scientist may attest, what one would expect to find is typically not the outcome. This is

ever true in research.
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APPENDIX A

SYNTHESIS, CHARACTERIZATION, AND MANIPULATION OF NITROGEN-

DOPED CARBON NANOTUBE CUPS: SUPPORTING INFORMATION

This Appendix contains supporting information for Chapter 2.0 ‘Synthesis, Characterization, and
Manipulation of Nitrogen-Doped Carbon Nanotube Cups’. It contains electron energy loss
spectroscopy (EELS) of nitrogen-doped carbon nanotube cups (Figure 29) as well as AFM
manipulation of unmodified nanocups (Figure 30), section analysis of GNP-decorated cups
(Figure 31), 3D topographical AFM imaging of cups decorated with GNPs without biotinylation
(Figure 32), AFM imaging of free GNPs (Figure 33), spring constant calculations, force volume

plots (Figure 34 and Figure 35), adhesion force calculations and statistical data.
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Figure 29. Electron Energy Loss Spectrum (EELS) of nitrogen-doped carbon nanotube cups. K-

edges are seen for carbon at approximately 300 eV and 410 eV for nitrogen, according to reference 68.

-100.0 nm 100.0 nm
2.00 2.00
50.0nm 50.0nm
0.0nm 0.0nm
1.00 1.00
0 0
1.00 2.00

Figure 30. AFM manipulation of unmodified nanocups on freshly cleaved mica. Nanocups could be

manipulated without noticeable destruction to the structure or substrate.
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Figure 31. AFM section analysis of GNP-decorated nanocup: AFM analysis shows a height of
approximately 18 nm for the GNP-decorated cup. Rough features in the cross section indicate the presence of

smaller particles surrounding the cup.
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Figure 32. 3D topographical AFM image of nanocups decorated with GNPs without prior
biotinylation: AFM images shows a single GNP decorating a nanocup after incubation. No biotinylation
occurred attributing any attachment to hydrogen bonding between streptavidin on the GNP and nitrogen

groups present in the cup.
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Figure 33. AFM image of gold nanoparticles (GNPs) on poly-L-lysine treated mica. (Left) Height

image of GNPs. (Right) Section analysis of GNPs indicated an average height of 6-7 nm.

Spring Constant Calculations

The Reference Cantilever method (Veeco) was performed to calculate our contact probe
spring constant. Reference probes were purchased from Veeco with a thermal tune calculated
spring constant of 0.17431 N/m and length of 400 microns. It was important to select a reference
cantilever such that the nominal spring constant of our contact probe was in the range of 0.3K s <
k < 3k Briefly, the reference cantilever was mounted on a sample disc using double-sided
tape. The reference cantilever was aligned such that its long axis was aligned with the contact
probe to be calibrated but in the opposite direction. The contact probe is then engaged on the
bulk substrate of the reference cantilever. Ten deflection sensitivity measurements were made in
ramp mode to get average deflection sensitivity, Shaq, Of 246.2 nm/V. The contact probe was
then withdrawn and realigned close to the end of the reference cantilever, before being engaged.
Once again, ten deflection sensitivity measurements were made and averaged to a value of 327.7
nm/V, St Lastly, the offset of the contact probe to the reference probe tip was measured as

75.0 microns.
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Using the following equation, we calculated our contact probe spring constant:
Kk = Kref [(Sref / Shara) — 1](L / L- AL)* , where L is the reference probe length and AL is
the offset.

Therefore, k = 0.107 N/m.
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Figure 34. Force volume plot of an unmodified nanocup on a treated mica substrate.

139



FV Image

Force Plot

Deflection Sensitivity 234.7 nmsV

Figure 35. Force volume plot of GNP-decorated nanocup on a treated mica surface.

Adhesion Force Calculations

Given a spring constant, k, adhesion force is calculated at the set point (horizontal green
line above) by the equation F = k (AZ), where AZ is the displacement of the contact probe.

