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Applications



Chapter 1

Perspectives on Carbon Nanomaterials
in Medicine Based upon Physicochemical
Properties: Nanotubes, Nanodiamonds,
and Carbon Nanobombs

Amanda M. Schrand

1.1 Introduction

Carbon nanotubes (CNTs) have been used in a variety of engineering [1] and bio-
medical applications [2] over the past decade as drug, protein, and nucleic acid
delivery tools [3, 4] for the destruction of cancer cells [5, 6], diagnostics [7], and as
noninvasive and highly sensitive imaging aids (due to their intrinsic near-infrared
fluorescence and Raman and photoacoustic signals) [8]. The rich surface chemistry
of nanocarbon materials lends itself to numerous modifications including the at-
tachment of specific drugs such as the antifungal drug amphotericin B and the an-
titumor agent methotrexate [4], deoxyribonucleic acid (DNA) [9, 10], and polyeth-
ylene glycol (PEG) [11]. The term “theranostics” was coined to emphasize both the
therapeutic and diagnostic capability of CNTs and has been applied in the context of
oncology (the study of cancer) and nanomedicine [12] with CNT-mediated targeted
hyperthermia becoming one mechanism of action [13]. Carbon nanostructures also
span fields as diverse as medicinal biochips [14], new high-performance platforms
for magnetic resonance (MR) molecular imaging [15], tissue engineering [16], and
neuroscience [17]. One of the rigorous challenges is to ensure the biocompatibility
and potential for biodegradability of carbon nanomaterials [18]. So far, the results
are inconclusive to the short- and long-term beneficial and detrimental effects at
the single cell and body system levels (Fig. 1.1), although many studies have been
performed [20-23]. For the purpose of simplicity, this chapter does not attempt to
include the multitude of carbon nanomaterials available for study such as carbon
dots, C60 fullerenes, etc., but rather focuses on one of the newest classes of popular
carbon nanomaterials: nanodiamonds (NDs).

A. M. Schrand (<))
Air Force Research Laboratory, Munitions Directorate Eglin AFB, Eglin, FL 32542, USA
e-mail: Amanda.schrand@eglin.af.mil
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Fig. 1.1 Summary of nanoparticle interactions within a single cell and systems of the body.
(Adapted from [19, 70]). NP-Ab nanoparticle-antibody, UV ultraviolet, EM electromagnetic, ROS
reactive oxygen species

1.2 Differential Toxicity of Carbon Nanomaterials

In contrast to the historical perspective that carbon-based materials present minimal
reactivity toward cells of the body [24], nano-sized carbons are characterized by
very small sizes, high surface-to-volume ratios, and reactive surface chemistries,
which can impact cellular permeability and dynamics [25, 26]. However, not all
carbon-based nanoparticles (NPs) display similar biocompatibility profiles. One
common assay utilized to assess cytotoxicity in cell cultures is the 3-(4,5-Dimeth-
ylthiazol-2-yl)-5-(3-Carboxymethoxyphenyl)-2-(4-Sulfophenyl)-2H-Tetrazolium
(MTS) assay [82]. This assay consists of a cell-permeable, soluble tetrazolium salt
and electron coupling reagent (phenazine methosulfate) that is added to the cellular
environment after the appropriate dosing periods. During incubation with MTS,
the dehydrogenase enzymes present within the mitochondria of healthy cells re-
duce the MTS into a dark purple, water-soluble formazan compound, which can be
quantified with a microplate reader at 490 nm. Absorbance values measured at zero
incubation time are subtracted from the final readings to account for background
absorbance due to the NPs or the solution. The changes are compared to controls
(cells not exposed to NPs), and percent reduction is calculated.

Many examples of this assay can be found in the literature with regard to carbon
nanomaterial cell culture studies. For example, Schrand et al. demonstrated differen-
tial biocompatibility between neuronal and lung cell lines after exposure to aqueous
suspensions of carbon NPs (ND; carbon black, CB; multi-walled nanotube, MWNT;
single-walled nanotube, SWNT) at concentrations from 25 to 100 ug/mL for 24 h
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
[27]. The trend for biocompatibility was ND > CB > MWNT > SWNT. The lung cells
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(macrophages) were more greatly affected by the presence of carbon NPs generating
up to five times the amount of reactive oxygen species (ROS) compared to the neu-
roblastoma cells after exposure to either MWNTs or SWNTs. However, there was a
lack of ROS generation from either cell line after incubation with the NDs as well as
intact mitochondrial membranes further supporting the low toxicity of NDs. These
studies suggest a complex role for cell-specific responses and purity (i.e., residual
catalyst content) in the inflammatory response as well as other factors that may be
related to dispersion/aggregation dynamics. By comparison, the incubation of fluo-
rescently labeled NDs (5-100 pg/mL, 24 h) with three different cell types revealed
no significant differences in biocompatibility compared to control cells (MTT as-
say). The different cell lines were representative of both rodent and human cell lines
including murine neuroblastoma (N2A), human skin cells (HaCat), and rat alveolar
macrophage (CRL-2192). Additionally, morphological examination did not show
any alterations in cell shape compared to controls. Another example is the work by
Zhu et al. on the cytotoxicity assessment of human lung macrophages after exposure
to unpurified or acid-purified multi-walled CNTs [28]. In addition to the MTS as-
say, the cells were assessed for the generation of ROS, morphological changes, and
uptake. The results demonstrate that multi-walled CNTs can accumulate in human
lung macrophage cells to different degrees based on their surface chemistry where
MWNT-COOH reduce cell viability in a dose-dependent manner under the given
experimental conditions (5-50 pg/mL, 2-24 h). However, images of individual cells
can demonstrate morphological changes even at the lowest concentrations.

Although there has been no direct link between the primary dimension of car-
bon NPs and their resultant biocompatibility, Jia et al. [29] found that the toxicity
of carbon NPs followed a mass sequence of biocompatibility with C60 > quartz >
MWNT > SWNT in alveolar macrophages after exposure for 6 h. By comparison,
Grabinski et al. [30] found that larger carbon fibers or carbon nanofibers were more
biocompatible than MWNTs or SWNTs in mouse keratinocytes (HEL-30) [30].
Smaller-sized CB (14 nm) compared to larger-sized CB (260 nm) increased the
production of ROS and macrophage inflammatory protein-2 messenger ribonucleic
acid (MIP2 mRNA) expression [31, 32]. In contrast, other studies have shown that
smaller or shorter CNTs were more biocompatible than larger-sized CNTs or carbon
fibers [33-36].

The examination of carbon NPs with regard to both size and surface chemistry
was studied by Liu et al. [37]. They examined the biocompatibility of carboxyl-
ated NDs (cNDs) and uncarboxylated NDs and CNTs in human lung A549 epithe-
lial cells and HFL-1 normal fibroblasts [37]. Treatment with ND or ¢cND (5 and
100 nm) at concentrations ranging from 0.1 to 100 pg/mL for 4 h followed by
recovery for 24-48 h did not affect the overall cell morphology including the cy-
toskeleton or nuclei, did not reduce cell viability per the MTT assay, and did not
alter the expression of protein extracts via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis. The smaller 5-nm c¢NDs slightly reduced
viability compared to the larger 100-nm c¢NDs but with no significance. In con-
trast, uncarboxylated CNTs (10-50 nm and 100-200 nm) significantly decreased
cell viability at concentrations as low as 0.1 pg/mL in A549 cells or 1 pg/mL in
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HFL-1 cells, compared to concentrations greater than 10 ug/mL for carboxylated
CNTs (cCNTs). There was also a more pronounced cytotoxic effect for the longer
100-200-nm ¢cCNTs compared to the shorter 10-50-nm cCNTs [37].

Therefore, to date, research shows that when compared side by side to other car-
bon nanomaterials (CNTs, fullerenes), NDs are consistently better tolerated by cells
[27, 38, 39]. One major factor in the variability between studies is the purity of the
samples. Impurities (or contaminants) such as residual metal catalysts (i.e., Fe, Ni,
Co) in CNTs [40-57] and other materials containing Fe and transition metals [58—
60] are now routinely screened prior to and during toxicity studies. Although NDs
are not synthesized via metal catalysts, metal contaminants are introduced from the
containers used for the detonation of ND, which must be removed by post-synthe-
sis purification procedures [61]. For example, some initial ND powders contained
~5.7% Fe, which was reduced to ~1.2% Fe [62]. Additional methods for cell cul-
ture analysis of carbon and metal-based NPs for health- and safety-related assess-
ment include a variety of biochemical and microscopic techniques [63—68], for ex-
ample, modification of existing procedures such as DNA damage with microfluidic
electrophoretic separation technology [69]. For an overview of methods for studying
biocompatibility at the cellular and system level as well as a historical perspective
on diamond particle biocompatibility, please see previous work [66, 70—73].

1.3 Considerations for Nanodiamond in Medicinal
Applications

There has been an explosion of potential applications for NDs due to their large-
scale production [74] and commercial availability (Diamond Center, PlasmaChem)
in designer forms. However, it is the purity, fluorescence, variety of surface modi-
fications, and high biocompatibility that have contributed to their popularity among
other carbon NPs. Indeed, NDs can maintain most, if not all, of their inherently de-
sirable properties upon surface functionalization (such as fluorescence, biocompat-
ibility, etc.) in contrast to many other forms of carbon or more traditional NPs such
as semiconductor quantum dots (see recent reviews by Mochalin et al., Schrand et
al., Ho, Xing, and Dai [66, 71, 75-77]). Furthermore, they can be imaged with mul-
tiple modalities including Raman spectroscopy, fluorescent confocal microscopy,
electron microscopy, etc. [38, 78—81].

1.4 Nanodiamond Property—Biocompatibility
Relationship: In Vitro Studies

Although the majority of the literature, including our previous work [27, 39, 66, 67,
70-72, 80-83], has demonstrated high biocompatibility for different types of NDs,
there are some studies that have shown negative effects in blood cells and deeper
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at the genomic level [83, 84]. Therefore, smaller, nano-sized diamonds are being
scrutinized for biological interactions due to their superior physicochemical prop-
erties for incorporation into cutting-edge biomedical innovations (i.e., nano-sized
therapeutic carriers, probes, labels; Schrand et al. 2009; [72]).

By definition, well-purified NDs are almost perfect crystalline structures with
negligible fractions of non-diamond carbon. They consist of polyhedra with a dia-
mond core built up of sp? carbon, which may be partially coated by a graphitic shell
or amorphous carbon with dangling bonds terminated by various functional groups.
An additional characteristic feature of NDs is nitrogen impurities (up to 2-3 wt%),
which can form complexes in the core of ND particles, and the presence of twins
and grain boundaries in the crystallites [75]. A summary of ND properties for con-
sideration in biocompatibility or toxicity studies is presented in Table 1.1.

Table 1.1 Properties of nanodiamonds (NDs) for biological consideration. (Adapted with permis-
sion from Schrand et al. 2009)

Physicochemical properties of NDs for biomedical applications

Property Characteristics Application
Structural Small size of primary monocrys- | Unique interactions with bio-compounds
talline particles (~4-5 nm) on same size scale
Availability of variable sizes and | Diverse applications based on size (UV
narrow size fractions protection, photonic structures)
Different forms (i.e., particulate, | Tailorability for different
coating/film, substrate) bio-environments
Large specific surface area High affinity/adsorption capacity for
(300-400 m?/g) binding proteins, enzymes; enterosor-
bents, purification
Low porosity/permeability of Component of small pore membranes for
films ultrafiltration or lion-porous membrane
for extended time storage
High specific gravity (3.5 g/cm?) | Dense structure for solid phase support
Chemical Chemically resistant to degrada- | Implants, coatings, films, substrates for

tion/corrosion, pH stability

cell growth

High chemical purity

Biocompatible interface

Possible sp? carbon shells

Adsorption of hydrophobic biomolecules,
EM radiation absorption for thermal
therapy

Numerous oxygen-containing
groups on surface

Hydrophilic, water-dispersible suspen-
sions for further coupling to bio-entities/
into other matrices

Ease of surface functionalization
(chemical, photochemical, mech-
anochemical, enzymatic, plasma-
and laser-assisted methods)

Attachment of drugs and biomolecules;
polymer, metal composite materials

Radiation/ozone resistance

X-ray, protective coatings and surfaces,
detection devices

Large number of unpaired elec-
trons on the surface

Free radical scavenger/multiple radical
donor, electrochemistry
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Table 1.1 (continued)
Physicochemical properties of NDs for biomedical applications

Property Characteristics Application

Biological High biocompatibility, low Cell, tissue, organ, and organism studies
toxicity
Readily bind bioactive sub- Targeted therapeutics/molecules, labels,

stances (i.e., proteins, DNA, etc.) | hormones, inhibitors, antigens, drugs
with retained functionality

Solid phase carrier Multiple cell delivery methods including
ballistic, transfection

Optical Photoluminescence: non-pho- Fluorescent probe and imaging tool for
tobleaching, nonblinking, origi- | biolabeling
nates from N-vacancy defects

High refractive index, optical Scattering optical label for live cells, pos-
transparency sible UV sunscreen
Unique Raman spectral signal Nondestructive detection with living cells
Mechanical High strength and hardness Composite additive, possible cell lysis,
ballistic delivery to tissues and cells,
autoclaving
Fine abrasive Homogenization of composites/cosmet-
ics, skin polishing
Electrochemical | Electrochemical plating with Improves durability, life of medical
metals instruments/implants
Redox behavior of DND Chem/biosensors: potential production
of ROS
Thermal Can withstand very high/low Sterilization (i.e., autoclave), composite
temperatures manufacturing, liquid nitrogen storage
Technical Inexpensive, mass production Commercial availability

(i.e., detonation synthesis)

Exist naturally in meteorites and | Availability of various quality/purity
laboratory synthesized by diverse | samples
techniques

NDs nanodiamonds, UV ultraviolet, ROS reactive oxygen species, DND detonation nanodiamond,
EM electromagnetic, DNA deoxyribonucleic acid, N nitrogen

1.4.1 Nanodiamond Size Studies

Investigations into size-dependent biological behavior of NDs have not proven any
measurable differences. For example, an early study on ND biocompatibility by Yu
et al. [85] investigated relatively large synthetic abrasive diamond powders (type
Ib, 100 nm, Micron+ (Micro Diamond Abrasive) MDA, synthesized by Element
Six, acid purified) that were proton beam irradiated to introduce very stable, bright,
and internal fluorescent nitrogen vacancy defects [85]. They found very high vi-
ability, indicative of in vitro biocompatibility, with human kidney cells (293T) after
3 h of incubation at concentrations up to 400 pg/mL assessed with the MTT assay.
Smaller, nonfluorescent, detonation NDs (2—-10 nm, supplied from the NanoCar-
bon Research Institute Inc.) at lower maximum concentrations (<100 pg/mL) over
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longer periods of time (typically 24 h) were studied by Schrand et al. from 2007 to
2009 [27, 39, 83] (Schrand et al. 2009) and [86] in other cell lines. Liu et al. found
that there were slight, but not significant, reductions in cell viability after incubation
with smaller 5-nm cNDs compared to larger 100-nm cNDs [36].

1.4.2 Influence of Nanodiamond Surface Chemistry and
Contaminants

The effects of processing techniques including, but not limited to oxidation pro-
cedures, aggregate disintegration, high-temperature heat treatment, etc. on NDs
should be evaluated with regard to alterations in the surface chemistry, which may
impact on cellular functions [34, 87-89]. For example, the impact of surface chem-
istry on 2—10-nm detonation-produced NDs, purified with strong acids or bases, on
cell viability was examined by Schrand et al. [38]. At concentrations up to 100 ug/
mL, all of the NDs, containing surface groups such as -COOH, -COONa and —
SO, Na, were nontoxic to a variety of cell types including neuroblastomas, macro-
phages, PC-12 cells, and keratinocytes after 24 h with the MTT assay. The most no-
ticeable difference between two cell types (neuroblastoma and macrophage) was in
the amount of carbon NPs internalized by the cells, which was likely related to the
greater decreased viability and increased ROS for the macrophages. The inherent
function of the macrophages to initiate an inflammatory response or programmed
cell death may also occur to a greater extent in this immune cell. However, despite
these proposed cell-specific differences, there was a lack of ROS generation and
a retention of mitochondrial membrane integrity in cell lines incubated with NDs.

Studies on the biocompatibility of acid-purified NDs in RAW 264.7 murine
macrophages by Huang et al. monitored the response of genes involved in inflam-
mation including the production of three different cytokines: interleukin-6 (IL-6),
tumor necrosis factor o (TNFa), nitric oxide synthase (iNOS), and the Bcl-x gene
involved in apoptotic behavior/toxicity [86]. After 24—72 h of incubation with 100-
pg/mL NDs, no significant change in the expression of the cytokines was detected
with the real-time polymerase chain reaction (RT-PCR) compared to controls. Ad-
ditional experiments examining morphological changes and DNA fragmentation in
macrophages as well as viability with the MTT assay in HT-29 human colorectal
adenocarcinoma cells revealed the high innate biocompatibility of the NDs.

In addition to surface chemistry alterations, other contaminants to the underly-
ing elemental composition can include residual ceramic or other abraded material
fragments from mechanical (bead milling) or ultrasonic processing for aggregate
disruption (i.e., ZrO, in ND from stir-media milling for dispersion), fragments of
graphitic/amorphous structure at grain boundaries, and approximately 2 wt% fuller-
ene-like conjugated sp? carbon [90-92]. More recently, there has been progress in
dry milling with water-soluble salts and sugars, which show promise as biocompat-
ible and environmentally friendly alternatives for aggregate disruption [93]. Other
considerations for effects on biocompatibility include various levels of nitrogen
doping [94] or residual solvents from dispersion processes, which may be inher-
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ently toxic such as tetrahydrofurane or dimethyl sulfoxide [95, 96]. Functionaliza-
tion of NDs with biomolecules for biological applications did not seem to induce
cytotoxicity in Chinese hamster ovary (CHO) cells, and these functionalized NDs
retained their ability to localize intracellularly [97].

Of concern, however, are some other studies, which have suggested that NDs may
possess some deleterious effects toward biological organisms. For example, Silba-
joris et al. [98] found that ND particles can induce up to 14-fold increases in IL-8
expression in human airway epithelial cells. IL-8 is a chemokine involved in the
inflammatory response; this upregulation implies that the ND particles retain the
ability to trigger an inflammatory response when inhaled. Moreover, embryonic stem
cells have been shown to yield moderately increased expression of DNA proteins,
such as p53 and MOGG-1, when they are incubated with NDs [84]. This response
was more pronounced when the cells were exposed to oxidized NDs rather than pure
NDs, implying a role of surface chemistry. Still, these levels are much lower than
those observed when cells were incubated with MWNTs, suggesting that NDs may
still be the most biocompatible and promising relative to other forms of NPs.

Studies with stable and fluorescent rhodamine-labeled NDs incubated with both
animal and human cell lines did not induce morphological changes and maintained
high viabilities at concentrations up to 100 pg/mL [38, 80, 81]. Studies with fluores-
cently labeled NDs by Vaijayanthimala et al. [99] also did not implicate any toxicity
at exposures for 5 h at concentrations as high as 100-200 pg/mL across multiple
cytotoxicity endpoints. The mechanisms of uptake and intracellular localization are
examined in greater detail in the following section.