AZ = [z-position (V/div)][# div][deflection sensitivity (nm/V)]

k = 0.107 (calculated above)
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Statistical Data

Unmodified Nanobells Nanobells and GNPs
Size (nm) Force (nN) Size (nm) Force (nN)
15.737 902.1 15.747 289.1
18.368 864.5 17.152 192.7
20.032 345.6 17.294 216.8
22.783 582.6 23.297 168.6
23.129 610.8 24.062 256.9
27.995 816.7 28.059 195.03
32.869 454.8 29.057 283.7
37.533 657.8 32.117 3723
41.785 770.6 39.082 212.7
48.927 939.7 43.578 263.68
Avg. Size Avg. Force Std. Dev Avg. Size Avg. Force Std. Dev.
28.9158 694.52 198.0197 26.9445 245.151 60.5951
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APPENDIX B

GRAPHITIC NANOCAPSULES: SUPPORTING INFORMATION

This Appendix contains supporting information for Chapter 3.0 “‘Graphitic Nanocapsules’. It
contains UV/Vis spectra of separated and crosslinked NCNCs (Figure 36), section analysis of
crosslinked NCNCs encapsulating GNPs (Figure 37), 3D AFM profile of separated NCNC and
GNP (Figure 38), section analysis of separated NCNCs and GNPs (Figure 39), TEM imaging of
crosslinked NCNCs followed by GNP incubation (Figure 40), AFM phase imaging of
crosslinked NCNCs followed by GNP incubation (Figure 41), UV/Vis spectra of free GNPs and
GNPs added after crosslinkage of NCNCs (Figure 42), TEM imaging of mismatched,
crosslinked NCNCs with GNPs (Figure 43), TEM imaging of free GNPs with 4%
glutaraldehyde (Figure 44), UV/Vis spectra of free GNPs and GNPs with 4% glutaraldehyde
(Figure 45), UV/Vis spectra of free GNPs, encapsulated GNPs, and separated NCNCs with
GNPs (Figure 46), TEM imaging showing particle migration (Figure 47), TEM imaging of non-
encapsulated GNPs (Figure 48), and time-resolved emission and excitation spectra of ZnS:Th

nanoparticles (Figure 49).
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Figure 36. UV/Vis spectra of separated NCNCs (black) and crosslinked NCNCs (red).
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Figure 37. AFM section analysis of crosslinked NCNCs encapsulating GNPs. Non-encapsulated

GNPs were found on the same sample and are indicated by a vertical distance of ~5 nm shown in black.
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Figure 38. AFM 3D profile of a single separated NCNC and GNP. Imaging was performed prior to
cross-linkage with 4% glutaraldehyde. As NCNCs hydrogen bond, the structure is fixated in an open-side

down conformation against a poly-L-lysine treated-mica surface.
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Figure 39. AFM section analysis of separated NCNCs and GNPs. As demonstrated, a single NCNC

is shown as approximately 25 nm, while the GNP is measured at approximately 6 nm.

50 nm

Figure 40. TEM image of NCNCs cross-linked, followed by incubation with commercially available
GNPs. The majority of TEM fields demonstrated NCNCs with no confinement of GNPs. On rare, sporadic

fields GNPs were observed as adsorbing to the exterior of NCNCs (inset).
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Figure 41. AFM phase image confirming the topology of NCNCs crosslinked followed by incubation

with GNPs.
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Figure 42. UV/Vis spectra of free GNPs and GNPs added after the crosslinkage of NCNCs. It is
important to note that there is no shifting of the plasmon resonance peak of GNPs, indicating no

encapsulation.
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Figure 43. TEM image of multiple mis-matched diameter NCNCs crosslinked with GNPs.

Figure 44. TEM image of GNPs (~5 nm mean diameter) incubated with 4% glutaraldehyde in EtOH.
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Figure 45. UV/Vis spectra of free GNPs and GNPs added to 4% glutaraldehyde in EtOH.
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Figure 46. UV/Vis spectroscopic comparison of free GNPs, separated NCNCs incubated with GNPs
prior to crosslinkage, and GNPs encapsulated by NCNCs after 4% glutaraldehyde addition. It is important
to note that only the encapsulated GNPs demonstrate a plasmon resonance shift, due to spatial confinement
of the particles. This is not the case for unlinked NCNs, allowing movement within the hollow cavity and

back out.
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Figure 47. TEM image of another NCNC nanocapsule encapsulating GNPs, demonstrating

migration within the interior cavity.

Figure 48. TEM image of non-encapsulated GNPs on the same TEM grid as shown above.
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Figure 49. Time-resolved emission (red) and excitation (black) spectra of ZnS:Tb nanoparticles
recorded with a delay after excitation flash of 0.5 msec. Emission spectrum was collected at an excitation
wavelength of 225 nm, while excitation spectrum was collected upon Th®" - centered emission wavelength, 545

nm. An energy level diagram (right) shows emission pathways for respective transitions of Th**.
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APPENDIX C

CONTROLLING THE VOLUMETRIC PARAMETERS OF NITROGEN-DOPED

CARBON NANOTUBE CUPS: SUPPORTING INFORMATION

This Appendix contains supporting information for Chapter 4.0 ‘Controlling the Volumetric
Parameters of Nitrogen-Doped Carbon Nanotube Cups’. It contains AFM height profiles of
synthesized FeNPs (Figure 50), DLS measurements of synthesized FeNPs (Figure 51), high-
resolution TEM and EELS analysis of synthesized NCNCs (Figure 52), and low-resolution TEM

image of encapsulated GNPs (Figure 53).

50.0 nm |20.0nm | 5.0nm

25.0nm 10.0 nm 2.5nm

0.0nm 0.0nm 0.0nm

Figure 50. AFM height images of (A) octanoic acid-, (B) lauric acid-, and (C) oleic acid-capped

FeNPs displaying height profiles of 20.8 nm, 12.4 nm, and 2.7 nm, respectively.
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Figure 51. Dynamic light scattering (DLS) measurements of synthesized FeNPs of varying diameter

distributions.

Figure 52. High resolution TEM micrograph of synthesized NCNC
running in parallel to each other but diagonal to the longitudinal axis of the

analysis indicated the presence of 2-7% N as a result of nitrogen doping.
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Figure 53. A typical TEM image depicting multiple nanocapsules containing gold nanoparticles

(GNPs) prepared by cross-linking NCNCs from 5% NH,.
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APPENDIX D

BIODEGRADATION OF SINGLE-WALLED CARBON NANOTUBES THROUGH

ENZYMATIC CATALYSIS: SUPPORTING INFORMATION

This Appendix contains supporting information for Chapter 5.0 ‘Biodegradation of Single-
Walled Carbon Nanotubes through Enzymatic Catalysis’. It contains statistical data correlating
nanotube length as a function of time (Table 2), TEM imaging of H,O, (Figure 54) and HRP
(Figure 55) controls, AFM imaging of carbon nanotubes prior to incubation (Figure 56) and
after 8 weeks of incubation with HRP/H,0, (Figure 57), EPR spectra (Figure 58), and EPR

methodology.

154



Table 2. Statistical data table correlating nanotube length as a function of time. All samples were

confirmed via TEM as salt concentration was too high for AFM imaging.