1.4.3 Nanodiamond Intracellular Localization and Kinetics: An
Important Consideration for Long-Term Biocompatibility

The kinetics of both nonfluorescent and fluorescent ND (FND) entry and localiza-
tion inside cells has been examined with microscopic, radiolabeling, and spectro-
scopic techniques. Internalized ND aggregates are localized within the cytoplasm
but not within the nucleus [38, 80, 81, 85, 100, 101]. Recently, the authors of this
review and other groups [99, 102] have addressed this issue by using FNDs to track
their localization into cells based on time and concentration [80, 81]. Schrand et al.
[80] initially elaborated upon the preparation of cells for assessing ultrastructural
localization of NPs with transmission electron microscopy (TEM) to show the time-
dependent uptake of NDs in neuro-2A (N2A) cells. Follow-on studies with FNDs
and both electron and fluorescent microscopy were performed to investigate the
time-dependent uptake of ND into cells as well as determine their localization [81].
The TEM studies enabled both verification of uptake and higher-resolution subcel-
lular localization of NDs. Images in Fig. 1.2a, b show the FNDs outside cells (white
arrows), internalized into membrane-bound structures resembling early endosomes
inside cells (black arrows) as well as free in the cytoplasm after lysosomal process-
ing (Fig. 1.2b).
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Fig. 1.2 Internalization and localization of nanodiamonds (NDs) in neuroblastoma (neuro-2A,
N2A) cells. a, b Transmission electron microscopy (TEM) images of thin sections of N2A show-
ing NDs interfacing with the plasma membrane as well as internalized into the cytoplasm and
vacuoles. (Adapted with permission from [80])

Because an endocytic mechanism appeared to be at work, the co-localization
of ND in distinct subcellular locations was probed with organelle-specific stains
for early endosomes and lysosomes in a chronological study [81]. Confirmation
of the increased uptake of NDs over time was demonstrated with confocal micros-
copy after static incubation with 10 pg/mL of NDs over 1-24 h (Fig. 1.3). Early
endosomes are observed during the early stages of clathrin-dependent endocytosis
as membrane vesicles pinch off containing extracellular transports including NPs.
Lysosomes are single-membrane compartments found in most eukaryotic cells
that are responsible for the breakdown of materials. In the case of endocytosis, ly-
sosomes develop gradually from late endosomes, which are vesicles that initially
carry materials into the cell. The coalescence of the endosome with the low pH
environment of the lysosome causes the degradation and release of the contents.
Therefore, we expect to observe early localization of ND to endosomes, followed
by localization to lysosomes, and finally to the cytosol. In cells fixed and stained
for detecting early endosomes, control N2A cells show diffuse green staining with
some punctate spots that represent invaginating early endosomes (Fig. 1.3a). After
1 h, green punctate dots can still be observed; however, there is some overlap of
red signal from ND with the green dots, suggesting that there is early and rapid
localization to early endosomes (Fig. 1.3b). After 3 h, there was some overlap-
ping of the red signal from ND and the green signal representative of lysosomes
resulting in yellow spots, suggesting that ND co-localized with the lysosomes
(Fig. 1.3c). After 6 h, the density of this overlap greatly increases, suggesting
that movement to the lysosomes follows early endosomes localization (Fig. 1.3d).
After 24 h, most of the ND appeared to be released from the lysosomes and was
found in the cytoplasm as red aggregates while the lysosomes remained stained
in green (Fig. 1.3e).

Other studies have confirmed that FNDs rely upon energy-dependent clathrin-
mediated endocytosis to enter the cell [99]. Similarly, Liu et al. provided evidence
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Fig. 1.3 Confocal microscopy of neuro2A (N2A) cells for co-localization of ND-T Nanodiamond
Carboxytetramethylrhodamine (TAMRA) (10 mg/mL) and early endosomes or lysosomes after
various time points. Labels: ND-T (red), Hoechst nuclear dye (blue), and LysoTracker/early endo-
some antigen 1 (EEAI) (green). Combined red and green signals, indicative of co-localization of
ND-T in lysosomes or early endosomes, appear in yellow or orange. a Control with EEA1. b 1 h,
stained for EEAI. ¢ 3 h, stained for LysoTracker. d 6 h, stained for LysoTracker. e 24 h, stained for
LysoTracker. Notice that not all ND-Ts are localized to lysosomes, but some NDs are free in the
cytoplasm, and not all lysosomes contain ND-T. Images were taken at 60x magnification. EEA/
at 3, 6, 24 h and LysoTracker at 0, 1 h were omitted for clarity and ease of presentation. (Adapted
with permission from [81]). EE early endosome, L lysosome, £ endosome

to suggest that cNDs enter cells via both clathrin-mediated endocytosis and mac-
ropinocytosis [103]. Moreover, the surface charge of FNDs has been shown to
affect uptake: The uptake of poly-L-lysine-coated FNDs was better than that of
oxidative-acid-purified FNDs at the same concentration. In addition, NDs may en-
ter cells through the process of phagocytosis. Karpukhin et al. demonstrated that
detonation nanodiamonds (DNDs) may be phagocytosed by neutrophils, leading to
ROS production [104]. A more recent study has implicated that FNDs may exit the
cellular cytosol through the process of exocytosis. For example, Fang et al. demon-
strated through flow cytometry that up to 30% of FNDs exocytosed from 3T3-L1
preadipocytes after 6 days [102]. However, exocytosis was much lower for HeLa
and 489-2.1 cells, implicating the crucial effect of cell type. The occurrence of exo-
cytosis suggests that the presence of FNDs within the cell is a dynamic equilibrium
process. Ongoing studies by the author and ITC colleagues suggest that carbon
dot-decorated NDs also localize inside skin cells [105]. Although carbon dots are
not a new class of carbon nanomaterials [106], when a specific acid treatment of
detonation soot is performed, forming tiny rounded sp? carbon species (carbon dots)
result and can be covalently attached to the surface of detonation diamond NPs.
The photoluminescence of the carbon dot-decorated NDs can be tailored by chang-
ing the oxidation process parameters. Carbon dots-decorated NDs possessing stable
luminescence are demonstrated to be excellent probes for bio-imaging applications
and inexpensive additives for nanocomposites.
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1.5 In Vivo Considerations for Nanodiamond
Biocompatibility

The use of animals including mice, rats, and rabbits for in vivo nanotoxicity stud-
ies allows a more in-depth understanding of NP kinetics. However, even within the
same animal model, there has been a great divergence in toxicity results for pulmo-
nary studies of CNTs in animals [107—113] or C60 in aquatic species and animals
[114-120]. It is suspected that differences in the starting materials (i.e., metal impu-
rities, residual solvent) or administration routes/procedures may be responsible for
the varied biocompatibility results. In contrast, micro- or nano-sized diamonds show
consistently positive results for in vivo applications. For example, micron-sized dia-
mond particles did not contribute to inflammation when introduced to implant tra-
versing canals in rabbits [121], canine knee joints [122], or the complement system
[123], and NDs do not affect the weight or reproductive ability of mice or induce
inflammation in rats [ 124—130]. The latter studies will be briefly summarized below.

Unfortunately, the early in vivo studies with detonation NDs were complicated
by the low colloidal stability and high polydispersity, which made it difficult to
establish dose—response relationships. In one study, ND suspensions in starch gel
were orally introduced to animals with a catheter in order to increase the sedimenta-
tion stability [131]. Other treatments to remove contaminants and further function-
alize the surface of NDs with hydrophilic surface moieties (i.e., oxy, carboxyl, and
carbonyl groups) were used to produce medical-quality ND hydrosols. The abil-
ity to prepare stable and sterile ND hydrosols that could be cryogenically stored
and administered by various methods led to a series of long-term experiments in
animals, including mice, rats, and dogs. The species-specific responses to 0.002—
1.0 wt% ND administered by different means (i.e., oral, intravenous, intramuscular)
were studied and are summarized below [125, 126, 128—131].

In mice, completely replacing water in the diet of animals aged between 3 and
6 months with 0.002-0.05 wt% ND hydrosols neither caused death nor affected
the growth or internal organ (liver, lungs, heart, kidneys, and pancreas) weight dy-
namics compared to control animals. Further, the substitution of water with ND
hydrosols did not influence mouse reproductive ability, for at least the first three
generations as animals consuming ND hydrosols from birth produced healthy off-
spring. Within the duration of the experiments, the total amount of ND delivered
to the animals was between 16 and 450 mg per mouse depending on the concen-
tration of ND in hydrosols. The effects of NDs on blood cells and blood plasma
chemistry were examined after prolonged substitution of water with ND hydrosols
with minimal changes. Similar studies in rats showed that intramuscularly injected
NDs localized at the injection sites as gelatinous clots that contained considerable
amounts of protein components on their surface. However, no pronounced visual
or histological manifestations of inflammation were detected. The low toxicity was
confirmed with an estimated median lethal dose (LD,,) of >7000 mg/kg compared
to an LD, of 3000 mg/kg for sodium chloride orally administered to rats. In another
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series of experiments, dogs intravenously injected with 0.3—20 mL of sterile ND hy-
drosols in glucose (0.001-5 wt%) did not die after the dosage [125, 126, 128—-131].

Studies have also exposed NDs to mice via intratracheal instillation [132]. This
study reported that the NDs localized largely to the lung, although there is also dis-
tribution in the spleen, liver, bone, and heart. The authors implied that there could
be dose-dependent toxicity in these organs based on histological and biochemical
evaluation. Similarly, Yuan et al. found that NDs mostly accumulated in the liver
after intravenous injection with the spleen and lung being other target organs [133].
Approximately 60 % of the initial NDs remained in the liver, and approximately 8 %
remained in the lung both 30 min and 28 days after initial exposure, with potentially
cytotoxic effects. Finally, Rojas et al. reported similar results with amino-function-
alized DNDs, with the majority of particles localized to the lung, spleen, and liver
[134]. These particles were excreted through the urinary tract. The addition of sur-
factant agents did not change the biodistribution, although it did diminish excretion
through the urinary tract.

These studies suggest that the significant amount of NDs that make it inside the
cell may pose a significant cytotoxic risk at the in vivo level. In support of this con-
cern, Marcon et al. reported that cNDs could induce embryotoxicity and teratoge-
nicity, interfering with neurulation and gastrulation with high mortality in Xenopus
laevis embryos [135].

Recent studies of fluorescently labeled NDs either fed to or microinjected into
Caenorhabditis elegans worms [136] demonstrate that bioconjugation can tailor the
localization to either the intestinal lumen (bare NDs) or intestinal walls (dextran or
bovine serum albumin-coated NDs, BSA-coated NDs). By comparison, microin-
jected NDs are dispersed in the distal gonad and oocytes at approximately 30 min
after injection and effectively delivered to the embryos. The injected NDs are pres-
ent in the cytoplasm of many cells in the early embryos (Fig. 1.6b) but are predomi-
nantly localized to the intestinal cells of the late embryo. A comparison of the worm
life spans, brood sizes, and ROS production demonstrate that both the life span and
the potential for progeny production are unaffected by the treatments with either
dextran- or BSA-coated NDs. Therefore, the longevity of C. elegans measured over
25 days, the reproductive potential measured over 4 days, and the stress response
after 4 h did not produce any deleterious effects compared to controls.

Yuan et al. [133] investigated the pulmonary effects and localization of NDs in
mice intratracheally administered 1 mg/kg NDs and examined at 1-28 days post-
exposure. There were no long-term signs of biochemical, ultrastructural, or histo-
pathological alterations, but there was a temporary lung index increase at the early
time point of 1 day postexposure. Further, the ND burden within alveolar macro-
phages decreased over time. Representative histopathological and TEM imaging of
lung tissue from mice intratracheally instilled with 1 mg/kg NDs-50 at 1 day post-
exposure. The normal lung architecture indicates that exposures to NDs does not
produce detectable pulmonary toxicity. However, the high-resolution TEM images
of lung tissue show NDs localized to phagosomes within macrophages.

Cumulatively, these past in vivo studies suggest that NDs possess enormous po-
tential based on their biodistribution throughout animal models. Moreover, their
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cytotoxicity does not appear to be a major concern, although there seems to be
some disagreement depending upon the animal model utilized and the particular
end points that are assessed. However, most importantly, NDs appear to possess
valuable biological effects and properties characteristic of an enterosorbent (detoxi-
fying agent), which may be exploited in potential biomedical and bioengineering
applications.

1.6 Carbon Nanobombs

The development of nanostructures that can be remotely activated to produce a de-
sired effect is an attractive strategy for a diverse range of applications ranging from
electronics, cancer therapeutics, and drug delivery platforms to sophisticated bio-
sensors. Near-infrared (NIR) light, which spans wavelengths from ~700-1100 nm
holds particular promise in bionanotechnology-enabled applications because both
NIR light and NPs have the potential for remote activation leading to exquisite lo-
calization and targeting scenarios. Additionally, control of both spatial and temporal
energy input in the form of highly localized heating results in precise destruction
with low collateral damage to the surrounding environment, cells, and tissues. The
heat delivered to the target depends upon many factors including laser power, NP
concentration, efficiency of NPs to convert energy to heat, heat dissipation rates,
solvent type, volume, etc.

A recent fundamental study by Schrand et al. examined aqueous solutions of
carbon and metal-based NPs (CB, single-walled CNTs, silver NPs, and copper NPs)
upon exposure to continuous NIR (A=1064 nm) laser irradiation at powers of 2.2 W
and 4.5 W [137]. The differential heating of bulk aqueous suspension of NPs with
varying physicochemical properties revealed maximum temperatures of 67°C with
visible evidence of condensation and bubble formation (Fig. 1.4a—f). It is unknown
whether the bubbles formed due to micro/nanoexplosions of the NPs or simply lo-
calized heating around NP aggregates. In either case, the generation of heat/pressure
in aqueous environments poses utility in medical as well as marine applications.
The doubling of the power from 2.2 to 4.5 W led to doubling of the bulk solution
temperature (Fig. 1.4g, h). The basis of the NP heating was hypothesized to be due
to the strong intrinsic optical absorbance in the NIR spectral window and the trans-
duction of this NIR photon energy into thermal energy. The highest absorbance and
heating was found for the CB spherical NPs followed by carboxylic acid-purified
single-walled CNTs, raw single-walled CNTs, then gold nanoparticles (GNPs). The
use of ultraviolet-visible (UV-vis) measurements prior to NP heating was also used
to accurately predict these trends prior to NIR irradiation.

Follow-on studies with hybrid NPs systems by Schrand et al. in 2012 elucidated
NIR laser interactions with bio-conjugates. Specifically, SWNTs bio-conjugated to
GNPs of three different sizes (10, 30, 60 nm), then exposed to 1064 nm NIR laser
irradiation displayed size-dependent heating kinetics (Fig. 1.5) [138]. For example,
the SWNT-GNP hybrids containing the smallest GNPs experience greater heating
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Fig. 1.5 Overview of the biomolecular functionalization and capture process to form hybrid sin-
gle-walled nanotube—gold nanoparticle (SWNT-GNP) nanostructures, which are further modified
upon near-infrared (NIR) laser exposure and a—i representative transmission electron micrographs
demonstrating labeling of biofunctionalized SWNTs with GNPs before and after exposure to NIR.
(1) Binding of biomolecules onto SWNT surface. (2) Hybridization of complementary target bind-
ing sequences. (3) Addition of GNPs. (4) Detachment of GNPs via NIR laser exposure. Transmis-
sion electron microscopy (TEM) images of a 10-nm GNPs, b 30-nm GNPs, ¢ 60-nm GNPs, d
SWNT-GNP10 nm, e SWNT-GNP30 nm, f SWNT-GNP60 nm, g SWNT-GNP10 nm post NIR, h
SWNT-GNP30 nm post NIR, and i SWNT-GNP60 nm post NIR. (Adapted from [138])

and subsequent GNP release upon NIR laser irradiation compared to SWNT surfaces
modified with larger 60 nm GNPs. The authors hypothesize that the greater attach-
ment efficiency of the smaller GNPs to the biomolecules allowed for increased heat
transduction. Therefore, it is possible to physically modify, through heating or po-
tentially pressure/explosive-driven phenomena, the surface of hybrid nanostructures
remotely via NIR laser irradiation leading to selective and small area bio-target abla-
tion. It can be envisioned from this work and others that reactive components could
be stabilized upon or inside various nanostructures. Indeed, energetic fills of copper
azide have been confined inside CNTs [139]. Therefore, nanostructures will likely
become much more sophisticated over time to contain multiple components for ef-
fective detonation at the nanoscale. Additionally, schemes that rely upon dissociation
of one component for the next stage of reaction could be initiated in this manner.
However, a photoacoustic mechanism resulting in localized heating and subse-
quent pressure buildup has been proposed for the selective bio-effects of bundles
of single-walled CNTs in cell cultures as cancer-destroying “nanobombs” (Fig. 1.6
and 1.7) [140, 141]. Single-walled CNTs were reported by Panchapakesan et al.
[140] to kill human BT474 breast cancer cells by adsorbing water molecules in
SWNT sheets or water loosely adsorbed on top of the cells upon exposure to laser
light of 800 nm at light intensities of approximately 50-200 mW/cm?. Temperature
monitoring revealed that the water molecules inside the cells rose to more than
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Fig. 1.6 Z-contrast scanning transmission electron microscopy (STEM) images and Raman spec-
tra of polyethylene glycol (PEG)ylated single-walled carbon nanotubes (SWCNTs). a STEM image
of a PEG-SWCNT bundle conjugated with anticancer drug cisplatin. Bright dots correspond to
clusters of Pt atoms (i.e., cisplatin molecules). b STEM image of a PEG-SWCNT bundle alone
shows no bright dots. c—e Raman spectra showing signature peaks (relative intensities) of ¢ pris-
tine SWCNT5, d purified or acid-treated SWCNT5, and e SWCNTs wrapped with PEG. RBM radial
breathing mode. (Adapted with permission from [142])

100°C. Conversion of optical energy into thermal energy and the subsequent con-
finement of thermal energy in SWNT caused the water molecules to evaporate and
develop extreme pressures in SWNT causing them to explode in solutions. In an-
other study by Kang et al. [141], cancer cells were selectively targeted for destruc-
tion by first functionalizing SWNTs with folate acid, which selectively binds to
overexpressed folate cell surface receptors. The SWNT explosion inside the cells is
initiated when the cells with internalized SWNTs are irradiated with a 1064-nm Q-
switched millisecond pulsed laser. The results are 85 % of cancer cells with SWNT
uptake die within 20 s compared to 90% retention of normal cell viability. The
bulk temperature of the cell cultures does not increase in excess of 3°C. Therefore,
SWNT-based nanobomb agents can potentially outperform most nanotechnological
approaches in killing cancer cells without toxicity.

It is worth mentioning here that the targeting and tracking of carbon nanoma-
terials in biological systems has been accomplished with a variety of microscopic
and spectroscopic techniques including Raman spectroscopy and various forms of
electron microscopy (Fig. 1.6) [80, 142]. Methods to enhance detection and contrast
include the attachment of cisplatin on bio-conjugates and were visualized with Z-
contrast STEM. For example, PEG-SWNT-cisplatin was attached to the targeting
ligand epidermal growth factor (EGF) to successfully inhibit the growth of head
and neck tumor xenografts in mice [142]. Representative STEM and Raman spectra
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Fig. 1.7 a Raman spectra of tissues from vital organs removed from the mice after being treated
with polyethylene glycol (PEG)-single-walled carbon nanotubes (SWNTs). Mice treated with
PEG-SWNTs 24 h post intravenous injection, tissue removed 24 h post intravenous injection for
Raman analysis with control lung tissue. The Raman G band for SWNTs in the 1500-1600 cm™
region is clearly observed in mice treated with PEG-SWNTs, while spectral analysis of tissues of
mice not treated with SWNT (bottom trace) showed no indication of the characteristic G band. b
Raman spectra of tissues of vital mouse organs after being treated with non-PEG-SWNTs, 24 h
post intravenous injection. All spectra are the average of three spots from a given tissue slide.
(Adapted with permission from [142])

for pristine and functionalized single-walled CNTs are shown in Fig. 1.6 and 1.7.
Notice the prominent G-band between 1500-1600 cm™! indicative of the presence
of SWNTs in the tissue samples 24 h post intravenous injection (Fig. 1.7b).