Carbon Solutions Single-Walled Carbon Nanotube Samples
Control = Control =
t=2weeks | t=4weeks | t=8weeks |t=16weeks CSand CSand
80pM H,0, HRP
Length 317 284 131 No 287 526
(nm) 425 343 138 measureable 341 544
478 351 142 nanotube 344 643
480 360 151 material 380 819
497 398 164 387 917
519 468 165 found. 413 927
551 484 168 437 929
600 502 171 463 945
632 531 172 467 977
639 576 193 481 992
663 593 202 511 992
678 639 210 524 1050
683 648 259 545 1080
741 705 260 552 1290
794 757 267 568 1470
821 818 294 579 1530
844 835 309 603 2280
869 907 359 673
883 986 430 676
937 996 439 678
962 1060 683
967 1070 684
989 1120 754
1090 1150 765
1110 1160 855
1150 1160 902
1350 1270 911
1500 1310 912
1690 1330 931
1350 1090
1440 1100
1480 1250
1480 1300
1350
1440
1570
Avg.
Length 823 865 231 | - 753 1054
(nm)
Median 794 835 9% | - 677 977
Range 1373 1196 308 | - 1283 1754
Standard 325 376 94 | - 340 418
Dev.
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Figure 54. TEM Image of Carboxylated Nanotubes after 16 weeks incubation with 80 uM H,0, as a

control. No length decrease in the nanotube sample was found to be evident.
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Figure 55. TEM Image of HRP-functionalized Carboxylated Nanotubes after 16 weeks. No length

decrease in the nanotube sample was found to be evident.
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Figure 56. Atomic force microscopy (AFM) of carboxylated nanotubes prior to incubation with
HRP. Left panel displays height image; right panel displays phase image. Point-to-point measurements show

nanotubes of approximately 400 nm in length.
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Figure 57. Atomic force microscopy (AFM) of carbon nanotubes after incubation with HRP and
H,O, for 8 weeks. Left panel displays height image; right panel displays phase image. As can be seen no

noticeable nanotube material is imaged.
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Figure 58. EPR spectra of radicals (A) and etoposide phenoxyl radicals (B) characterizing

peroxidase activity of HRP in the presence and absence of single walled carbon nanotubes. 1) HRP and

H,0,, 2) Nanotubes, HRP, and H,0O,, 3) Nanotubes and HRP, 4) Nanotubes and H,O,.
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EPR Discussion and Methodology

The activity of HRP in the presence of nanotubes was studied using two peroxidase
substrates - ascorbate and etoposide. The typical doublet signal of the ascorbate radical with a
hyperfine splitting constant of 1.7 G was detected upon incubation of HRP with ascorbate in the
presence of H,O, (Figure 58, A). Addition of nanotubes to the incubation mixture did not
change the EPR signal of ascorbate radical. In the absence of HRP or H,0,, the magnitude of
the signal was several-fold lower thus confirming that oxidation of ascorbate occurred mainly via
the peroxidase reaction.

The addition of H,0O, to peroxidase in the presence of etoposide produced a characteristic
EPR signal of etoposide phenoxyl radical (etoposide-O°) (Figure 58, B). Because the lifetime of
etoposide phenoxyl radicals is on the order of several min at UM concentrations, we measured
the steady-state EPR signals of etoposide-O" in 10 min after addition of H,O,. The spectra were
identical in the presence and in the absence of nanotubes (Figure 58, B, 1-2). In the absence of
H,0,, the signal of etoposide-O° was only barely detectable from the mixture of nanotubes and
HRP; similarly the signal was undetectable in the absence of HRP.

Incubation conditions: HRP(0.35 mkM) was incubated with nanotubes (0.02 mg/ml) for
1 min at room temperature in PBS, then etoposide (200 mkM) or ascorbate (100 mkM) were
added and the peroxidase reaction was initiated by H,O, (80 uM). EPR spectra of ascorbate
radicals were recorded 1 min after addition of H,O,, EPR spectra of etoposide phenoxyl radicals
were recorded - 10 min after addition of H,O.