Similar analogies to the above-described biological studies have also been per-
formed to study the ignition characteristics of SWNTs remotely activated by a cam-
era flash for distributed ignition in liquid rocket fuel sprays and homogeneous-
charged compression ignition (HCCI) engines [143, 144]. Specifically, the SWNT-
mediated flash-ignition was investigated with respect to the effects of O, concentra-
tion and the presence of solid oxidizers such as ammonium perchlorate (AP) on the
minimum ignition energy as well as the duration and temperature of the reaction
[143]. Ignition parameters such as ignition delay, burn temperature, and burn dura-
tion could be tailored by mixing CNTs with other NPs and powdered material to
meet certain ignition requirements with the potential for scalability. Additionally,
the photo-ignition approach can lead to light weight, low power, and robust systems
with volumetric distributed ignition capability.



20 A. M. Schrand

1.7 Future Goals for the Nanocarbons in Medicine

The factors that determine long-term toxicity or biocompatibility will probably
never be directly extrapolated from cell culture studies to human health. Howev-
er, through cell culture and animal studies a greater understanding of the detailed
mechanisms at work for the interactions, uptake, localization, release, and biochem-
ical effects is underway. With regard to certain classes of carbon NPs, the current
body of research overwhelmingly suggests that NDs are biocompatible with many
mammalian cell lines [27, 39, 66, 67, 70-72, 80-82, 85, 86, 105]. Regardless of the
size of the NDs, both in vivo and in vitro studies of NDs of varying purities with
conjugations to fluorophores or other biomolecules retained levels of cell high vi-
ability and minimal protein and genomic alterations. However, the role of ND size
should be examined in a systematic manner because 5-nm NDs, which have > 15 %
of the carbon atoms on their surface, have shown different properties than 100-nm
NDs [145]. An understanding of size effects is further complicated by the dynamic
nature of NPs in fluids, including protein corona formation and tight or loose ag-
gregate formation as well as cellular surface interactions. At this time, most NPs,
including NDs, cannot be controlled as individual particles in biological environ-
ments to target entry into the cell nucleus or across tightly controlled barriers (i.e.,
blood-brain barrier) without direct microinjection or other invasive methods. It will
still be interesting, however, to quantify the uptake amount of NDs into individual
cells or systems to partially elucidate size-dependent effects on biocompatibility.
With regard to advancing testing methods, the strength of in vitro biocompatibility
studies could be improved by providing consistent positive and negative controls
and benchmark NPs to assess the validity of the toxicity assays. This includes in-
dependent testing of the solvents or surfactants incorporated with the NPs as well
as common matrices in the case of polymer nanocomposites. Because micron-sized
diamond particles were chosen as negative control particles for other ceramics,
nano-sized diamonds could be proposed as control particles for nano-sized carbon
biocompatibility studies. However, the properties would need to be uniform, of high
purity and the binding of the biochemical assay probes (i.e., MTT or ROS) should
continue to be scrutinized for directly interfering with the toxicity assay results
[146, 147].

Advances in ND synthesis methods, purification procedures, and functionaliza-
tion routes necessitates further investigation into the mechanisms responsible for
either the positive or negative effects. Unfortunately, the detailed purity and sur-
face chemistry of the NDs used in many experiments have not been detailed along-
side the biocompatibility results, making it difficult to ascertain the significance, if
any, of the impurities and surface functional groups. Further, these surface groups
may be masked by biomolecules such as serum proteins, which effectively “coat”
the ND surface. Alternatively, the surface groups or impurities may be unstable or
soluble thereby releasing unwanted chemical species into the biological environ-
ment. Given the number of chemical species applied to NDs in recent experiments,
it is essential to better understanding the evolving properties of NDs in biological
environments related to the cellular response and kinetics. A recent review by [148]
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discusses the implications of complex ND-based drug-imaging-targeting delivery
systems on biocompatibility.

The recent animal studies have shown great progress in examining the biocom-
patibility of NDs with promising results. However, extensive fundamental studies
will be required before clearly understanding the long-term bio-effects of NDs. In
particular, questions remain regarding (1) the doses used during the studies, (2)
optimal routes of administration (oral, intratracheal, intravenous, etc.), (3) the ef-
fects of their very small primary particle size for translocation into unintended areas
of the body or cell, (4) proper tracking, and (5) clearance/bio-persistence. The use
of radiotracers [132] has aided the tracking of NDs; however, there are conflicting
results for localization to the lung, liver, kidney, heart, and blood with or without
effects, which need to be clarified. For example, Zhang et al. [132] administered
20x the dose of Yuan et al.[133]. Further, the few studies that demonstrate negative
effects at the cellular and genomic level upon exposure to NDs should be clarified
in the context of the ND properties, cell lines, and assays. For example, the intra-
tracheal administration of NDs did not produce pulmonary toxicity and allowed
clearance by macrophages, but certain cell types may be less robust during the early
embryonic stages [84, 135]. Mechanical damage has not been shown, although it
should not be ruled out due to different synthesis and processing methods, which
could result in sharp edges and bio-persistence similar to studies with micron-sized
diamond particles [149, 150]. Side effects of such phenomena could include re-
spiratory ailments, alterations in fluid composition [62, 151, 152], malfunctioning
transport [27, 36, 85], or accumulation and resistance to elimination by cells or tis-
sues. For example, although the NDs were routed to lysosomes, they were unable to
be degraded within 24 h and accumulated in the cytoplasm [80, 81]. Although many
cells of the body undergo cell death through natural cellular renewal processes (i.e.,
skin, lung macrophages, etc.), the localization and cell-specific differences should
also be considered in the mechanism of NP uptake, accumulation, and localization
for truly understanding biocompatibility [153].

Before NDs are incorporated into health-care products such as skin creams, shav-
ing gels, or toothpastes, the penetration depth of NDs into the skin or gums would
need to be evaluated. The biomedical use of NDs in implantable materials should
carefully examine the mechanism and extent of direct ND interaction with cellular
membranes, proteins, and fluid electrolyte/osmotic balance should be elucidated in
more complex systems. Although much of the literature to date demonstrates the
utility of CNTs in nanomedicine as “carbon nanobombs,” other forms of carbon NPs
may find utility in this area. Indeed, fullerenes have demonstrated medicinal proper-
ties. However, one note regarding some of the fundamental work in photoacoustic
effects of CNTs is that the tubes must be in bundles to perform the desired explosive
action via shock wave-induced disruption of cell membranes. Examining the latest
breakthroughs in the field of nanoenergetics may be a logical path to establish a way
forward for powerful, yet nanoscale methods applicable for selective cell and tissue
destruction. However, the structure-property—biocompatibility relationship for car-
bon or hybrid NPs is complex. Most likely real conclusions will only be drawn in a
case-by-case scenario based upon the vast degree of NP variation (i.e., differences
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in synthesis methods, differences between manufacturers, laboratories, methods,
purification procedures, functionalization routes, chemicals, and further alterations
to NP properties during their lifecycle, etc.), which further complicate gaining an
accurate understanding of the properties responsible for both detrimental and ben-
eficial effects on biological systems.
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Chapter 2
Carbon Nanomaterials for Drug Delivery

Rumei Cheng and Yuhua Xue

2.1 Introduction

Carbon nanomaterials with unique nanostructure (CMNS) are the most studied
materials in nanotechnology, despite some conflicting results about their safety
profiles [1, 2]. Although their structures are simple, carbon nanomaterials provide
exceptional physical and chemical properties including high electrical and thermal
conductivities, unique optical properties, and extreme chemical stability. The field
concerning nanostructured carbon materials is the most rapidly developing research
field in the past decades due to their potential applications in all fields that might
affect our lives [3]. One of the greatest values of carbon nanomaterials will be in the
development of new and effective medical treatments, particularly for the therapy
of various diseases [4]. The predominately nanostructured carbon materials are gra-
phene (GN, 2-D, sp? carbon), carbon nanotubes (CNTs, 1-D, sp? carbon), and car-
bon nanohorns (CNHs, 1-D, sp? carbon) and nanodiamonds (NDs, 0-D, sp* carbon).
GN is a two-dimensional structure, while the CNT is regarded as the GN rolling
up into the seamless tubular hollow cylinder in nanoneedle shape. In the case of
CNHps, the single GN sheet rolled into a cone. The structures of different materials
are shown in Fig. 2.1.

Despite the four types of carbon materials are different in shapes, they are all
nanostructured materials with many intriguing features that make them attractive
drug delivery carriers [5]. Firstly, the nanostructured carbon materials can disperse
in aqueous solutions. Besides from direct translocation through cellular membranes,
the CMNS also present the ability to enter cells via energy-dependent endocytic
pathways [6]. Secondly, they can enter and accumulate in tumor tissues via the
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Graphene sheet Carbon nanotubes Carbon nanohorns Nanodiamond

Fig. 2.1 Structures of graphene (GN), carbon nanotubes (CNT5), carbon nanohorns (CNHs), and
nanodiamond (ND)

enhanced permeability and retention (EPR) effect [7]. The EPR effect enables the
carbon nanomaterials to transport therapeutic agents preferentially to tumor sites. It
makes the targeted delivery of antitumor drugs more effectively. Thirdly, the carbon
nanomaterials exhibit extraordinary ability for drug loading onto the surface via
both covalent and non-covalent interactions owing to their high aspect ratios and
surface areas. The drugs can also be packed into the interior cores of CNTs and
CNHs [8]. To further augment the efficacy of CMNS-based drug delivery system
(DDS), various targeting molecules (such as folic acid (FA) and antibodies) can be
incorporated into the drug-loaded CMNS. In addition, imaging tags like radioactive
nuclides and fluorescence probes linking with CMNS help to observe their intracel-
lular trafficking and biodistribution in vitro and in vivo easily and noninvasively.

Employing the above-mentioned advantages of the three carbon nanomaterials,
many progresses have been achieved for the purpose of drug delivery by using GN,
CNTs, and CNHs as carriers. This chapter mainly focuses on the different methods
of preparation of drug-loaded carbon nanomaterials including their modification,
characterization, and applications as drug delivery carriers.

2.2 GN for Drug Delivery

2.2.1 GN-Based Inorganic Nanohybrids for Drug Delivery

The GN is hydrophobic, but it still can be dispersed in aqueous solutions by surfac-
tants or hydrophilic polymers. Although it can adsorb some drugs via n—n stacking,
cation—m, and van der Waals interactions, the composites are not easy to disperse
in blood. In fact, the application of the GN in drug delivery mainly focused on
graphene oxide (GO), which can be prepared by oxidation of graphite and followed
by exfoliating in the water via Hummers’ method [9]. GO is a layered stack of
puckered sheets with AB stacking, which completely exfoliates upon the addition
of mechanical energy. The exfoliation of multiple layers of graphite is due to the
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Graphene oxide (GO) Doxorubicin (DOX)
Fig. 2.2 Structures of graphene oxide (GO) and doxorubicin (DOX)

strength of interactions between water and the oxygen-containing (epoxide, hy-
droxyl, and carboxyl) groups introduced into the basal plane during oxidation. The
hydrophilicity introduces water to intercalate between the sheets and disperse them
as individuals. The functionalized GO with hydroxyl and carboxylate groups has
the ability to covalently bond with various drugs in mild conditions, and it can also
adsorb the drugs via non-covalent interactions such as n—x, hydrogen bonding, and
hydrophobic force. Compared with covalent modification, non-covalent ones are
considered to have less impact on the conjugated structure, and mechanical and
electrical properties of GN. Doxorubicin (DOX) and camptothecin (CPT) are the
most studied drugs loaded on GO.

The GO-DOX hydrochloride nanohybrid was easily achieved by simply mixing
the two compounds (Fig. 2.2) [10]. The loading of DOX onto GO was based on n—nt
and hydrophobic interactions. An efficient loading of DOX on GO was 2.35 mg/
mg. The release of DOX from GO-DOX was strongly pH dependent. At the solu-
tion pH of 5, the DOX release rate gradually declined after 5 h and about only 11 %
of the total bound DOX was released in 30 h. The release behaviors at basic and
acidic conditions indicated that the total releasing amount of DOX within 30 h for
these cases was much higher than that at neutral conditions. About 25 and 71 % of
the total bound DOX was released at pH of 10 and 2, respectively. It may be due
to the partial dissociation of hydrogen bonding that the DOX gets soluble in acidic
solutions.

The GO functionalized with Fe,O, or SiO, nanoparticles can also be used as
drug carriers. They formed multifuctionalized inorganic nanohybrids. The GO com-
plexes with Fe,O, nanoparticles produced superparamagnetic hybrid nanoparticles
(GO-Fe,0,). After introducing GO to Fe,0,, the sedimentation of Fe,O, magnetic
nanoparticles was reduced after they were deposited onto GO [11]. About 18.6 wt%
of Fe,0, deposited on GO. The loading capacity of DOX on GO-Fe,0, hybrid was
1.08 mg mg ™!, which is higher than liposomes (8.9 wt%) [12], for which the loading
capacity is always below 1 mg mg™'. After congregating in acidic solution, both the
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GO-Fe,0, hybrids before and after loading with the DOX can be moved regularly
by the force of an external magnetic field.

Although the GO-Fe,0, hybrid can target the cells by external magnetic field, it
tends to aggregate in acidic solution and serums. Thus, attached small signal mol-
ecules would improve its solubility, stability, and target tumor more effectively.
They were attached with different target moleculas such as FA. A dual-targeting
drug delivery and pH-sensitive drug release GO system was developed by link-
ing Fe,O, with FA (Fig. 2.3) [13]. DOX as an antitumor drug was loaded onto the
surface of the multifunctionalized GO via a simple mixture and adsorbed by n—n
stacking and hydrophobic interactions. The maximum capacity of this nanocom-
posite is 0.387 mg mg ! (38.7 %). Many targeted tumor cells had overexpress folate
receptors. The DOX -loaded multifunctionalized GO can be quickly and effectively
delivered into SK3 cells (a human breast cancer cell) and significantly inhibited its
growth. The HeLa cell lines is a type of human cervical carcinoma cell, which is
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Fig. 2.3 The preparation of the multifunctionalized GO-based anticancer drug carrier with dual-
targeting function and pH sensitivity. 4PS 3-aminopropyl triethoxysilane, DOX doxorubicin
hydrochloride, DCC N,N’-dicyclohexylcarbodiimide, NHS N-hydroxysuccinimide, F/7C fluores-
cein isothiocyanate
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widely used as a model for folate receptor-positive cells. The cytotoxicity of DOX-
loaded GO-Fe,O, nanohybrid was much higher than the pure GO-Fe,0, nanohy-
brid without DOX, but lower than that of GO-Fe,0,~-FA-DOX under the same drug
concentration in HeLa cell. The release of DOX from the nanohybrid at neutral and
basic conditions was very slow. Only about 7.5 and 11 % of the total bound DOX
was released for 80 h under neutral conditions (pH 7) and basic conditions (pH 9),
respectively. However, in acidic conditions, DOX was released very quickly in the
early stage, but the release rate gradually declined after 5 h and about 24 % of the
total bound DOX was released from the nanohybrid in the first 80 h. It was due
to the enhancement of the solubility of DOX and the protonated amine groups to
release more loaded drugs.

In order to observe the target ability of GO, it was modified with CdTe-Fe,O,/
SiO, microspheres [14]. The CdTe quantum dots (QDs) made the possibility of
visualization of particle distributions in cells. Firstly, the amino functionalized
CdTe-Fe,0,/SiO, nanoparticles were prepared by reverse microemulsion method
[15]. As a consequence, the CdTe-Fe,0,/Si0, particles were surrounded by —NH,
groups, and they can react with the carboxylate groups on GO. The formed GO-
based nanocomposite was magnetic fluorescent. Then the DOX was attached to
GO nanohybrid by n—n stacking and hydrophobic interaction. The capacity of the
nanocomposite increased with the increase of the initial concentration of DOX. The
maximum DOX loading capacity was 919 mg g! (or 91.9% in weight); however,
it was lower than that of the original GO. Such a value was still higher than that
of some common drug carriers, such as liposomes, for which the loading capacity
was usually below 10% [16]. The reasons affecting the maximum capacity were (i)
the active surface areas on the GO-based magnetic fluorescent hybrids and (ii) the
ratio of GO in the hybrids in weight. The DOX release was pH dependent. Under
neutral and basic conditions, the DOX was released slowly, while low pH value was
beneficial to more release amount and quicker release rate. At pH 7.4 and 8.5, after
6 days, about 49 and 46 % of DOX were released, respectively. In the solution of
pH value of 3, 80% of loading DOX was released in 1 day. There was no obvious
cytotoxicity (>80 % cell viability) observed for the GO-based nanocomposite at a
higher concentration of 10 mg L' for HepG2 cells (liver hepatocellular cells). An
obvious decrease in cell viability occurred when the cells were incubated with DOX
loading hybrids for 24 h even at a concentration as low as 1 mg L™!. The GO-based
composite entered the tumor cells through the endocytosis mechanism, which re-
sulted in the strong fluorescence in HepG2 cells.

The gold nanocluster (GNC) attached GO also presented luminescent property,
and the hybrid can be use as a drug delivery carrier [17]. The GNC was firstly
modified with dodecanethiol—cetyltrimethylammonium bromide (CTAB). Then the
dodecanethiol-CTAB-capped GNC simply mixed with the GO solution to produce
the GNC—GO nanohybrid. It displayed two emission peaks at 606 and 705 nm. The
loading of DOX did not change the fluorescence. The drug delivery to the HepG2
cells could be imaged by fluorescence. DOX-loaded GNC—-GO inhibited HepG2
cell growth more strongly than DOX and GNC-GO alone. It indicated that the
DOX-GNC-GO is more effectively transported into the cell cytoplasm.
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2.2.2 Polymer-Modified GN for Drug Delivery

The GO was soluble and stable in water but readily aggregated in phosphate-buff-
ered saline (PBS), cell growth medium, and fetal bovine serum (FBS). This might
be the electrostatic and salt effect that broke the equilibrium state of GO in solutions
[18]. To solve the problem, water soluble and biocompatible polymers were em-
ployed to stabilize the GO. Such modification made the GO—drug system dispers-
ing in aqueous solution and blood stability, so the polymer—GO was regarded as a
promising drug nanocarrier.

The polyethylene glycol (PEG)ylate—GO composite was studied as a polymer—
GO carrier [19]. The ultrasmall nano-GO with lateral dimensions down to <10 nm
was preferred for DOX loading to deliver to tumor cells. To enhance its stability in
aqueous solutions, PEG was grafted to the small GO. Even when the GO is linked
with PEG, the GO sheets still contained some smaller aromatic domains, which
favored the DOX adsorbing to GO by n—r interaction. The GO-PEG (>100 mg/L)
showed harmless for Raji cells, while the DOX-loaded nanoscale GO (NGO)-PEG
exhibited high cytotoxicity to Raji cells as well as the DOX behaviors. If the rituxan
(CD20+antibody) is conjugated to GO—PEG, the nanocomposite would selectively
target specific cancer cells for killing. Enhanced DOX delivery and cell killing had
increased above 20 % with Raji cells treated with Rituxan—-GO-PEG-DOX at lower
concentration at 2 umol L™!. Drug release was dependent on the chemical environ-
ment. In acidic solutions, the DOX can be protonated and dissolved slowly. About
40% of DOX loaded on GO—-PEG was released over 1 day in a solution with pH of
5.5. The release rate was reduced when the solution was neutral, only 15 % of load-
ing DOX released after 2 days.

A CPT analogue SN38 can also be stable in aqueous solution after loading on
the PEGylate-GO (Fig. 2.4) [20]. Their interaction is based on noncovalent van
der Waals force. A total of 1 g of GO-PEG loaded about 0.1 g of SN38. SN38 is a
water insoluble aromatic molecule, and the GO—PEG—SN38 complexes were water
soluble at concentrations up to 1 mg/mL, which improved the drug delivery. The
release of SN38 from the nanocomposite was controllable. The release of SN38
from GO-PEG is about 30% in serum in 3 days. The drug-loaded nanocomposite
exhibited high potency with inhibition concentration (IC,,) values of about 6 nM
for HCT-116 cells (colon cancer cells). It is about 1000-fold more potent than CPT-
11 (CPT-11, a Food and Drug Administration (FDA)-approved SN38 prodrug for
colon cancer treatment) and similar to that of free SN38 dissolved in dimethyl sulf-
oxide (DMSO).