EPR spectra were recorded on a JEOL REIX spectrometer with 100 kHz modulation
(JEOL, Kyoto, Japan). Measurements were performed at room temperature in gas-permeable

Teflon tubing (0.8 mm internal diameter, 0.013 mm thickness) obtained from Alpha Wire
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Corporation (Elizabeth, NJ). The tubing was filled with 60 pl of sample, folded doubly, and
placed in an open 3.0 mm internal diameter EPR quartz tube. Spectra of etoposide phenoxyl
radicals were recorded at 3350 G, center field; 50 G, sweep width; 10 mW, microwave power;
0.5 G, field modulation; 2.5*107 receiver gain; 0.03 s, time constant; and 2 min, scan time. EPR
spectra of ascorbate radicals were recorded at 3350 G, center field; 10 G, sweep width; 10 mW,
microwave power; 0.5 G, field modulation; 10°, receiver gain; 0.1 s, time constant; 1 min, scan

time.
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APPENDIX E

MECHANISTIC INVESTIGATIONS OF HORSERADISH PEROXIDASE-CATALYZED
DEGRADATION OF SINGLE-WALLED CARBON NANOTUBES: SUPPORTING

INFORMATION

This Appendix contains supporting information for Chapter 6.0 ‘“Mechanistic Investigations of
Horseradish Peroxidase-Catalyzed Degradation of Single-Walled Carbon Nanotubes’. It
contains Amplex Red controls with 80 uM (Figure 59) and 800 uM (Figure 60) H,O, in H,0,
GC—MS control with H,O (Figure 61), GC-MS of pristine SWNTs and hemin ( Figure 62),
GC—MS of pristine SWNTs and FeCls (Figure 63), HPLC chromatograms of HRP-degraded
SWNTs (Figure 64), trans-cinnamaldehyde (Figure 65), and mellitic acid (Figure 66), HPLC
chromatogram of nonconcentrated sample (Figure 67), HPLC chromatogram of HRP (Figure
68), section analysis of HRP (Figure 69), carboxylated SWNT (Figure 70), and carboxylated
SWNT with HRP (Figure 71), AFM image of pristine SWNTSs (Figure 72), section analysis of
pristine SWNTs (Figure 73), AFM image of pristine SWNTs and HRP (Figure 74), section
analysis of pristine SWNTs and HRP (Figure 75), UV—vis—NIR spectra of carboxylated SWNTs
on fixed substrate (Figure 76), carboxylated SWNTs degraded by hemin (Figure 77),

carboxylated SWNTSs degraded by FeCl; (Figure 78), EDXA of products from pristine SWNTSs
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degraded by hemin and H,O, (Figure 79, Figure 80), intermolecular binding energies (Table
3), molecular modeling of HRP interaction with sidewall defects (Figure 81), interaction of HRP
with bundled pristine SWNTs (Figure 82), and a comparative study of HRP docking with

varying chirality SWNTs (Figure 83).

Biodegradation of Pristine SW-CNT - HRP Activity Monitored by Amplex
Red - Control 1, 80 uM H202, Normalized
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Figure 59. UV-Vis spectra of Amplex Red demonstrating HRP activity in the absence of pristine
SWNTSs. Absorbance measurements between Day 1 and Day 10 show no loss of activity of HRP when 80 uM

H,O, additions are made.
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Biodegradation of Pristine SW-CNT - HRP Activity Monitored by Amplex
Red - Control 2, 800 uM H202, Normalized
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Figure 60. UV-Vis spectra of Amplex Red demonstrating HRP activity in the absence of pristine
SWNTSs. Absorbance measurements between Day 1 and Day 10 show no loss of activity of HRP when 800 uM

additions are made.
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Figure 61. GC-MS spectra showing a 1% change in CO, abundance (44 m/z) in a control vial of
H,O with daily additions of 800 uM H,0, (250 pL) after eight days. As expected, ambient CO, levels

contribute little to increases in concentration.
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Figure 62. GC-MS spectra showing a 280% change in CO, abundance (44 m/z) in a vial of Pristine

SWNTs incubated with hemin and with daily additions of 800 uM H,O, (250 uL) after ten days.
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Figure 63. GC-MS spectra showing a 400% change in CO, abundance (44 m/z) in a vial of Pristine

SWNTs incubated with FeCl; and with daily additions of 800 uM H,O, (250 uL) after ten days.
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Figure 64. Resulting refractive index chromatogram from HPLC of HRP-degraded, carboxylated
SWNTs after 8 days of incubation. The sample was suspended in pure methanol and injected with an
isocratic mobile phase of 30:70 H,O:MeCN using a Waters Symmetry 300 C18 column to confirm previously
obtained results. Elution peaks are present at times earlier than that previously shown, with the first analyte

eluting at approximately 2.3 minutes.
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Figure 65. Resulting refractive index chromatogram from HPLC of trans-cinnamaldehyde. Pure
trans-cinnamaldehyde was injected in pure methanol with elution from an isocratic mixture of H,O:MeCN
(30:70) utilizing a Waters Symmetry 300 C18 column. A single elution peak is present at approximately 2.8

minutes, in correlation with observed elution peaks from HRP-degraded products.
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Figure 66. Resulting refractive index chromatogram from HPLC of mellitic acid. Pure mellitic acid
was injected in pure methanol with elution from an isocratic 30:70 mixture of H,O and MeCN utilizing a
Waters Symmetry 300 C18 column. Chromatogram displays single elution peak at approximately 2.3 minutes,

in good agreement with peaks observed under the same conditions for HRP-degraded products.

00014

2 000

00014

bl 2 Bl ARE B
1500 2000 20 3000
hiruaes

I | I
200 1000

Figure 67. HRP-degraded SWNTSs (carboxylated) after three days of incubation with 80 pM H,O,.
Relatively low concentrations of non-cyclic carbon species are not observed due to their insufficient
guantities. However, larger hydrophobic structures are noted at 15, 18, and 22.5 minutes. Analysis was

performed using a Nova C18 (Waters) column.
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Figure 68. Chromatogram of HRP enzyme shows several peaks eluted from 5-6 minutes. No
significant contributions from other species present are eluted past this time. Analysis was performed using a

Nova C18 (Waters) column.
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Figure 69. AFM section analysis image of single HRP unit showing a height of approximately 5.0 nm

(circled in black).
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Figure 70. AFM section analysis image of single carboxylated SWNT showing a height

approximately 1.8 nm (circled in black).
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Figure 71. AFM section analysis image of combined carboxylated SWNT and HRP showing a height

of approximately 6.0 nm (circled in black).
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Figure 72. AFM height image of a bundle of pristine SWNTs. Particulate matter results from

carbonaceous products and residual iron.
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Figure 73. AFM sectional analysis image of a small bundle (~ 2) of pristine nanotubes exhibited a

height of approximately 2 nm.
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Figure 74. AFM height image of single pristine SWNT with HRP enzymes non-specifically bound

along the tube length.
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Figure 75. AFM section analysis image of HRP non-specifically bound to a single, pristine SWNT.
Several units have attached as is evident by the bare nanotube height of approximately 2 nm (red), a single
HRP unit attachment showing approximately 7 nm (green), and multiple units attached to the pristine SWNT

(~12 nm, black).
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Figure 76. UV-Vis-NIR spectra of carboxylated SWNTSs cast on quartz substrate by spray coating.
Identical degradation conditions were performed over the course of ten days with HRP and 800 uM H,0O,.
No noticeable degradation as seen as all spectra features (S;, S,, M1, and S3) are observed between days 1

and 10.
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Figure 77. A) TEM micrograph confirming degradation of carboxylated SWNTs by hemin and
H,0,. B) Vis-NIR spectra of carboxylated SWNTSs (black), after 5 days of incubation with hemin and H,0,
(orange), and after 10 days of incubation with hemin and H,0, (red). C) Raman spectra of carboxylated
SWNTs (black), after 5 days of incubation (orange), and after 10 days of incubation (red) (asterisk indicates

contribution from quartz substrate).
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Figure 78. A) TEM micrograph confirming degradation of carboxylated SWNTs by FeCl; and
H,0,. B) Vis-NIR spectra of carboxylated SWNTSs (black), after 5 days of incubation with FeCl; and H,0,
(orange), and after 10 days of incubation with hemin and H,0O, (red). C) Raman spectra of carboxylated