The GO-PEG nanosheets can also load the photosensitizer chlorin e6 (Ce6) and
DOX simultaneously [21]. The Ce6- and DOX-loaded GO nanocomposite (Ce6—
DOX-GO-PEG) were 148.0-180.0 nm in size. DOX and Ce6 with a molar ratio of
1:2 provided the highest synergism. GO—PEG nanosheets increased the cellular up-
take and tumor tissue accumulation of Ce6 compared to treatment with free drugs.
Combining DOX and chlorin ¢6, Ce6-DOX-GO-PEG could accumulate in tumor
tissues over 3 days. Moreover, in squamous cell carcinoma tumor-bearing mice, the
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Fig. 2.4 SN38 loading on NGO-PEG: a schematic draw of SN38-loaded NGO-PEG; (inset) a
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serum, respectively. SN38 loaded on NGO-PEG was stable in PBS and released slowly in serum.
Error bars were based on triplet samples. NGO nanoscale graphene oxide, PBS phosphate-buffered
saline

photodynamic anticancer effects of Ce6-DOX-GO-PEG were higher than those of
Ce6—GO-PEG or DOX-GO-PEG.

The PEGylate-GO further linked the branched polyethylenimine (BPEI)
resulting in PEG-BPEI-GO ternary nanocomposite [22]. The PEG-BPEI was
covalently conjugated with the carboxylic acid group of GO using N-Ethyl-N'-(3-
dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemis-
try, and the resulting PEG-BPEI-GO has been reduced by hydrazine monohydrate.
It exhibited good colloidal stability and remained stable as dispersion after
loading with DOX via n—r stacking and hydrophobic interactions. Photothermally
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controlled drug release via endosomal disruption had finally induced higher can-
cer cell death. The nanocomposite had a higher near-infrared (NIR) absorbance,
and it can trigger the release of loaded DOX after photothermal treatment. Under
NIR irradiation (808 nm, 6 W/cm?, 30 min), cell viability remained above 90 %
for PEG-BPEI-GO. However, cell viability of PEG-PBEI-GO-DOX-treated cells
was about 20% decreased in the NIR irradiation condition as compared with the
dark condition. These phenomenons clearly show the enhanced and controllable
release of drug molecules from PEG-BPEI-GO by the photothermal effect. This
DOX-loaded nanocomposite can effectively inhibit the growth of HeLa and human
prostate carcinoma PC-3 cells.

Another PEGylated GO was linked by —-NH,-S-S— disulfide group (Fig. 2.5)
[23]. It can response to the tumor relevant molecule, glutathione (GSH). A shed-
dable methoxy PEG (mPEG) shell with a disulfide linkage attaching to GO made up
of the drug carrier. It can respond to GSH changes in the tumor cells for intracellular
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drug delivery. It has been reported that the cytosolic GSH level in some tumor cells
has been found to be at least four fold higher compared with normal cells [24]. The
GSH can quickly cleave the disulfide linkage by reduction reaction in tumor site,
which leads to drug release. The antitumor drug DOX hydrochloride was loaded
to the carrier also by m—n stacking and hydrophobic interactions between DOX
and GO. The pharmaceutical system was also pH-dependent similar to the above
PEG-GO system. The GSH-mediated drug release was carried out in HeLa cells in
terms of GSH concentration and tumor cell viability. The carrier itself did not show
significantly inhabitation of the growth of Hela cells even up to a concentration of
1 mg mL™". Either free DOX or DOX -loaded carrier had effectively reduced the
viability of HeLa cells in a dose-dependent fashion. The maximum efficacy of about
90% growth inhibition after 24 h was achieved at the concentrations of equiva-
lent DOX dose >20 mg L. At higher DOX concentrations, the passive uptake
of DOX—carrier nanocomposite was high so that tumor cells were killed with or
without the presence of GSH. However, the addition of GSH-reduced ethyl ester to
cell culture media potentiates the inhibitory effect of DOX-loaded nanocomposite,
particularly at the concentrations of 0.25 and 0.125 mg mL™'. Upon exposure to
10 mm GSH, reductive cleavage of the disulfide-linked PEG shell initiated rapid
release of encapsulated DOX.

The transferrin-modified PEGylate-GO (Tf—~PEG-GO) became glioma-targeted
drug delivery carrier [25]. The PEG used here was the amine terminated six-armed
PEG to form amide linkage with GO and transferrin. The DOX and Tf~PEG-GO
is also simply mixed and adsorbed by non-covalent force. The DOX loading ra-
tio (the weight ratio of loaded drug to carriers) was estimated to be 115.4% of
T—PEG-GO, closing to that of PEG-GO (127 %). The DOX-PEG-GO and DOX-
TH-PEG-GO were used to evaluate their cytotoxicities to C6 glioma cells. The IC,
values (50% glioma inhibition drug concentration) of DOX-PEG-GO, DOX-Tf—
PEG-GO, and free DOX were 13.61, 63.01, and 28.43 pg/mL, respectively. It in-
dicated that TF-PEG-GO-DOX presented a 4.63 intensification of cell inhibition
compared to PEG-GO-DOX. Because TfR was overexpressed at the surface of
glioblastoma cells, it would compete with Tf~PEG-GO-DOX to bind T{R on the
cell surface after adding free Tf into the culture medium. Within 12 h, the cellular
uptake index of Tf-PEG-GO-DOX was much higher than that of PEG-GO-DOX.
The Tf-PEG-GO-DOX and PEG-GO-DOX were also performed to the brain glioma
bearing rats. As a result, the DOX distribution in other tissues displayed that DOX
was accumulated mostly in both the spleen and the liver. Interestingly, the con-
centrations of Tf-PEG-GO-DOX and PEG-GO-DOX in the spleen and the liver
were significantly lower than that of the free DOX group. By the log-rank test, the
median survival time of TF-PEG-GO-DOX was significantly prolonged compared
with that of the saline control, DOX, or PEG-GO-DOX, which reached nearly
41.7, 31.6, and 19.0% life span extension, respectively. The targeted delivery of
DOX to the glioma tissue is achieved.

Chitosan (CHI) can graft to GO via a facile amidation process [26]. The CHI-
grafted GO GO-CHI has maximum amount of CHI up to 64 %, which guaranteed
the nanocomposite good aqueous solubility and biocompatible. The GO-CHI can
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load CPT via n—x stacking and hydrophobic interactions. GO-CHI possessed 20 %
of weight-loading capacity for CPT. In the study on the cytotoxicity to HepG2 and
HeLa cells, the GO-CHI-CPT exhibited a potency with a 50% growth inhibition
concentration (IC,)) of~29 uM, while free CPT displays a=~20% growth inhibi-
tion near the same concentration. It meaned that the GO-based nanocomposite can
improve the drug efficacy without increasing the drug dose. The cell membrane was
negatively charged, and the GO-CHI-CPT was easy to be protonated and became
the positive charged particles. This course made the GO-CHI-CPT to enter the cells
much easier through an efficient endocytic process. Interestingly, the GO-CHI was
also able to condense plasmid DNA into stable, nanosized complexes. Such DNA
hybrids showed reasonable transfection efficiency in HeLa cells at a nitrogen/phos-
phate mixture ratio of four. The nanoparticles in the diameter range of 100-200 nm
with a narrow polydispersity were preferred.

CHI is viable polymeric material to enhance the biocompatibility of the matrix
for controlled release of therapeutic molecules, while FA is a ligand for targeting
cell membrane and promoting endocytosis via the folate receptor (Fig. 2.6) [27].
The preparation process of the nanocomposite has three steps. Firstly, the FA con-
jugated to CHI via the amide groups. Secondly, the DOX loaded to GO by non-
covalent forces. Thirdly, the DOX —GO was encapsulated with the folate—CHI to
produce the nanocomposite. The release of DOX was similar to the PEG-GO at
different pHs. The loading and release of DOX depended upon the hydrogen bond-
ing interaction with GO and was a function of pH.

CHI-modified GO composites as nanocarries for anticancer drugs (e.g., CPT)
and genes via n—x stacking and hydrophobic interactions have been realized. How-
ever, the covalent between antitumor drug and GO is not well studied. Incorporation
of GO with the CHI—xanthone schiff base could provide additional pH sensitivity
which is useful for controlled release of the as-designed drugs [28]. As can be seen
from the Fig. 2.7, a novel nanostructured antitumor drugs from GO-CHI—xanthone
(GCS) base compound was designed, in which CHI—xanthone (CS) schiff base
acted as the tumor inhibitor while GO worked as the drug delivery carrier. The pH-
triggered simultaneous release of the CS from the GCS was achieved by changing
the solution from acidic to base conditions. The as-synthesized GCS showed less
cytotoxicity against the normal human retina cells when a concentration of 10 nM
was applied. In the same concentration, the GCS induced nearly 50 % HeLa cells
apoptosis. It exhibited super antitumor activity when compared with xanthone and
paclitaxel (PTX) under the same conditions.

Except PEG, other polymers were employed to covalently bond with GO for
drug delivery. The GO sheets grafted with a thermo-responsive polymer would pro-
duce desirable DDS [29]. The poly(N-isopropylacrylamide) (PNIPAM) is a ther-
mal responsive polymer. PNIPAM was incorporated onto GO by applying click
chemistry. The PNIPAM-grafted GN sheets (PNIPAM—GS) consisted of about 50 %
polymer, which formed a long-term stable dispersion. The PNIPAM-GS sheets
had good solubility and stability in physiological solutions and PBS solutions. It
had a hydrophilic to hydrophobic phase transition at 33 °C, which was relatively
lower than that of a PNIPAM homopolymer due to introduced nanoGO as shown
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in Fig. 2.8. The GO was about 166.5 nm in size with a polydispersity index (PDI)
of 0.384 at 25 °C, while the grafted GN sheets increased to 189.6 nm with the PDI
decreased to 0.261. This is due to the PNIPAM chains grafted onto the surfaces of
GN sheets. Mixing of CPT with PNIPAM-GS in DMSO resulted in a CPT-loaded
nanocomposite. The binding of CPT onto the PNIPAM—-GS was due to hydrophobic
interactions and n—x stacking. The capacity of 1 g PNIPAM-GS for CPT is about
0.185 g, which is two times greater than the loading capacity of the PEG-GO car-
rier. The drug could sustain release in PBS and reached to a plateau at 19.4% CPT
after 72 h. The CPT-PNIPAM-GS strongly inhibited the growth of metastatic skin
tumor cells (A-5RT3).
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The poly(N-vinyl caprolactam) (PVCL) was grafted to GO by in situ atom trans-
fer radical polymerization (ATRP) to impart aqueous stability in the buffer and other
biological solutions [30]. A carboxyl activating agent (EDC/NHS) was used to initi-
ate the formation of an amide linkage. The ATRP initiators were attached to the GO
sheets through the reactions of hydroxyl and amine groups in GO with 2-bromo-
2-methyl propionyl bromide to obtain the GO-PVCL, as shown in Fig. 2.9. The
CPT simply mixed with GO-PVCL in DMSO solution resulting in CPT-loaded
GO-PVCL nanocomposite. The driven force is also m—m interaction between the
GO and the CPT. The maximum loaded CPT was about 20 % weight of GO-PVCL.



2 Carbon Nanomaterials for Drug Delivery 43

o) 0
NIPAM, IPA cl NaN;
cl o — .
n
MegTREN, CuCl o DMF
HN
ECP PNIPAM-CI

Propargylamine PNIPAM-N;

CuBr, PMDETA

/\% in DMF

., DCC,DMAP in DMF

GO Alkynyl-GO PNIPAM-GS

Fig. 2.8 Synthesis route of PNIPAM-GS. PNIPAM poly(N-isopropylacrylamide, DMF dimethyl
forma-mide, DCC N,N'-dicyclohexylcarbodiimide, PMDETA N, N,N",N",N"-pentamethyl diethylene-
triamine, ethyl 2-chloropropionate (ECP), 4-dimethylaminopyridine (DMAP)

0.2
EDC, NHS | HuN(CH);NH, ATRP |13 (CuBr:PMDETA)

Fig. 2.9 Schematic diagram showing the synthesis of GO-PVCL. PVCL poly(N-vinyl capro-
lactam), EDC N-Ethyl-N'-(3-dimethylaminopropyl)-carbodiimide, PMDETA N, N,N".N".N"-
pentamethyl diethylenetriamine, NVCL N-vinyl caprolactam, ATRP atom transfer radical
polymerization



44 R. Cheng and Y. Xue

Small amounts of CPT were released from the GO surface in water and PBS over a
72 h period at 37 °C, highlighting the strong non-covalent interactions between CPT
and the GO sheets. The amount of drug released from GO-PVCL-CPT in aque-
ous solutions was lower than that from polymer micellar systems. The CPT was
attached to the surface of the GN sheets by n—n stacking instead of being encapsu-
lated in polymermicelles or nanoparticles. It suggested that different types of small
aromatic and hydrophobic molecules with poor water solubility can be loaded onto
the surface of the GO—PVCL in aqueous media through non-covalent interactions,
which are strong enough to prevent rapid desorption under normal physiological
conditions. However, at the pH of 5.5, 60% of CPT was released within 3 days.
This was similar to the behavior of DOX, due to the increased hydrophilicity and
solubility of CPT in acidic solution. The pure GO-PVCL without CPT loading was
nontoxic to the cells. In contrast, GO-PVCL-CPT induced significant cancer cell
death. The enhanced efficacy was owing to the drug bound to the GO-PVCL. The
GO-PVCL—-CPT and free CPT produced 50 and 20% growth inhibition, respec-
tively, at 10 nM CPT after 24 h.

Another controllable release DDS was designed by using 3-CD functional GN
hydrogel [31]. Then GN hydrogel was obtained by polymerization of N, N-dimeth-
ylacrylamide (DMAA) and it is black cylindrical. The CPT entered the CD rings
on the GN hydrogel. The CPT was released from B-CD functional GN hydrogel
more slowly than that from GN hydrogel without B-CD. The cumulate CPT release
from B-CD functional GN hydrogel reached 50 % after 35 h. For the GN hydrogel
without B-CD, the CPT was fast released at the beginning 2 h and the cumulate CPT
release reached 50 %. If the B-CD was linked by FA, the nanohybrid can target the
tumor cell more effectively. As is shown in Fig. 2.10, a drug carrier was designed
by using the FA as a target unit and an adamantanyl porphyrin acted as a linker unit,
while the GO acted as a carrier unit [32]. The -CD was also incorporated into the
hybrid to hold the antitumor drug in the ring of CD. By employing the advantage of
the strong hydrophobic interaction between the CD cavity and adamantane moiety,
the biocompatibility and target effect of DOX/2/GO system significantly improved.
The loading of DOX to the complex was driven by the n—m interaction and hydrogen
bonding. DOX and 1/2/DOX/GO displayed similar anticancer activity toward HeLa
cell lines. The anticancer activity of DOX/2/GO decreased by 52% as compared
with that of 1/2/DOX/GO.

Another gelatin functionalized GN nanosheets (gelatin-GNS) was obtained by
simply mixed GO with gelatin solution at 95 °C for 24 h [33, 34]. The gelatin guar-
anteed good dispersibility and stability of the GO. The gelatin—-GNS can load the
methotrexate (MTX) via strong n—n stacking interaction. The drug loaded on gela-
tin—-GNS was embedded in and protected by gelatin. The standard curve equation
of MTX solutions was A=57.369 C+0.0112, R>=0.9993, and the saturated adsorp-
tion capacity could be calculated to be 21.1 pg MTX to 75 pg gelatin-GNS. The
MTX-gelatin—-GNS composite could sustain the release of MTX from the nanocar-
rier during the first 12 h in various pH conditions. There were 40.3, 65.8, and 80.9 %
MTX released from the MTX—gelatin—-GNS composite in the pH 7.4, 5.3, and 2
within 12 h. The observation indicated that the total release amount of MTX after
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24 h for these cases of acidic solutions was much higher than at neutral conditions.
It is because the much higher solubility of MTX under acid condition than that un-
der neutral condition. The MTX (with NH, groups) got protonated resulting in the
partial dissociation of hydrogen-bonding interaction, and the decomposition of the
gelatin under acid conditions would also lead to the release of MTX. The inhibition
rate of free MTX and MTX-gelatin—GNS to human lung cancer A549 cells was
59.4 and 56.7 %, respectively, at 24 h. They showed a similar cancer cell inhibition
rate, and gelatin-mediated sustained drug release process comes to an end in 24 h at
a dose of 20 pg mL ™.

The synthesized polymer pluronic F127 (PF127) were also used to prepare GN-
based DDS [35]. The PF127 is triblock copolymers bond by poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO), composed of PEO,,—PPO~PEQ,,. The
pluronic F127 was dissolved in GO solution, and then the GO was reduced by
hydrazine to produce GN. The formed GN was stable by pluronic F127 in aqueous
solution. Then the DOX was added to get the DOX—PF127-GN nanohybrid. The
DOX can reach a loading capacity of 289 % (w/w). It can stable in cell medium due
to the hydrophobic PPO segments binding to the hydrophobic surface of GN via hy-
drophobic effect, whereas the hydrophilic PEO chains extending into water. As can
be expected, the DOX interacted with the PF127-GN is hydrophobic interactions
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and n—n stacking, and the DOX release is pH dependent as its behaviors in the PE-
Gylate-GO composite. The pharmaceutical system, DOX-PF127-GN significantly
inhabits the growth of human breast adenocarcinoma MCF-7 cells.

When using the p-aminobenzoic acid (AA) functionalized the GO, another small
molecule modified GO was achieved. It can be reduced to GN, but remains the AA
groups. To enhance the aqueous stability of reduced aminobenzoic acid—GN, the
polyethyleneimine (PEI) was introduced into the nanocomposite to form PEI-AA—
GN [36]. The FA-PEI-AA—-GN drug carrier could be finally produced by further
covalent binding FA molecules to PEI-AA—GN. The as-synthesized carrier can spe-
cifically target CBRH7919 cancer cells by overexpress FA receptor. The DOX was
loaded to the carrier to inhibit the growth of CBRH7919 cancer cells. The weight
of loaded DOX to the FA-PEI-AA—GN was approximately 28.62 %. The release of
DOX from the DOX loading FA-PEI-AA—-GN was not only pH dependent but also
salt dependent. The pH-dependent release of DOX was very similar to the DOX re-
lease from PEGylate—GO nanocomposite. In PBS at PH 7.4, the release of drug was
also very clear, and it might be due to the salt effect (NaAc in acetate-buffered saline
(ABS) and NaCl in PBS). Such salt dependence of drug release from rGO sheets
could be exploited for drug-delivery applications. The DOX/FA-PEI-AA-GN can
enhance the cancer cell apoptosis effectively and can also push the cancer cells to
the vulnerable G2 phase of the cell cycle, which is most sensitive and susceptible to
damage by drugs or radiation.

2.3 CNTs for Drug Delivery

2.3.1 Delivery of Anticancer Drugs

CNTs contain single-walled CNTs, double-walled CNTs, triple-walled CNTs, and
multiwalled CNTs. The pristine CNTs are insoluble in organic and inorganic sol-
vents, and they have a tendency to agglomerate or bundling, and this behavior re-
stricts use of CNTs in vivo. Functionalization is a good choice to improve solubil-
ity and agglomeration of CNTs. The chemical modification of CNTs was achieved
by carboxylation, acylation, amidation, esterification, PEGylation, and polymers
wrapping. The tail end of CNTs is oxidized better than sidewall due to high cur-
vature. The chemical modification of pristine CNTs with most widely used strong
oxidative agents (concentrated H,SO,:HNO,=3:1) generates various functional
groups such as carboxyl, ketone, and ester. The oxygenated CNTs exhibit better sol-
ubility. Surface-modified CNTs are able to carry numerous anticancer drugs, such
as DOX, cisplatin (Cis), docetaxel (DTX), gemcitabine (Gem), mitoxantrone, and
non-anticancer drugs, such as antimicrobial, anti-inflammatory, antihypertensive,
and antioxidant agents.

Cisplatin (cis) is a second-generation platinum anticancer drug widely used for
cancer treatment. Cisplatin have conjugated amine functionalized single-wall nano-
tubes (SWNTs; SWNT-PL-PEG-NH,) by succinate as one of ligands (Fig. 2.11)
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Fig. 2.11 Folate receptor (FR)-mediated targeting and SWNT-mediated delivery of SWNT-PL-
PEG-NH, by endocytosis and structure of SWNT-PL-PEG-NH,

[37]. Platinum can be released efficiently from SWNTs and receptor in the cancer
cell environment. Functionalized SWNTs as warhead carry platinum to the tumor
cell and release cisplatin when Pt(IV) were reduced to Pt(Il) in intracellular. The
SWNTs deliver the folate-bonded Pt(IV) into the folate-receptor overexpress can-
cer cell by endocytosis. The reductive cisplatin enter nucleus and insert targeted
nuclear DNA. Compared to folate receptor-negative testicular carcinoma cells, the
experiment results exhibited that cell viability of folate receptor-positive human
choriocarcinoma (JAR) and human nasopharyngeal carcinoma (KB) cell lines is
significantly lowered using amine-functionalized SWNTs (SWNT-PL-PEG-NH,)
treatment.

The [cis-Pt(NH,),] moiety was conjugated with CNTs containing surface-modi-
fied carboxylic groups [38]. The cisplatin and epidermal growth factor (EGF) were
attached to the SWNTs to specifically target squamous cancer, and SWNT—cisplatin
without EGF was as a controlled group, and QD luminescence offered visualization
to track the SWNT bioconjugate in cell and mice. It was observed that the SWNT-
cisplatin—EGF entered cancer cells by receptor-mediated endocytosis. As a contrast,
controlled groups were unable to reach the cell nuclei. The SWNT—cisplatin—~EGF
biojugates with 1.3 uM cisplatin, which showed more efficiency at cell killing than
10 uM free cisplatin. The experimental results have showed that the regression of
tumor growth was rapid in mice treated with targeted SWNT—cisplatin—EGF rela-
tive to nontargeted SWNT—cisplatin.

The chemical-modified CNTs offset the potential side effects of DOX-HCI by
n—7 stacking, hydrophobic and electrostatic interactions mechanism. The SWCNT—
HBA-DOX nanocarrier system was designed through hydrazone bonds of SW-
CNT-HBA and DOX (Fig. 2.12) [39]. The hydrazine-modified SWNTs formed
by covalently attached hydrazinobenzoic acid (HBA) on the walls of SWNTs. The
anticancer drug DOX was conjugated to the HBA segments of SWNT by hydrazine
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Fig. 2.12 Schematic
representation of the
SWCNT-HBA-DOX

as bridge. The resulting hydrazone bonds supply a strong pH-responsive drug re-
lease and offer efficient DOX release near the acidic tumor microenvironment, sug-
gesting its targeted carrier system. The DOX released from SWNT-HBA-DOX
and SWNT-DOX was about 51 and 37 % after 12 h, respectively. Compared with
SWNT-DOX coated by hydrophobic interaction and n—n stacking, the SWNT—
HBA-DOX exhibited the significant advantage of high loading capacity and pro-
longed release of DOX, and thus improved its cytotoxicity against cancer cells. The
hydrazone showed the super sensitivity than n—r stacking interaction at acidic pH.
The SWNT-HBA-DOX also showed higher cytotoxicity to HeLa cells than that of
SWNT-DOX conjugate under the same concentration.

The SWCNT drug delivery based on polysaccharide sodium alginate ALG and
CHI-modified SWCNTs for controlled release of DOX were also reported [40]. As
we know, the CHI is cationic and ALG is anionic, they confer the coated SWCNTs
with different zeta potential. CHI is stable at pH 7.4 but degrades readily in acidic
pH (e.g., lysosomal pH and the pH characteristic of certain tumor environments.),
and ALG-coated SWCNTs showed the highest DOX-loading capacity. The devel-
oped FA and polysaccharide (CHI and ALG) wrapped SWCNTs selectively accu-
mulated in the cancerous tissues. The CHI/ALG-SWCNTs showed higher loading
efficiencies than the CHI-SWCNTs. The release of the DOX loaded is pH triggered
and stable in PBS buffer at pH 7.4 at 37 °C. The cells treated with DOX-FA—-CHI/
ALG-SWCNTs show a brighter red fluorescence than that of DOX-CHI/ALG-SW-
CNTs and free DOX, indicating that the FA conjugated nanotubes are taken up more
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efficiently into the HeLa cells. The internalized drug is selectively released into the
acidic environment of the lysosomes and enters the cell nucleus to bind DNA. This
interaction inhibited transcription and induced the cell death.

The SWNT drug delivery for breast cancer inhibition in mice by conjugating
PTX to the nontoxic lipid molecule docosanol for functionalization with CNT was
developed [41]. FA as a target was also conjugated to CNT system. The drug mol-
ecule, for example, PTX, was conjugated to a long-chain lipid via a reversible ester
bond. The SWNT-lipid—drug was made by exploiting the lipid “tail” in the drug
to form lipid—drug/SWNT complex through strong hydrophobic interactions. The
formulation was made multifunctional delivery using a tumor-targeting molecule
FA that was conjugated to the end of the PL-PEG exploiting an amide bond formed
between amine group of PL-PEG and carboxyl group of FA. This formulation
could overcome the existing challenges of CNT in drug deliveries and broadened
their use for multifunctional deliveries. The use of lipid molecule is unique and
advantageous as it allows delivery of a range of drugs in multifunctional delivery
applications. The SWNT-lipid—PTX approach afforded high drug-loading capacity;
furthermore, the targeted SWNT-lipid—PTX showed much improved drug efficacy
and lower nonspecific toxicity in vitro in comparison to free drug Taxol and non-
targeted SWNT-lipid—PTX at 48 h (78.5% vs. 31.6 and 59.1 % in cytotoxicity,
respectively). The in vivo toxicity of SWNT-lipid—drug was evaluated. The mice
were injected with a SWNT-lipid—drug carrier, as well as Taxol and the targeted
SWNT-lipid—PTX, and saline injection was used as a negative control (Fig. 2.13).
The targeted SWNT-lipid—PTX was found nontoxic to normal cell by evaluation
using biochemical analysis.

Fig. 2.13 Photos of representative tumor-bearing mice from control and treatment groups at
experimental end point. Tumors were indicated within black squares. SWNT single-wall nano-
tubes, PTX paclitaxel
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A DDS was prepared via a CNT vehicle by QD-conjugated CNTs for in vivo
imaging [42]. An anticancer drug PTX was efficiently loaded in PLGA-coated
CNT against human PC-3MM2 prostate cancer cells. The drug-loading capacity is
112.5+5.8 ug mg™!. The CNT-QD were injected into mice by tail vein and showed
good targeting to specific sites by fluorescence visualization in live animals. The
QD-conjugated CNT exhibit a strong luminescence suitable for noninvasive optical
in vivo imaging. The accumulation of Cd in liver, kidney, stomach, and intestine is
70.36, 2.42, 0.86 and 1.00 pg g! after 1 day of injection, respectively. Except for
kidney, the accumulation associated with liver, stomach, and intestine obviously
lowered after 3 days. The Cd amounts showed slightly enhanced in all organs after
6 days. The evaluation of cytotoxicity of this novel DDS exhibited that CNT-QD
was predominantly uptaken by liver, kidney, stomach, and intestine.

Frank Alexis etal. [43] introduced biocompatible block-co-polymer poly(lactide)-
poly(ethylene glycol) (PLA-PEG) to CNTs loaded with anticancer drug PTX. This
novel drug system can effectively control drug reservoir and release and prevent
aggregation in aqueous solution. The CNT-PLA-PEG could load 1.65 wt% PTX.
Biodistribution studies in mice showed CNT coated with PLA-PEG can pass
through the kidneys and bladder as well as liver and spleen, suggesting a lower de-
gree of aggregation in tissues. The further research showed that copolymer-coated
CNTs significantly reduced in vitro toxicity and inflammatory response. Compared
to non-coated CNTs, in vivo studies show no long-term inflammatory response with
CNT coated with PLA-PEG (CLP), and the surface coating significantly decreases
acute toxicity. The CNT-PLA-PEG DDS at concentrations of 70 nM PTX was as
effective as free PTX incubated for 6 h at 140 nM.

Multiwalled CNT DDS was designed by covalently combining CNTs with the
antitumor agent 10-hydroxycamptothecin (HCPT) using hydrophilic diamintrieth-
ylene glycol as the spacer between nanotube and drug moieties [44]. The 16 % drug-
loading capacity was achieved. The release of HCPT was faster in acidic than neutral
solution. The cumulative release lowered 15 % of total loaded amount at pH 5.0 or
7.4, indicating the good stability of the ester bond. The high release rate was shown
in fetal bovine serum. It was observed that multiwalled nanotubes (MWNT)-HCPT
conjugates exhibit long blood circulation and high drug accumulation in the tumor
site. The MWNT-HCPT and free HCPT, all exhibited dose-dependent antitumor
features. The group treated with MWNT-HCPT showed similar tumor suppres-
sion effect to the group treated with free HCPT at two times dosage in the initial 9
days, but better effect from 9th to 15th day. The experimental results showed that
MWNT-HCPT conjugates are superior in antitumor activity both in vitro and in
vivo to clinical HCPT formulation.

Fatemeh Atyabi et al. developed folate conjugation of PEGylated MWCNTs for
the delivery of DOX. The low-PEGylated and high-PEGylated MWCNTs exhibited
different loading efficiency, with 84.3+3.1% and 49.3+5.4%, respectively [45].
DOX cumulative released from non-PEGylated, low-PEGylated, and high-PE-
Gylated CNTs were 11.25, 21.66, and 30.11 % in 24 h, respectively. The release rate
of DOX from non-PEGylated, low-PEGylated, high-PEGylated, and folate-targeted
MWCNTs reached 15.26, 24.17, 42.50, and 54.4 % in 72 h, respectively. The higher
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pegylation degrees induced higher release rate of DOX due to the increased hydro-
philicity of CNT surface. Folate-targeted CNTs expressed a 3.2-fold decrease in
IC,, value compared with non-targeted CNTs. The folate-targeted MWCNT showed
higher degree of cellular uptake and internationalization than that of non-targeted
MWCNT in HeLa cells (derived from human cervical cancer cells) using the con-
focal microscopy. The vivo study showed that non-PEGylated CNTs can be easily
endocytosed by hepatocytes and change the macroscopic appearance of liver from
red to black. The liver uptake of CNTs significantly decreased as the amount of the
hydrophilic part of carriers CNTs increased. The different amount of PEG in the
formulation showed different degree of liver uptake (Fig. 2.14).

Wu et al. [46] synthesized the functionalized MWCNTSs through the covalent
graft of PEI on shortened MWCNTs and further conjugated fluorescein isothiocya-
nate (FITC) and prostate stem cell antigen monoclonal antibody (mAbPSCA). The
detailed preparation procedure is illustrated in Fig. 2.15.

Fig. 2.14 Macroscopic appearance of liver after 3 h of liver perfusion with DOX (a), delivered
DOX by high-PEGylated CNT (b), delivered DOX by low-PEGylated CNT(¢) and delivered DOX
by non-PEGylated CNT (d)
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Fig. 2.16 In vivo therapy effects of CNT-PEI(FITC)-mAb/DOX in nude mice bearing PC-3
tumor: a Tumor growth curves for mice treated with free DOX, CNT-PEI(FITC)-mAb, CNT-
PEI(FITC)/DOX and CNT-PEI(FITC)-mAb/DOX, in comparison with the blank control. b Body
weight curves normalized to day 0 for different groups during the experiments. CN7T carbon nano-
tube, PEI polyethylenimine, mAb monoclonal antibody, FITC fluorescein isothiocyanate, DOX
doxorubicin

The as-prepared CNT-PEI(FITC)-mAb shows good biocompatibility and
negligible hemolytic activity. The conjugation of antibody enhances the cellular
uptake capability of the material by PSCA-overexpressed cancer cells. The CNT—
PEI(FITC)-mAb/DOX showed high loading capacity, 300 mg g™'. The DOX-
release patterns of the CNT-PEI(FITC)-mAb/DOX are sustained and pH sensitive,
and acidic microenvironments of cancer cells triggered the drug release. The PC-3
(PSCA-overexpressed) and MCF-7 (PSCA-low-expressed) cells were used in the
study. There was a considerable increase in the cytotoxic effect of CNT-PEI(FITC)—
mAb/DOX to PC-3 cells in comparison with MCF-7 cells. As can be seen from
Fig. 2.16, compared with CNT-PEI(FITC)/DOX-treated group (2.13+0.15-fold
tumor growth), mice treated with CNT-PEI(FITC)-mAb/DOX showed consider-
able slowdown of tumor growth (1.58+0.04-fold tumor growth). The mice weight
treated with CNT-PEI(FITC)-mAb/DOX showed no change. However, high loss
of weight was observed for the free DOX group.

Zhang’s group reported a gastric cancer stem cells (CSCs) specifically target-
ing DDS (SAL-SWNT-CHI-HA complexes) based on CHI-coated SWNTs loaded
with salinomycin (SAL) functionalized with hyaluronic acid (HA) to selectively kill
gastric CSCs [47]. The in vitro release of SAL from SAL-SWNTs—CHI-HA is pH
triggered, and accumulative release achieved high percentage of 60% in 12 h at pH
of 5.5. The results of cellular uptake indicated that FITC-SWNTs—CHI-HA com-
plexes can selectively target CD44+ cells and internalize into the CD44+ cells by
receptor-mediated endocytosis. Compared with CD44+, the SAL-SWNTs—CHI-
HA complex showed complete inhibition of self-renewal capacity. The penetration
of SWNTs—CHI-HA into CSC mammospheres also was researched, as shown in
Fig. 2.17.

The three functional hybrid material composed of methacrylic acid (MAA), quer-
cetin (Q), and CNTs through the free radical reaction was designed for the delivery
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Fig. 2.17 Inhibitory effect on CSCs mammospheres. a Confocal images of CSCs mammospheres
incubated with various FITC formulations of for 12 h. b Inhibitory and effect on the growth of
CSCs mammospheres after applying different SAL-containing formulations. ¢ The CSCs mam-
mospheres images treated with different SAL-containing formulations under invert microscope.
SAL salinomycin SWNT single-wall nanotubes, HA4 hyaluronic acid, CHI chitosan

of cisplatin [48]. The flavonoid quercetin (Q) is a natural anticancer compound. The
CNT-PMAA-Q showed high drug-loading capacity (2.33 mg/g) compared with
that of PMAA-Q (2.01 mg/g). They revealed that CNT-PMAA-Q showed higher
growth inhibition than PMAA-Q and free cisplatin. The CNT-PMAA-Q/cispla-
tin DDS showed synergistic anticancer activity against human neuroblastoma cells
(IMR-32) in vitro.
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N. K. Jain et al. synthesized estrone (ES) and FA anchored PEGylated MW-
CNTs-loaded DOX to inhibit growth of human breast MCF-7 cells [49]. The DOX
tended to attach to sidewalls of SWCNTs via n—n and hydrophobic interactions.
The release of DOX is pH dependent. The DOX/FA-PEG-MWCNT and DOX/
ES-PEG-MWCNT both showed faster initial release and followed sustained and
slower periods at pH 7.4 and 5.3 buffer solution. Flow cytometric analysis indi-
cated preferential higher uptake of DOX/ES-PEG-MWCNTs compared to DOX/
FA-PEG-MWCNTs, DOX/PEG-MWCNTs, DOX/ox-MWCNTs, DOX/MWCNTs,
and free DOX after 3 h incubation in MCF-7 cells owing to receptor-mediated en-
docytosis. The tumor volume obviously decreased after being incubated with DOX/
ES-PEG-MWCNTs and DOX/FA-PEG-MWCNTs for 30 days, showing the longer
survival span 43 and 42 days, respectively, compared with survival time of 12 days
for control group.

The DDS (SWNT@MS-PEG/DOX) based on a novel PEG modified mesopo-
rous silica (MS)-coated SWNTs was developed by loading DOX for the cancer
combination therapy, namely, chemotherapy and photothermal therapy [50]. The
cumulative release of DOX from SWNT@MS-PEG/DOX achieved 25 % of total in
PBS at ph 7.4 after NIR irradiation for 4 h compared with 12.5% released quantity
of SWNT-PEG/DOX, indicating that NIR light triggered drug release behavior.
It was found that SWNT@MS-PEG/DOX showed a higher cumulative and faster
releasing rate of DOX than that from SWNT-PEG/DOX at a lower pH, and no
obvious cytotoxicity even at the highest concentrations in 4T 1 murine breast cancer
cells, HeLa human cervical cancer cells, and 293T human embryonic kidney cells
for incubation 48 h. The fluorescence reoccurrence of DOX could be an indicator
of drug release in the 4T1 cells. As shown in Fig. 2.18, the cells incubated with
SWNT@MS-PEG/DOX showed significantly enhanced DOX fluorescence after
laser exposure, no dramatic discrepancy was found in free DOX-treated cells after
laser irradiation. It found that relative cell viability treated by SWNT@MS-PEG/
DOX was laser power intensity dependent, while apoptosis of 4T1 cells induced
by free DOX was not significantly affected before and after laser irradiation. The
tumor size of mice injected with SWNT@MS-PEG/DOX obviously decreases;
even tumors on two mice completely disappeared post treatment compared with the
group treated with free DOX, suggesting a remarkable synergistic antitumor effect.

Achraf Al Faraj et al. developed functionalized magnetic SWCNTs for the diffu-
sion-weighted MRI and cancer therapy [51]. They synthesized iron and mouse en-
doglin/CD105 mAb bifunctionalized PVP-coated SWCNTSs nanocarrier to delivery
DOX into breast cancer. The SWCNT-+CD105+DOX conjugates exhibited high
apoptosis, DNA damage, and oxidative stress in 4T1 cells. The decrease manner of
bioluminescence is dose and time dependent. The SWCNT-+CD105+DOX group
showed extremely weak bioluminescence at concentration of 2.5 pg/mL after 48 h,
and the MRI measurement indicated tumor size obviously decreased (150 mm?) by
intravenous injection after 14 days compared with that of DOX (540 mm?), SW-
CNT+CD105(700 mm?), and SWCNT-+CD105 (750 mm?) groups.

Prasanta Kumar Das et al. fabricated SWCNTSs coating biotinylated amphiphi-
le for the delivery of fluorescently labeled Cy3-oligoneucleotide (Olg) and DOX
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Fig.2.18 NIR-triggered intracellular drug release. a A scheme showing NIR-triggered drug release
from SWNT@MS-PEG/DOX in vitro. The uncovered DOX fluorescence from its quenched state
inside SWNT@MS-PEG/DOX could be an indicator of drug release. b Confocal fluorescence
images of 4T1 cells incubated with SWNT@MS-PEG/DOX (or free DOX; [DOX]=25uM) for
1 h, washed with PBS to remove extracellular nanoparticles, and then treated with laser irradiation
(808 nm, 0.4 W c¢cm 2, 20 min; L+). Un-irradiated cells were used as the controls (L—). Red and
blue colors represent DOX fluorescence and DAPI-stained cell nuclei, respectively. The scale bar:
25 pum. ¢ Relative viabilities of 4T1 cells after various treatments. In this experiment, 4T1 cells
were incubated with SWNT@MS-PEG/DOX(L+), SWNT@MS-PEG(L+), SWNT@MS-PEG/
DOX, DOX(L+), and free DOX ([DOX]=25 uM), for 1 h, and then wash with fresh cell culture
and irradiated with the 808 nm laser at different power densities for 20 min. Afterwards cells
were re-incubated for additional 24 h before the MTT assay. DAPI 4',6-diamidino-2-phenylindole,
SWNT single-wall nanotubes, MS mesoporous silica, PEG polyethylene glycol, DOX doxorubicin
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into the cancer cells [52]. The amphiphile functionalized SWCNTs (SWCNTs-1)
showed low cytotoxicity and good stability in the media of salt and protein. They
investigated target-specific cell uptake of SWCNTs-1-loaded Cy3-Olg into HeLa
and HepG2 cells showing successful internalization, as a contrast, free Cy3-Olg ex-
hibited poor self-internalization ability. The HeLa and HepG2 cells showed highly
intense red fluorescence microscopic images, confirmed high uptake for Cy3-Olg-
loaded SWNT-1 compared with CHO cells and HEK-293 cells of lacking overex-
pressed biotin receptors. The CHO cells showed 92 % of cells surviving, and only
54% of the HeLa cells were found to be alive at concentration of 2.5 pg mL™! of
SWNT-1-DOX. As the concentration increasing to 10 pg mL™!, more than 60 % of
the HeLa cells were killed in contrast to that of only 15 % for the CHO cells.