SWNTs (black), after 5 days of incubation (orange), and after 10 days of incubation (red) (asterisk indicates

contribution from quartz substrate).
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kel
Figure 79. Energy dispersive x-ray analysis (EDXA) of products resulting from degradation of
pristine SWNTSs with hemin and 800 uM H,0,. The only observable peaks include those for carbon, oxygen,

silicon, and copper. Copper and silicon contributions are from the TEM grid.
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Figure 80. EDXA of residual metallic particles after degradation of pristine SWNTs with hemin and
800 uM H,0,. Observable peaks show large contributions for carbon and iron, in addition to background

contributions from copper and silicon, a result of the TEM grid.
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Table 3. Molecular docking of pristine and carboxylated SWNT to horseradish peroxidase. The 5A
binding pocket residues are listed. For ease of identification, we also provide a description of the most

preferable binding site location. The interaction energies, followed by the number of conformations observed

in each case in brackets, are also listed.

Binding site location Binding Energy (# of | 5A Residues
conformations)
Carboxylated and | In proximity to the | -15.1(6/9) F68, N135,
Hydroxylated heme binding site L138, A140,
%) P141, Fl42,
’ F143, T144,
Q147, RI178,
F179, D182,
N186, F187,
S188, NI189,
Q245
Carboxylated and | At the distal end of the | -13.7 (3/9) L2, P4, S116,
Hydroxylated heme pocket W117, R118,
SYNT P120, N275,
(8,8)
V278, E279,
D282, N286
Pristine At the distal end of the | -15.7 (9/9) L2, P4, S116,
SWNT heme pocket W117, RI118,
(8.8) P120, N275,
V278, E279,
D282, N286
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Figure 81. Molecular modeling of HRP to SWNT with (8,8) chirality carrying defects in the middle.

A) The docked SWNT of length 1.5 nm is shown. B) The SWNT length has been extended to 10 nm to

demonstrate the lack of steric hindrance in binding. C) Same as (B) but tilted by approximately 90°. The
receptor HRP is rendered as cartoon and colored in gradient from N-C terminus representing blue to red.
SWNT is colored in grey and represented as stick in both cases. Heme in (B) is rendered as sticks and colored
in red. The lowest energy and best bound conformation (5/9) was also found in close proximity to the heme
binding pocket. The conformation — which was slightly different from the one observed when the SWNT
carried defects at the ends — is shown. The predicted binding pocket residues within 5 A were $28, D29, P30,
R31, R75, K174, L208, N214, S216, A217, and L218. The distance of the closest carboxyl group to the nearest

atom of the heme is 8.1 A in this case, where the defects are in the middle. This is similar to the respective

distance of 7.6 A for the end-carboxylated SWNT.
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Figure 82. The model representing the binding of a pristine SWNT bundle to HRP. This model was
generated using the bound conformation of a single pristine SWNT. The place where the pristine SWNT
docks has sufficient space for additional SWNTSs to be stuck to the one actually in contact with the protein.

The binding model clearly indicates that the docking study with single pristine nanotube would also be

relevant for bundles of multiple SWNT.
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Figure 83. Binding of HRP to (A) carboxylated SWNT with (8,8) chirality, (B) non-carboxylated
SWNT with (8,8) chirality, (C) carboxylated SWNT with (14,4) chirality, and (B) non-carboxylated SWNT
with (14,4) chirality. The receptor HRP is rendered as cartoon and colored in gradient from N-C terminus
representing blue to red. Heme and SWCNT are colored in red and grey, respectively and represented as
stick structure in each case. Heme in (C) and (D) is rendered as spheres and colored in red. In the case of
non-carboxylated SWNT all the conformations (9/9) were found to bind at the second binding site, located
away from the heme binding pocket. SWNT with a defect/modification introduced at the ends, bound

predominantly (6/9) in proximity to the heme binding site.
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