Mohd Zobir Hussein et al. reported anticancer efficiency of oxidized MWCNT
(MWCNT-COOH)-loaded betulinic acid (BA) by n—r stacking and hydrophobic



2 Carbon Nanomaterials for Drug Delivery 57

interaction [53]. The loading capacity of BA was 14.5-14.8 % (w/w). About 98 %
of BA loaded on MWCNT-BA was released over 22 h in a solution of pH 7.4. The
release rate was reduced when the solution was acid, only 22 % of loading BA was
released within 24 h at pH 4.8. The MWCNT-BA showed no cytotoxicity effects at
concentrations <50 pg/mL in embryo fibroblast cells after 72 h of treatment; how-
ever, high concentration of 50 pg/mL produced only 36 % cell viability. Compared
with HepG2 cells, the MWCNT-BA nanocarrier exhibited significant cell growth
inhibitory to A549 cells in a concentration-dependent manner.

Zhong et al. prepared light and pH-sensitive PEG-DOX@SWCNTs DDS by
noncovalently functionalizing SWCNTs with PEG-hydrazone-DOX [54]. The
DOX-loading capacity was 31.2%. The 30 % cumulative release of DOX from the
PEG-DOX@SWNT was achieved at pH 5.0 in 48 h under irradiation compared
with 17 % cumulative release at pH 5.0 and 12 % cumulative release at pH 7.4 with-
out irradiation. The laser energy from irradiation weakened the interaction between
DOX and CNTs, and resulted in greater release of DOX. As shown in the Fig. 2.19,
the DOX fluorescence was obviously observed in the nucleus and some SWCNTs
was found in the cytoplasm of the MCF-7 breast cancer after 2 h incubation of
PEG-DOX@SWCNTs. As a contrast, the DOX fluorescence was hardly observed
at pH 7.4 even after 24 h incubation. The free DOX distribution did not showed
significant difference in MCF-7 cells between the pH 6.0 and the pH 7.4 groups.
The viability of cells obviously showed difference at concentration of 10 ug mL™!
with or without laser irradiation.

2.3.2 Delivery of the Other Drugs

The antimicrobials are substances that either kill or inhibit the growth of micro-
organisms, like bacteria, fungi, viruses, or even parasites, instead of cancer cells.
Azithromycin (AZ-1) is an antibiotic derived from erythromycin A with improved
biological and pharmacodynamic properties over the parent compound. The Hos-
sein Reza Darabi et al. fabricated azithromycin—-SWCNT conjugates through cleav-
able ester or thioamide bonds [55]. The resulting azithromycin—SWCNT conjugates
showed controlled release behavior in buffer solution of pH 6.8. The AZ-1 function-
alized SWCNT (SWCNT-4) had a significant in vitro activity against Micrococcus
luteus at 18 h of incubation compared with p-SWCNT and AZ-2 functionalized
SWCNT.

Miodrag C olic et al. fabricated dapsone-modified multiwall CNTs (dap-MW-
CNTs) through introducing O-(7-azabenzotriazol-1-yl) N,N,N' N’ tetramethylu-
ronium hexafluorophosphate (N-HATU) and N, N-diisopropylethylamine (DIEA)
onto the surface of the nanotubes [56]. The biological effect of dap-MWCNTs was
surveyed using rat peritoneal macrophages (PM@). Dap-MWCNTs did not show
significant cytotoxicity, much like the unconjugated oxidized MWCNTs. Higher
concentration of CNTs could induce apoptosis, with oxidized MWCNTs causing
more extensive apoptosis than dap-MWCNTs due to elevated oxidative stress. The
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Fig. 2.19 The bright field and confocal images of PEG-DOX@SWNT in MCF-7 cells. The
MCF-7 cells were incubated with PEG-DOX@SWNT for different times: 15 min (a and b), 2 h
(cand d) and 24 h (e and f). The releasing of DOX at pH 6.0 (a, ¢, and e) was much more efficient
than that at pH 7.4 (b, d, and f). Most DOX are located in the nucleus of MCE-7 cells whereas most
SWNTs are located in the cytoplasm of MCE-7 cells (as showed by yellow arrows)
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dap-MWCNTs did not trigger oxidative stress, however, caused delayed apoptosis
of PMO after 3 days. This result can be confirmed by the inherent antiapoptotic
activity of dapsone and the protection of reactive carboxylic functional groups on
the CNTs.

The antifungal agent amphotericin B (AmB) was covalently bond to amino-f-
CNTs via ether bonds with ethylenediamine as the spacer with 72.4 % drug loading
[57]. The antileishmanial efficacy of f~=CNT-AmB was significantly higher than
that of AmB against intracellular amastigotes in vitro. The compound f~-CNT-AmB
exhibited stronger inhibition of amastigote replication in hamsters compared with
those treated with AmB. The in vivo toxicity assessment of the compounds in
BALB/c mice revealed no significantly hepatic or renal toxicity.

In another study performed by Renato Gennaro et al., AmB was conjugated onto
surfaces of functionalized multiwalled and single-walled CNTs (f-CNTs), with
AmB loading of 25 and 10 % w/w, respectively [58]. These conjugates were tested
for their antifungal activities against a collection of reference and clinical fungal
strains in comparison to pristine AmB and a conventional colloidal dispersion AmB
deoxycholate formulation. The f-MWCNT-AmB and f~-SWCNT—-AmB conjugates
all showed broad-spectrum antifungal activity that was considerably more potent
than AmB alone. The -MWCNT—-AmB with minimum inhibition concentration
(MIC) values lowered than 10 pg/mL against most of the microorganisms, except
for Candida famata SA550 strain (MIC 20 pg/mL), and MIC of f-SWCNT-AmB
was between 5 and 20 pg/mL exhibiting a good antifungal activity. The f~-CNTs did
not show any antifungal activity without conjugating with AmB even at concen-
tration MIC>80 pg/mL. The fMWCNT-AmB was overall more active than the
SWNT conjugate due to high loading capacity and good dispersity. Furthermore,
the f~-CNT—AMB did not show any significant toxic effect on Jurkat human cells
(derived from a human T cell leukemia) at antifungal concentrations.

It is an attractive means to visualize the interaction of AmB with living cells and
natural biomembranes through conjugation of AmB to fluorescent markers. Alberto
Bianco’s group prepared functionalized CNTs with AmB and FITC toward mam-
malian cells (Human Jurkat lymphoma T cells) to assess toxicity and uptake as well
as to evaluate the antifungal activity of CNT-AmB conjugates [59]. The specific
synthesized route was depicted in Fig. 2.20. The CNT-AmB conjugates did not
show significant cytotoxicity into mammalian cells even at the highest dose com-
pared with 40 % of the cells died in the presence of AmB. The cell uptake of CNT—
AmB was achieved within 1 h by fluorescence observation, and internalization of
CNT-AmB was dose dependent. It can pass into the cell cytoplasm and mainly
localized around the nuclear membrane as revealed with fluorescent microscopy
(Fig. 2.20). The mechanism of penetration is spontaneous mechanism, not mediated
by endocytosis.

Betulin (BET) with a pentacyclictriterpenoid structure has antileishmanial prop-
erty and was used as antileishmanial agent. Vikash Kumar Dubey’s group has suc-
cessfully synthesized f-CNT-BET by carbodimide-based esterification reaction
with BET-loading efficiency of 78.3 % [60]. The f~-CNT-BET showed super released
behavior in acidic condition compared with neutral pH condition. The accumulative
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Fig. 2.20 (i) a Neat(COCl),; Pht-N(CH,CH,0),-CH,CH,-NH,, dry THF, reflux; b Boc-NH-
(CH,CH,0),~CH,CH,~NHCH,COOH/(CH,0)n, DMF, 125°C; ¢ Hydrated NH,-NH,, EtOH,
reflux; d FITC, DMF; e HC1 4 M in dioxane; f Fmoc-AmB, HOBt/EDCxHCI/DIPEA, DMF; 25 %
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release of BET reached up to 38.4+1.8 and 12.5+£1.1% at pH 5.8 and 7.4 in 72 h,
respectively. The IC;, value of BET, {-CNT, and f-CNT-BET was 211.05+7.14,
24.67+3.11, and 72.63+6.14 pg/mL in macrophage cell line J774A.1, respectively.
The results indicated that BET, f-CNT, and f~-CNT-BET did not have any signifi-
cant toxicity to the macrophage cells in vitro by 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) method. The f-CNT-BET showed high an-
tileishmanial activity with increased efficacy compared to BET as confirmed by
antileishmanial studies on intracellular amastigote in vitro.

The Anna Piperno et al. reported an approach for fabricating B-cyclodextrin co-
valently bond to MWCNT (B-CD-MWCNT) by click chemistry as nanocarriers for
the delivery acyclovir (Acy) to the three human alpha herpesvirus (HSV-1, HSV-2,
and VZV) [61]. They probed the recognition ability of ~-CD-MWCNT to toward
guanine-based drug. It was found that recognition and entrapment of Acy versus G
on B-CD-MWCNT were dependent on the different interactions. The DSC analysis
confirmed the interaction between Acy and f-CD-MWCNT. The 6.5 and 12.2%
drug loading of G and Acy were calculated, respectively. The 15 % cumulative re-
lease was showed after 8 days in PBS at pH 7.4. As a contrast, free Acy showed a
faster dissolved rate. The Acy/B-CD-MWCNT can interfere with HSV-1 replication
and exhibit higher antireplicative effect than the free Acy.

Cui et al. designed based on conducting polymer polypyrrole (PPy) and mul-
tiwalled CNTs DDS by electropolymerization in an electrically controlled drug
release manner [62]. The treated CNTs showed five to six times O/C ratio than
the untreated CNTs, offering more hydrophilicity on both the exterior and interior
surfaces. The CNTs filled with dexamethasone (Dex) in their inner cavities were
coated by PPy film and Dex was sealed inside the CNTs, and the amount of Dex re-
leased from PPy/CNTs film was negligible in PBS of pH 7.4. This result proved the
effective sealing of the open ends of CNTs. The electrically controlled drug release
was performed in PBS with aggressive electrical stimulation for 20 h using repeated
stimulation of —2 V for 5 s followed by 0 V for 5 s. The 53.3 pg Dex was released
from PPy/CNT film, compared with 38.8 pug release amount of pure PPy. The PPy
films with thinner CNTs showed higher drug-loading capacity and release amount.

Giuseppe Cirillo et al. designed functionalized CNTs by gelatin—fluoroquino-
lones bioconjugates synthesized by using radical grafting fluoroquinolones onto the
protein side chains [63]. The CNTs—Gel-FQs were assessed the biocompatibility
on human mesenchymal stem cells (hMSCs) and tested antibacterial properties on
Escherichia coli and Klebsiella pneumoniae, respectively. The fluoroquinolones
consist of ciprofloxacin (CP), levofloxacin (LV), and lomefloxacin (LM). Com-
pared with free FQs and Gel-FQs conjugates, the CNTs—Gel-FQs showed signifi-
cant antibacterial activity by CNTs-mediated internalization. Moreover, the CNTs—
Gel-FQs was highly biocompatible in whole system.

piperidine in DMF. BOC tert-butyloxycarbonyl, DIPEA diisopropylethylamine, DMF dimethyl
formamide, EDC N-Ethyl-N'-(3-dimethylaminopropyl)-carbodiimide, FMOC fluorenylmethy-
loxycarbonyl, FITC fluorescein isothiocyanate, HOBt 1-hydroxybenzotriazole, Pht phthalimide
group. (i7) Epifluorescence (top) and confocal (bottom) microscopy images of Jurkat cells incu-
bated for 1 h at 37°C with 10 and 40 pg mL™' of CNT-AmB conjugates, respectively. Jurkat cells
have an average diameter of 10 pm
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2.4 CNHs for Drug Delivery

SWNHs are another type of nanocarbon material that have the potential to be use-
ful in nano-medicine. SWNH has hydrophobic graphite structure. They consist of
single tubes of 2—5 nm in diameter and a length of around 40-50 nm (Fig. 2.21).

The SWNHs were chemically modified with functional groups to increase hy-
drophilicity and biocompatibility. SWNHs have more defect sites and are more
fragile than CNTs. Therefore, they are apt to be treated by softer oxidant, such as
hydrogen peroxide, to generate carboxylic groups [64]. These groups could be used
for further chemical reactions with other moieties. A new targeted DDS based on
oxidized SWCNHs (oxSWCNHs) was developed.

Zhong et al. reported that insulin-like growth factor receptor (IGF-IR) antibody-
directed CNHs-based drug delivery targeted to kill cancer cells in vivo and in vi-
tro [65]. OxXSWNHs were coated with the anticancer drug vincristine (VCR) by
physical adsorption, and then wrapped 1,2- distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol) (DSPE-PEG)-IGF-IR mAb through
an amide linker to obtain the DDS, VCR@oxSWNHs—PEG—mADb. The cytotoxicity
study of oxSWNH-PEG-mAb indicated that cell viability remained above 80 %
even in the highest concentration of 100 pg/mL in MCF-7 cells after 48 h incu-
bation. The DDS of VCR@oxSWNHs-PEG and VCR@oxSWNHs-PEG-mAb
showed enhanced cytotoxicity in cultured MCF-7 cells in vitro compared with free
VCR. The antibody targeted SWNHs delivery system afforded higher antitumor
efficacy without obvious adverse effects to normal organs in tumor mice in vivo.
At the same time, in addition, moderate inflammatory cell infiltration was also ob-
served in VCR@oxSWNHs—PEG and VCR@oxSWNHs-PEG-mAb groups com-
pared with VCR group.

A photothermally enhanced chemotherapy DDS, DOX-SWNH/ deoxycholic
acid (DCA)-hydroxypropyl chitosans (HPCHS) nanoparticles, with SWNH as the
photothermal agent and DOX was used as the chemotherapy agent [66]. The DOX—
SWNH/DCA-HPCHS DDS was prepared by coating a DOX prodrug to amphi-
philic DCA-—HPCHS-modified SWNHs through hydrophobic—hydrophobic inter-
action. The DOX-SWNH/DCA-HPCHS nanoparticles possessed high stability in
physiological solutions including water, PBS, RPMI-1640, and FBS. Photothermal
heating could increase the chemotherapy efficacy of DOX due to light-triggered

Fig. 2.21 (Left) TEM images of the SWCNHSs; (centre) graphical structure of the SWCNHs;
(right) single tube of the SWCNHs
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DOX release or promotion of cell uptake of DOX carriers. The DOX-SWNH/
DCA-HPCHS resulted in ca. 73% cell growth inhibition, and SWNH/DCA—
HPCHs inhibited cell growth merely by ca.13% at a concentration of 5 pg mL™!
under 808 nm laser irradiation, whereas as contrast with nonirradiated 4T1 cells,
DOX-SWNH/DCA-HPCHS did not show signicant cytotoxicity even at concentra-
tions 10 pg mL™".

Small-sized SWNHs (S-SWNHs) have highly hydrophilic property and remark-
ably resistance to cellular uptake by macrophages, tumor cells, and normal cells
[67]. As a contrast, large-sized SWNH aggregates (L-SWNHs) L-SWNHs were
highly internalized in RAW 264.7, KB, FHs 173We, and HeLa cells. However, the
functionalized S-SWNHs can selectively enter cells; for example, S-SWNHs at-
tached phospholipid PEG cannot enter RAW 264.7 macrophages completely; func-
tionalized with FA S-SWNHs, namely FA-S-SWNHs, are taken up by FA receptor-
overexpressing KB cells but not by normal human embryonic cells.

Masako Yudasaka et al. reported DDS that cisplatin (CDDP) was incorporated
inside SWNHs with opened holes [68]. Cisplatin, a representative water-soluble
small-molecule drug, can also be effectively deposited on and inside of SWNHox
aggregates (CDDP@SWNHox) (Fig. 2.22). Further, it has been shown that when
cisplatin was released from these aggregates, it remarkably reduced the viability of
cancer cells. It was observed that CDDP@SWNHox adhered to the cell surfaces in

Fig. 2.22 (a, b) HRTEM images of SWNHox (scale bars of 10 and 2 nm, respectively). (c)
Z-Contrast image of SWNHox aggregate (10 nm). (d, ¢) HRTEM images of CDDP@SWNHox
(10 and 2 nm) in which black spots are cisplatin clusters. (f) Z-Contrast image of CDDP@SWN-
Hox in which bright spots are cisplatin clusters (10 nm)
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vitro and increased the local concentration of CDDP released from CDDP@SWN-
Hox, leading to effective cell killing. In vivo, the specimens (saline, CDDP, SWN-
Hox, and CDDP@SWNHox) were intratumorally injected to transplanted tumors
of mice, and that CDDP@SWNHox showed higher anticancer effect than the intact
CDDP. Furthermore, SWNHox itself also showed the anticancer effect for the first
time in this study.

The anti-inflammatory agent DEX was deposited on as-grown SWNHs and
their oxidized form, oxSWNHs [69]. The oxSWNHs showed six times higher drug
capacity than that of SWNHs. Adsorption kinetics indicated that oxSWNHs had
higher affinity for DEX than as-grown SWNHs. The DEX—0xSWNH conjugates
exhibited sustained release of DEX into PBS (pH 7.4) at 37°C, and the cumulative
amount of DEX released got about 50% within 2 weeks. When incubate in cell
culture medium, about 50 % of the total bound DEX had been released by 24 h. The
transfected cells of ST2 (mouse bone marrow stromal cell) incubated with DEX—
oxSWNHs for 12 h showed dose-dependently activated luciferase expression; in
contrast, empty oxSWNHs did not induce activation. The synthesis of SWNHs was
involved of metal catalyst and no cytotoxicity of oxSWNHs was observed. The
DEX-0xSWNHs exhibited good biocompatibility on the cell growth.

The PEG-DOX was immobilized on the oxSWNHs via n—r and hydrophobic in-
teractions [70]. The PEG-DOX-0xSWNH complex was purified by dextran-based
chromatographic media (Sephadex G25) due to good dispersibility in aqueous solu-
tion. By contrast, untreated oxSWNHs and DOX-treated or PEG-treated oxSWNHs
were unable to penetrate the column. The PEG-oxSWNHs or oxSWNHs did not
affect the cell proliferation. The PEG-DOX—-0xSWNH conjugates exhibited DOX-
dependent apoptotic activity against NCI-H460 human non-small cell lung cancer
cells in vitro. The incidence of apoptosis induced by 0.2 mg/mL SPEG-DOX—ox-
SWNHs (correspond to 5.4 pg/mL free DOX) was lower than that of 10 ng/mL
free DOX, attributing to the slow release of DOX from the PEG-DOX—-0oxSWNH
conjugates.

Wagner B. De Almeida et al. calculated the stabilization energy of cisplatin@
CNHs conjugates to determine if they can form an effective DDS [71]. The theoreti-
cal results indicated the cisplatin@CNHs complex had a good stability with the cis-
platin placed close to the bottom of the nanohorn cone structure. The cisplatin can
be carried out through the biological media without strongly interacting with other
reactive species and reach the final molecular to target inside the DNA structure.

The antibiotic vancomycin hydrochloride (VCM) was able to be adsorbed onto
and inside functionalized phospholipid—-PEG-oxidized SWNH (SWNHox) and re-
leased in a controlled manner and avoided severe side effects by too high concen-
tration of VCM in blood [72]. The drug-loading capacity of VCM—-SWNHox-PEG
was 38% (w/w), and the cumulative release of VCM from the VCM-SWNHox—
PEG complex got about 18% (10 uM) after 9 days. As we know, specific targeting
and sustained release of steroidal drugs is beneficial to minimize the systemic side
effects. The prednisolone (PSL) adsorbed on oxSWNHs by noncovalent interaction
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and the adsorption capacity was 0.35-0.54 g/g depending on the sizes and numbers
of holes on the oxSWNHSs. The PSL-oxSWNH showed a fast release in culture me-
dium in contrast with in PBS. The PSL-attached oxSWNHs were directly injected
into the tarsal joints of rats with collagen-induced arthritis and anti-inflammatory
effects was found in vivo, such as decreased numbers of osteoclastic cells compared
with the control group [73].

Kiyotaka Shiba et al. reported that oxSWNHs-loaded cisplatin (CDDP)
through their nanowindows was modified by the PEG—peptide aptamer (nanoma-
terial-binding peptide, NHBP) conjugate, and it formed well-dispersed CDDP-
loaded CNHs (CDDP@oxSWNHs/20PEG-NHBP) DDS [74]. Compared with the
CDDP@oxSWNHs quickly forming micrometer-sized agglomerates, the CDDP@
oxSWNHs/20PEG-NHBP complexes were well dispersed in both the PBS and
cell culture medium even after incubation for 3 days. The oxSWNHs/20PEG—
NHBP complexes themselves showed good biocompatibility. The surface modi-
fication of CDDP@oxSWNHSs using 20PEG-NHBP did not affect the release of
CDDP from the conjugates. It was found that the CDDP@oxSWNHs/20PEG—
NHBP exerted a dose-dependent cytotoxic effect on the NCI-H460 cell (a human
lung cancer cell line).

The functionalized single-walled CNHs (SWNHs) composed of a comb-shaped
PEG (cPEG) and peptide (NHBP-1) was synthesized [75]. Compared with 20PEG—
NHBP, the bioconjugates composed of linear 20 kDa PEG and a single NHBP-1
peptide, the resultant cPEG-NHBP, conjugate endowed single-walled CNHs with
good dispersibility in vitro. The oxSWNHs coated cPEG-NHBP, or 20PEG-NHBP
was injected into the tail veins of BALB/c mice at a dose of 3 mg/kg, and un-
treated oxSWNHs as a controlled group. The untreated oxSWNHs significantly
form agglomerates in liver, spleen, and minor in lung. The treating oxSWNHs with
cPEG-NHBP, or 20PEG-NHBP formed few larger particles in lung. The smaller
aggregates were hardly observed from the mice lung capillaries in vivo experiments
(Fig. 2.23).

The novel DDS was designed by modified oxSWCNHs with polysaccharide
sodium ALG (SA) immobilized humanized anti-vascular endothelial growth factor
(anti-VEGF) mAb for targeting delivery of DOX to human breast adenocarcinoma
(MCF-7) cells [76]. The loading capacity of 1 g DOX per gram of ox-SWCNHs
was achieved and the complex showed higher anticancer effect than those of the
free DOX. Pharmaceutical efficiency showed that the relative tumor volumes
(RTV) of normal saline (NS) group, oxSWCNH/SA-mADb group, DOX group, and
DOX@oxSWCNHs/SA-mAD group were approximately 61, 56, 14, and 7.2, re-
spectively, with drug dosage 2.5 mg/kg. Histopathological studies in mice showed
that free DOX could induce severe liver and heart injury, and DOX@oxSWCNHs/
SA-mAD did not demonstrate any detectable hepatotoxicity, cardiotoxicity, and
nephrotoxicity.
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Fig. 2.23 Accumulation of agglomerated oxSWNHs in the lung after intravenous injection
into mice. Shown are photomicrographs of lung sections from mice injected with unmodified
0xSWNHs (a, b, ¢), 20PEG-NHBP/oxSWNHs (d, e) or cPEG-NHBP,/oxSWNHs (f, g). The sec-
tions were stained with hematoxylin and eosin (a), unstained (b, d, f), or stained with eosin (c,
e, g). Arrows indicate aggregated oxSWNHs observed as black dots in lung capillaries. In the
unstained micrographs, the numbers of oxSWNHs agglomerates having the indicated sizes were
counted using Image-J (h). The green, blue, and red bars represent the numbers of unmodified
oxSWNHs, 20PEG-NHBP/oxSWNHs, and ¢PEG-NHBP,/oxSWNHSs, respectively. Scale bars
represent 50 pm (a, b, d, f) or 10 pm (¢, e, )

2.5 NDs for Drug Delivery

NDs, as another member of the carbonnanoparticle (CNP) family, have evoked an
increasing interest in studies of the biocompatibility and application as drug de-
livery vehicles. NDs with individual sizes ranging from 2 to 10 nm were usually
synthesized by detonation techniques. The NDs is also called detonation ND (DND)
due to synthesis by detonation technique. When an oxygen-deficient explosive mix-
ture of trinitrotoluene/hexogen (TNT/RDX) is detonated in a closed chamber, dia-
mond particles with a diameter of ca. 5 nm are formed at the front of detonation
wave in the span of several microseconds. It can be well dispersed in aqueous solu-
tions. It is known that NDs are chemically inert, and preliminary studies showed
that they were nontoxic toward several cell lines [77]. Moreover, NDs could be
surface-functionalized easily with carboxyl groups and their derivatives for specific
or nonspecific binding with nucleic acids and proteins, showed possible application
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in biomedicine [78]. It can load the all trans retinoic acid (ATRA) in the treat-
ment of acute promyelocytic leukemia (APL) [79]. The DND was firstly treated
by oxidation with H,SO, and KMnO,, followed by an esterification modification
with ATRA in sulfuric acid—alcohol solutions. The formed nanoparticles have an
average size of 5 nm. The DND with different ATRA (10, 20, 30, and 40 pmol/L)
were investigated. The functionalized DND is biocompatibility to HL-60 cells with
a low inhibition ratio 3 %, similar to the datum for DMSO (2 %). When the cells
treated by both ATRA and DND-ATRA complex, the inhibition ratios increased
with the increase of ATRA concentration. The inhibition ratios by the DND-ATRA
were all higher than that by pure ATRA allowing an increase of 30—40%. The DND
played an important role in the delivery of ATRA to HL-60 cells. The largest inhibi-
tion ratio for HL-60 cells was as high as 49 % treated by DND-ATRA with ATRA
30 pmol/L. With further increase in the ATRA concentration, the inhibition ratio of
DND-ATRA slightly decreased to 46 %.

The image of dispersed NDs was shown in Fig. 2.24. The NDs can adsorb the
10-HCPT, a CPT analogue used in the treatment of certain cancers [80]. By simply
mixing NDs with HCPT in water, the NDs can adsorb 0.4 wt% of HCPT. The ad-
sorbed amount of HCPT was very low probability due to low solubility of HCPT
in neutral aqueous solution. In weak basic solution, the solubility of HCPT in water
promoted HCPT adsorption on NDs. The adsorption of HCPT on the NDs slowly
increased with incubation time, with no saturation of adsorption observed even at
120 h. The maximum loading of HCPT obtained by a mixture of 4 mg/mL HCPT in
NaOH (pH=8.2) solution with 2 mg/mL NDs achieved 48.3 mg per 100 mg NDs
at 120 h. This loading value exceeded the 8—10 wt% loading efficiency for conven-
tional liposomes drug carriers. The release of HCPT from the HCPT—NDs achieved
highest amount of 60 % in dilute NaOH solution with pH=8.2. In pure water, the
release amount was about 30 %, while it was about 38 % in the PBS solution. In

Scale bar=200nm

Fig. 2.24 a TEM image of NDs; b higher-magnification view of NDs shown by arrow in a. The
scale bar corresponds to 200 nm
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cell culture medium, NDs aggregated to form a kind of porous clusters, with many
nanoscaled channels or pores as well as vacancies in the interior of the cluster. Af-
ter adsorbed on the surface of ND clusters, HCPT could slowly diffuse toward the
center of the clusters along these nanoscaled pores. When compared with HCPT
alone, HCPT-ND complexes exhibited a much higher potency to cause appreciable
cell death. Apparently, the enhanced efficacy was due to the delivery of more HCPT
with poorer cellular penetration into cells by NDs.

The typical anticancer drug, DOX can also be adsorbed to NDs [81]. Although
the NDs can disperse in water well, the DOX loaded NDs aggregated and precipitat-
ed very soon. To redisperse the DOX-NDs, they were then coated by DSPE-PEG-
2000 (DSPE-PEG 2 K) producing the DNX complex. The DNX can inhibit the lung
metastasis of breast cancer (using the 4T1 cells). The therapeutic effect of DOX was
dependent on its ability to inhibit the synthesis of nucleic acid through intercalation
after entrance into nucleus. DOX, NDs-DOX complex (NDX), and DSPE-PEG 2K
coating NDX (DNX) be rapidly internalized by 4T1 cells. However, the speed of
entering the cells was different for the three materials. When they were incubated
with cells for 10 min, they located in the lysosome, but most of DOX was localized
in the lysosome. After incubation for 30 min, free DOX and NDX still resided in
lysosome, whereas DNX escaped from lysosome and entered into nucleus. NDs
were found to move inside the cells quickly and were capable of ferrying the drug
inside living cells efficiently. DNX with small particle size and good dispersibility
might also have the similar trans-membrane ability, leading to the high accumula-
tion of DOX in nucleus. The IC, value (the concentration that inhibited cell growth
by 50%) of DOX was 9.48 x 10~* mg/mL in cells treated with free DOX, and de-
creased to 4.93 x 107* mg/mL after absorption to NDs. After coating by DSPE-PEG
2 K, the cytotoxicity of DOX further increased to the IC, value of 1.65x 107 mg/
mL, which was 5.75-fold less than that of free DOX. DNX induced most cell apop-
tosis, leading to 51.13% cell apoptosis, equivalent to 50 and 30% increase com-
pared to that induced by free DOX (34.14 %) and NDX (39.31 %), respectively.

The polyglycerol (PG) NDs was also prepared as illustrated in Fig. 2.25. The
grafted PG not only largely increased the aqueous dispersibility of DND-PG
(>80 mg/mL in water, DND was the NDs, and PG was the PG) but also provided nu-
merous amendable hydroxyl groups for further functionalization [82]. Some of the
hydroxyl groups of DND—PG were first reacted with tosyl chloride (TsCl) and the
resultant tosylates (DND-PG—OTs) were substituted by azido groups (DND-PG-
N;). DND-PG-N; was further conjugated with arginylglycylaspartic acid (RGD)
peptide through click chemistry of the azido groups with the propiolic amide of
RGD peptide, yielding DND-PG-RGD. To immobilize DOX on DND-PG-RGD,
hydrazine moiety was introduced through substitution of the p-nitrophenyl group
in the p-nitrobenzoate (DND-PG-N,~PhNO,) to give DND-PG-N,-NHNH, af-
ter click conjugation of RGD peptide (DND-PG-RGD-NHNH,), DOX was im-
mobilized as hydrazone (DND-PG-RGD-DOX). The content of DOX in DND-
PG-DOX and DND-PG-RGD-DOX was quantified to be 5.6 and 12.2 wt%, re-
spectively. The 24.7% of DOX were released by 12 h when DND-PG-DOX was
incubated in PBS solution (pH 7.4). Then, the released DOX increased slightly even
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Fig. 2.26 HR-TEM images of oxidized (ND, A), chemical reduced (ND R1, B), and plasma
reduced (ND R2, C) samples. The white bars indicate 5 nm

after incubation for 48 h. When the pH was decreased to 5.0 (phosphate—citrate
solution), the released DOX by 48 h was calculated to be 63.3 %, due to the pref-
erential cleavage of hydrazone linkage. From this point of view, DND-PG-DOX
is expected to show enhanced drug release in the lysosomes of cells pH 5.0-5.5 but
minimal premature drug release during circulation in bloodstream (pH 7.4). Two
kinds of cancer cells, human leukemic monocyte lymphoma cells (U937) and lung
adenocarcinoma epithelial cells (A549) were incubated with the DOX-loaded NDs.
The inhabitation effects of DND-PG-DOX for different cancer cells were very
close. Cellular DOX level resulted from DND-PG-DOX at each concentration was
less than half of that caused by free DOX within the linear range for DOX. Howev-
er, when the target molecule, RGD peptide was attached to the DND-PG—DOX, the
resulting DND-PG-RGD-DOX exhibited much higher growth inhabitation for the
cells expressing RGD peptide receptors. On the other hand, DND-PG—RGD-DOX
at each concentration resulted in a markedly higher DOX level than DND-PG-—
DOX in A549 cells that express RGD peptide receptors. But in U937 macrophages
devoid of RGD peptide receptors, this material at each concentration only caused a
slightly higher DOX level than ND-PG-DOX, which was still pronouncedly lower
than that caused by free DOX.

Besides the physical adsorption of various drugs, the NDs can be further modi-
fied by oxidation (ND), reduction (ND R1), and plasma methods (ND R2), as
shown in Fig. 2.26 [83]. Multifuctional groups such as carboxylate and hydroxyl
groups were decorated on the nanocores. They can enhance the drug loading to
NDs by physical force or chemical covalents. The plant secondary metabolites, ci-
proten, and quercetin can be adsorbed to the ND, ND R1, and ND R2. The ciproten
loaded to ND R2 was exceptionally higher, while the ciproten or quercetin loaded
to the other two samples, on the average, was about 0.5 mmol. Cell treatment with
200 mg/mL of drug-functionalized NDs was corresponding to treating cells directly
with a 100 mM solution of the pure drug. ND ciproten, ND R2 ciproten, ciproten,
ND quercetin, ND R1 quercetin, ND R2 quercetin and quercetin treatments reduced
cell growth of 65.3, 57.4, 23, 25, 41.4, 54.2 and 54.6 %, respectively, after 48 h of
treatment. On the other hand, in the same condition, ND R1 ciproten sample only
increased cell amount of 3.5%. After 72 h, all specimens showed antiproliferative
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properties of 60.2, 11.4, 55, 40, 29.3, 74.5, 67.7, and 72.9 %, with respect to the
control, in that order ND ciproten, ND R1 ciproten, ND R2 ciproten, ciproten, ND
quercetin, ND R1 quercetin, ND R2 quercetin, and quercetin. In all cases, the ex-
posure with pure NDs did not influence cell proliferation high sensibility that HeLa
cells showed to the exposure with pure plant compounds. However, for the B16F10
murine melanoma cells, ND ciproten, ND R2 ciproten, ND R1 quercetin, and ND
R2 quercetin caused the reduction of cell proliferation better than the treatment with
their respective pure ciproten and quercetin. BI6F10 cell growth inhibition after
treatment with C and Q alone was highly lower with respect to the effects that pure
plant compounds induced on HeLa cells. BI6F10 murine melanoma cells is well-
known high aggressive and drug-resistant phenotype. The effects of this investiga-
tion on various tumor cell lines can be different. Chemical and structural modifica-
tions of ND surfaces could influence biological effects of transported molecules, in
particular, plasma reduced NDs enhanced ciproten and quercetin bioactivity while
chemical reduced and oxidized NDs just intensified, respectively in that order, quer-
cetin and ciproten.

Dipeptide (phe-lys) is cathepsin B sensitive peptide. Cathepsin B is localized
in lysosomes and overexpressed in various malignant tumors [84]. Conjugating the
dipeptide to DOX, followed by loading on the NDs, would produce higher tumor
cellular uptake. The adsorption capacity was found to be 190 mg/g at pH 7.0 while
it decreased to 170 and 130 mg/g at pH 5.0 and 3.0, respectively. Higher the concen-
tration of NaCl is, the lower the adsorption capacity of NDs exhibits.

Cancer therapies can fail due to increases in activity of cellular efflux mecha-
nisms. Higher levels of chemotherapeutic efflux lead to reductions in intracellular
drug concentration and subsequent progression of drug insensitivity. Multidrug re-
sistance (MDR) is a type of resistance to a wide spectrum of cancer therapeutics that
develops after exposure to only a single drug. Overexpression of these transporters
has also been correlated with more aggressive phenotypes of cancer and malignant
progression, such as cell migration and invasion. Overcoming MDR is a serious
problem that confronts many cancer therapies. Methods that utilize nanoparticles
such as NDs as drug delivery vehicles may be useful toward developing a nonspe-
cific strategy to bypass efflux mechanisms in MDR. Nanoparticles are able to shut-
tle their cargo into cells through different pathways, primarily endocytosis, which
can bypass transport proteins and significantly improve drug efficacy by increasing
intracellular drug concentration. Resistant K562 cells were able to overcome treat-
ment from daunorubicin (DNR) alone as compared with non-resistant K562 cells,
NDs were able to improve DNR delivery into resistant K562 cells [85]. NDs/DNR
conjugates resulted in significantly better performance over DNR in killing resistant
K562 cells. The IC,, of K562/DNR dropped three fold with treatment from NDs/
DNR.

The targeting RGD peptide and Pt-based drug were immobilized on the PG
functionalized ND, producing the novel DDS (ND-PG-RGD-Pt). In contrast, they
synthesized ND-PG-RGD, ND-PG-Pt. The ND was covalently functionalized by
ring-opening polymerization of glycidol. The ND-PG showed very good solubility
(>20 mg/mL) and stability in water. The resulting ND-PG-RGD-Pt was produced
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through click chemistry and ligand exchange under a slightly basic condition [86].
The fND, fND-PG, and fND-PG-RGD all showed good biocompatibility in the
U87MG and HeLa cells even at 400 pg/mL for 24 h. The uptake of fND in U§7MG
and HeLa was concentration dependent. The fND—PG did not show significant up-
take even at the highest concentration of 200 pg/mL for 24 h. The {ND-PG-RGD
uptake was dose-dependent in US7MG, but was not observed in HeLa even at the
maximal concentration. They found that fND-PG-RGD localized in the lysosomes
by fluorescence microscopy. The Pt release from the ND-PG—Pt was acid respon-
sive and release rate was 57 and 30 pg/h in first stage (0—12 h) at the pH of 5.0 and
7.4, respectively. The Pt release rates followed the first-order kinetics and the rate
constants were 2.9x 1073 and 1.7x 1073 h™! in second stage (12-98 h) at the pH of
5.0 and 7.4, respectively. Compared with ND-PG-Pt showing 95% cell viability
in both cells, the cell viability treated with ND-PG-RGD-Pt was 35 and 95% in
US87MG and in HeLa, respectively, suggesting the targeting effect of RGD as well
as the stealth effect of PG.

The stable ND-drug complex based on epirubicin adsorbed in basic solution was
designed to kill chemoresistant hepatic cancer stem cells [87]. The ATP binding
cassette (ABC) transporter proteins can recognize and efflux drug molecules and re-
sulted in chemoresistance of cancer stem cells. Nanomedical approaches can over-
come this mechanism of chemoresistance. The epirubicin can be reversibly bound
onto the NDs by physical adsorption. The 19.66+0.2% loading efficiency was
achieved. The epirubicin release from epirubicin—ND drug complex (EPND) was
pH dependent in aqueous solution. The cumulative release of epirubicin was >80 %
within 9 h at pH 2, while was lowered to 10% at pH 10 and pH 12. In addition, the
epirubicin release was also protein concentration dependent. High concentration
of fetal bovine serum could facilitate the release of epirubicin. The mechanism of
EPND uptake is macropinocytosis as confirmed by treating cells with 5-( N-ethyl-N-
isopropyl) amiloride, the inhibitor of macropinocytosis using LT2-MYC, a cell line
derived from liver tumors of Teto-MYC/LAP-tTA (LT2-MYC) mice. Compared
with free epirubicin, EPND showed high amount of intracellular epirubicin in pe-
riod of efflux of 12 h. The half maximal inhibitory concentration (IC;,) values of
epirubicin and EPND was16 nM and 450 nM, respectively, suggesting the slow and
sustained release of epirubicin from EPND. The tumor-bearing mice were treated
with either epirubicin (5 mg/kg) or EPND (5 mg/kg epirubicin equivalent) or con-
trols over a 12-day period and showed that decrease in the side population percent-
age compared to the increase in the percentage of side population cell treated with
free epirubicin. The dosages of epirubicin caused obviouse decrease in bodyweight
and acute death, while equivalent concentration of EPND resulted in no difference
compared to PBS control.

The DDS based on NDs (ND)-mediated drug retention in chemoresistant breast
cancer cells was developed [88]. The mitoxantrone can be reversibly bond and
released from NDs surface. The loading capacity of mitoxantrone on NDs was
87.2+8.51% as confirmed by UV—visible spectroscopy. The average size of ag-
glomerates was 23.3+£0.09 and 54.6+£0.29 nm of NDs and ND-mitoxantrone,
respectively. The 7.3+3.2 and 2.5+2.4% cumulative release of mitoxantrone
from the ND-mitoxantrone conjugate was achieved at pH 10 and pH 12 in 6 h,



2 Carbon Nanomaterials for Drug Delivery 73

respectively compared with 19+3.8 % cumulative release at pH 7 and 37.5+4.1%
cumulative release at pH 4 within 6 h. The 54.8+4.3% of mitoxantrone was re-
leased in 6 h in acidic conditions of pH 2. The 80.3+0.33 % (80 pg of mitoxantrone)
and 62.0+1.30% (62 ng of mitoxantrone) cumulative release of mitoxantrone was
obtained in 1:1 and 1:10 of Dulbecco’s modified Eagle medium (DMEM; 50 %
FBS)/PBS media over 3 weeks, respectively. The breast cancer cell MDA-MB-
231-ABCG2 cells (mitoxantrone IC;,, 38 nM) showed almost twofold more resis-
tant to mitoxantrone compared to normal MDA-MB-231 cells (mitoxantrone IC,,
20.1 nM), due to increase of ABCG2 expression, while ND-mitoxantrone showed
a 6.4-fold decrease in IC, in MDA-MB-231-ABCG2 cells (ND-mitoxantrone IC,,,
78.2 nM) compared with ND-mitoxantrone treated with normal MDA-MB-231
cells (ND-mitoxantrone IC,,, 503 nM). It was found that ND as drug vehicles sig-
nificantly improved mitoxantrone retention. The ND-mitoxantrone exhibited higher
drug retention efficiency (35+9.6%) than mitoxantrone (14+4.8%) in 6 h. The
ND-mitoxantrone and mitoxantrone showed 39+5.4 and 6+1.9% retention effi-
ciency after 24 h, respectively.

Wei et al. [89] reported the polyPEGylated functionalized ND (ND—polyPEG-
MA) prepared by surface-initiated ATRP using ND-Br as the initiator, PEGMA, .
as monomer and Cu(Br)/N, N,N" N",N"-pentamethyl diethylenetriamine (PMDE-
TA) as the catalyst/ligand. It was found that the molecular weight of ND—polyPEG-
MA related to the polymerization time. The ND—polyPEGMA showed improved
dispersion compared with unmodified ND in PBS, and no obviously difference was
observed in H,O. The cells incubated with 20 pg mL™' ND—polyPEGMA for 24 h
showed no significant cell morphology change, and the cells morphology is still
normal even concentration of ND at 80 pug mL™". The cell viability of A549 cells
incubated with pristine ND and ND—polyPEGMA still over 90 % even at the con-
centrations of 160 pg mL™! in 24 h. The DOX-loading efficiency is 65% (W/W).
The 60 % cumulative release of DOX from the ND—polyPEGMA was achieved in
first 20 h. The cell viability against polyPEG-ND-DOX is dosage dependent.

Dean Ho et al. designed multimodal ND (ND)-based DDS for selective targeting,
imaging and enhanced therapy [90]. The epidermal growth factor receptor (EGFR)
was overexpressed in over one third of all solid tumors, including breast, lung,
colorectal, and brain cancers. The NDs functionalized with anti-EGFR mAbs was
designed as increase internalization and delivery of anticancer agents into EGFR
overexpressing cells. The multimodal ND conjugate was prepared by three steps: (i)
ND surface was functionalized with the hetero-bifunctional cross-linker sulfosuc-
cinimidyl 6-(3" -[2-pyridyldithio]propionamido)hexanoate (sulfo-LC-SPDP); (ii) the
PTX-DNA was synthesized by amine coupling chemistry between the PTX and the
oligonucleotide strand; (iii) the resulting PTX-DNA/mAb@NDs was obtained by
simultaneous linking thiolated PTX-DNA and mAbs with SPDP functionalized NDs.

Compared with 2.2+0.4 nmol of PTX and 53.5+2.1 pug of mAb per mg of
PTX-DNA/mAb@ND, the loading capacity of PTX was 3.1+£0.7 nmol per mg
of PTX-DNA@ND. The basal EGFR expressing MCF7 and EGFR overexpress-
ing MDA-MB-231 cells were used as contrast. The similar fluorescence intensity
was observed by MCF7 cells treated with PTX-DNA@ND and PTX-DNA/mAb@
ND, respectively, even in the presence of competitive agent EGF, indicating the
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nearly equivalent internalization. The MDA-MB-231 cells treated with PTX-DNA/
mAb@ND showed significantly higher fluorescence than that of PTX-DNA@
ND, meanwhile the free EGF inhibited internalization of PTX-DNA/mAb@ND,
suggesting receptor-mediated endocytosis. It was found that the ND conjugates
mainly localized into lysosomes using confocal microscopy. The cell viability in-
cubated with PTX-DNA@NDs and PTX-DNA/mAb@NDs was dosage dependent
in MCF7 and MDA-MB-231 cells, respectively. The IC, of PTX-DNA@NDs and
PTX-DNA/mAb@NDs was 24.1 nM and 17.7 nM in MCF7 cells, respectively.
As sharp contrast, PTX-DNA/mAb@NDs(IC,, 43.8 nM) showed almost two fold
efficacy compared with PTX-DNA@NDs (IC, 83.3 nM) in MDA-MB-231 cells.

The NDs surface coated DOX was achieved by immersing the NDs in a DOX
aqueous solution, and the 95.7% loading efficiency and 23.9 wt% loading capac-
ity were obtained [91] The release of DOX from the ND-DOX is pH-triggered.
Compared with 1.6 % (pH 8), 77 % of the cumulative release of DOX was achieved
at pH 4 after 4 h, while the 81% (pH 4) and 2.7% (pH 8) of cumulative release
of DOX was showed in 72 h. The cell viability of PC3 (human bone metastatic
hormone-refractory prostate cancer) treated with 100 pg mL™' ND in cell culture
media with and without serum was 95 and 6 % in 24 h, respectively, indicated that
ND exhibited good biocompatibility in media containing serum. It observed that
ND-DOX with 2.4 ug mL™' DOX incubation with PC3 cells showed significantly
cytotoxicity than free DOX at same dose in 24 and 48 h, respectively. The ND-DOX
with 1.2 pg mL™! DOX showed 42 % cell death was comparable to that of cells
treated with 2.4 ug mL™! free DOX (40 % cell death). The superior efficacy of ND—
DOX compared to free DOX was further confirmed by fluorescence microscopy, as
shown in Fig. 2.27.

2.6 Conclusion

In this chapter, we summarized recent development of functionalized carbon-based
nanomaterials (including of GO, CNTs, CNHs, and NDs) as intelligent drug carriers
for the delivery of anticancer drugs and non anticancer drugs in vitro and in vivo.
The carbon-based nanomaterials attracted the interesting of scientific workers
due to the EPR effect. We systematically reviewed biocompatibility, drug-loading
capacity and loading efficiency of modified GO, CNTs, CNHs, and NDs in aque-
ous solution by covalent and noncovalent manners, and drug release amounts of
functionalized carbon-based nanomaterials in different pH (from the acidic to basic
solution) value was also evaluated. The drug efficacy of complex and free drugs
was detailed studied in vitro and in vivo. This chapter concerns of different cell
lines including of human breast cancer cells, human melanoma cells, murine breast
cancer cells, gastric cancer stem cells, cervical cancer cells, human hepatic cancer
cells, glioma cancer cells, prostate cancer, and so on. The functionalized carbon-
based nanomaterials loaded with anticancer drugs showed super cytotoxicity than
free drugs at same dose incubation with cancer cells, but good biocompatibility for
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200 pm,

Fig. 2.27 Live/dead assay of PC3 cell viability after 48 h exposure to a no treatment, b 5 pg mL"!
ND, ¢ 10 ug mL! ND, d ND-DOX with 1.2 ug mL"! DOX e 2.4 pg mL"! free DOX, and f ND-
DOX with 2.4 pg mL!' DOX. ND-DOX with 1.2 pg mL!' DOX displayed decreased cell viability
comparable to that of cells treated with 2.4 pg mL™! free DOX. Live cells are represented in green,
and dead cells are presented in red. Images are 10 x magnification

the normal cells. Thus, carbon-based nanomaterials have great potential as DDS for
the scientific research and clinic applications.
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Chapter 3

Cytotoxicity, Drug Delivery, and Photothermal
Therapy of Functionalized Carbon
Nanomaterials

Ye Wang, Jingquan Liu, Liang Cui and Dusan Losic

3.1 Introduction

The majority of pharmaceutical development and medical research in the past 50
years has been focused on the development of new drugs, which are applied by
systemic drug delivery (DD) administration (oral and intravenous). However, the
systemic DD has many disadvantages such as limited drug solubility, degradation,
poor biodistribution, lack of selectivity, unfavorable pharmacokinetics, toxicity,
and unwanted side effects [1, 2]. To address these problems, considerable research
has been directed towards the development of new and more efficient DD systems
(DDSs) [3]. A new discipline called nanomedicine based on biomedical research
and nanotechnology has emerged that is expected to revolutionize medical treat-
ment using new nanomaterials and advanced DDSs [4, 5].

The concept of nanomedicine is to utilise nano-sized drug carrier, so-called
nanoparticles (NPs) to load drug molecules and selectively release drug into diseased
tissues. These synthetic NPs with the size-range from 1 to 100nm can deliver thera-
peutic molecules much more efficiently than passively diffused chemical molecules
[6, 7]. The most attractive feature of these nano-based drug carriers is their reduced
off-target toxicity and enhanced DD owing to the enhanced permeability and reten-
tion (EPR) effect. Other advantages include improved drug-targeting capabilities,
drug circulation times, controlled drug release kinetics, and superior dose scheduling
for improved patient compliance which highlight their great potential for their clini-
cal applications [8]. So far, more than 40 nanomaterial-based products have been
approved by the Food and Drug Administration for clinical use, and the number of
clinical trails and patents of nanomedicine increased dramatically recent years [9].
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Thus far, numerous nanomaterial-based drug delivery systems have been developed,
including liposomes, polymers, metal / metal oxide and carbon nanomaterials. Carbon
nanomaterials (CNMs) are formed by allotropes of carbon at nanoscale which mainly
composed of carbon and oxygen atoms. CNMs have generated great research interest
on drug delivery due to their unique physiochemical properties. They have emerged as
the most extensively explored nanomaterials, providing many advantages compared to
polymer and inorganic NPs and exciting opportunities for their biomedical applications
including DD [10]. To this end, the following CNMs have been explored so far: carbon
nanotubes (CNTs), graphene, graphene oxide (GO) fullerenes, carbon nanohorns, and
nano-diamonds. The scheme of these structures is presented in Fig. 3.1.

Graphene is a single layer of sp? carbon atoms densely packed into a benzene
ring structure. Graphene can be described as the fundamental building block of all
these graphitic forms and geometries, which can be wrapped into spherical struc-
tures (0D fullerenes), rolled into 1D structure (CNTs), or stacked into 3D layered
structure (graphite) [11, 12]. Due to its unique structure and geometry, graphene
possesses remarkable physical-chemical properties including high Young’s modu-
lus, excellent electrical and thermal conductivity, and ultra-large specific surface
area, and biocompatibility [13, 14]. These properties enable graphene to be con-
sidered as an ideal material for very broad applications [11, 14, 16, 129, 130, 134].

2-D (Grpahene)

0-D (fullerenes) 1-D (Nano-lubes) 3-D (Grpahite)

Fig. 3.1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials
with other dimensions including 0D (fullerenes), 1D (carbon nanotubes), and 3D (graphite) [12]
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CNTs are formed by the rolling up of graphene sheets (GSs) [17, 18], while the
tips of CNTs are reminiscent of the structure of a fullerene hemisphere [19]. CNTs
can be classified into single-walled CNT (SWCNT) and multiwall CNT (MWCNT).
The diameter of SWCNTs is typically in the range of 0.4-2.0 nm in diameter, while
for MWCNT the diameter is larger and can reach to more than 100 nm. The length
of CNTs can also variously range from nanometers to centimeters [18].

Many synthetic approaches were developed for synthesis of CNTs where the
chemical vapor deposition (CVD) is the dominant method because this method is
easy to scale up and can provide controllable conditions for nanotube synthesis [18,
20]. Since the beginning of widespread CNTs research in the early 1990s, CNT-
related commercial activity has grown substantially during the past decades [21].
From 2004, graphene, a new star was born that surged fresh and enormous research
interests on CNMs for biomedical applications. Several methods for graphene syn-
thesis have been introduced, mainly based on mechanical/chemical exfoliation from
graphite which could produce scalable amount of GO [22].

The CNMs have attracted enormous attention as nanocarriers for DD applica-
tions and the development of new and promising DD concepts. However, the ap-
plications of CNMs for DD are still under development and depend on conclusive
proof of their safe use and biocompatibility. The CNTs with their thin and elongated
shape, remain fibrous-like toxic particles similar to asbestos particles, and their la-
tent toxicity raised many concerns and conflicting debates [23]. Although graphene
and GO have different (planar) morphology, they were found to be thrombogenic
in mouse and evoked strong aggregatory response in human platelets, which ques-
tioned their biocompatibility [24]. However, an increasing number of studies have
shown that the cell toxicity of CNMs is strongly related to their size (length and
diameter) surface charge, surface chemistry, agglomeration, and purity [80]. Thus,
there is a strong indication that their biocompatibility can be greatly improved by
controlling these parameters, and that chemically modified CNMs can be consid-
ered as safe, nontoxic, and biocompatible materials [25-27].

In this chapter, we presented recent advances and developments of CNMs as
nanocarriers for DD and photo-thermal therapy. First, we compiled the recent re-
search progress on surface modifications and toxicological properties of CNMs.
Second, we showed important concepts and examples of CNMs-based DD applica-
tions such as delivering different therapeutics (e.g. chemotherapeutic drugs, genes,
proteins etc.) and photo-thermal therapy. Finally, we conclude this chapter with a
summary of challenges and prospective over the future regarding to the CNMs-
based DD research.

3.2 Carbon Nanomaterials as Nanocarriers for Drug
Delivery: Concepts and Challenges

Compared to other drug nanocarriers, both CNTs and graphene possess several
unique properties relevant to their DD and biological applications which include hol-
low and planar structure with ultrahigh surface area of >1000 m?/g and 2600 m?/g,
respectively. This enormous surface area provides the space for loading very large
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Fig. 3.2 Scheme of carbon nanomaterials (CNMs) including carbon nanotubes (CNTs), graphene,
and graphene oxide (GO) for drug delivery of various therapeutics. SWCNT single-wall carbon
nanotube, MWCNT multiwall carbon nanotube

amount of drug molecules that is not possible to achieve by other nanocarriers. This
feature provides a great potential for CNMs to be applied for systemic targeting
and local DD systems for many medical therapies, including chemotherapy. The
scheme of CNTs, GO, and graphene as nanotherapeutic DD platform to carry differ-
ent therapeutics from small drug molecules, antibodies, DNA, proteins, and genes
is presented Fig. 3.2.

One of the key advantages of CNTs and graphene as drug nanocarriers, espe-
cially for cancer therapy, is their capability to evade the endosomal compartment
and translocate directly into the cytoplasm of different types of cancer cells. Com-
pared to other nanomaterials, they can provide considerable higher drug loading
for a number of therapeutic molecules and deliver them directly into the cells. Both
the CNTs and graphene have intrinsic physical properties which permit efficient
electromagnetic stimulation including near-infra red (NIR) fluorescence, Raman,
and photoacoustic scattering that could facilitate their tracing using various imag-
ing strategies and used for photothermal therapy [28]. Recent in vitro and in vivo
studies have highlighted their outstanding potential for cancer therapy demonstrat-
ing that CNMs were able to more successfully halt tumor growth in comparison
to various therapeutic modalities including chemotherapy, hypothermia, and gene
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silencing macromolecular and biomarker, thus providing a versatile platform to tai-
lor the material for specific DD applications, including targeting DD [25, 26]. When
combined with other materials such as polymers, quantum dots, gold, and magnetic
NPs, CNM composites become a multifunctional platform for cancer diagnosis
and on-demand DD [29]. These multifunctional DD systems generally consist of
several parts including functionalized CNMs, tumor-targeting ligands, anticancer
drugs, and bioimaging probe [30]. The concept has been further supported using
different anticancer drugs (i.e., doxorubicin—DOX, paclitaxel, Pt complex immune
therapeutics, and RNA).

The method of targeted delivery therapeutics to specific tissues using CNMs has
a significant advantage compared to traditional administration, since it proves a vi-
able approach to reduce side effects and improve efficacy [31]. The early works in
this area, such as Doxil®, utilize the method of passive targeting approach, or the
so-called EPR effect. This report on the EPR effect showed that the accumulation of
anti-cancer protein at a tumor site is caused by the enhanced permeability in tumors
due to the abnormal blood vessels and lymphatic drainage. [32]. Such angiogenic
blood vessel gaps, as large as 600 nm between adjacent endothelial cells, allow
nanoparticles to preferentially accumulate in tumors rather than spread into healthy
tissues. In addition, it was found by other groups that blood vessels gaps, as large
as 600-800 nm abnormal blood vascular can increase both the geometric resistance
and viscous resistance of blood flow, which significantly lower the average veloc-
ity of red blood cell in tumor than that in normal cells [8]. The EPR effect provides
several benefits when compared to free diffusion of drug molecules into tumor tis-
sues. However, as a passive targeting method, it also faces some challenges: the
EPR effect is highly dependent on tumor type and age, which means EPR is limited
to specific stages and type of tumor [31]. Besides, the longer circulation times of
drug-loaded particles, for example, PEGylated liposomal DOX, are associated with
several adverse effects, such as stomatitis and palmar—plantar erythrodysesthesia
[8]. Therefore, the heterogeneous properties of tumor and EPR effect require us to
develop an alternative DD system to enhance the efficiency of targeting drugs by
nanocarriers.

Another milestone in cancer therapy is the founding of cellular pH gradient in
tumor versus normal tissue [33]. Tumor cells use glycolysis to obtain extra en-
ergy, which result in a relative acidic environment compared with normal cells. This
characteristic of tumor cells provides a strong rationale for designing efficient drugs
as a function of their pK and the cellular pH gradient. Based on this mechanism,
several new concepts using CNTs and graphene loaded with anticancer drugs were
developed showing drug release automatically at the tumor site where the pH is
lower than normal cells.

A more promising way to provide specific DD in cancer therapy is to use an
active drug targeting. The concept of this system is that drug vehicles containing
specific ligands and monoclonal antibody can transport drugs to the cancer location
or cross the biological barrier by a specific molecular recognition process (Fig. 3.3).
The internalization of the CNM conjugates usually occurs via receptor-mediated
endocytosis. The following step is the formation of endosome by invaginating plas-
ma membrane to envelope the complex of the receptors and CNTs. Subsequently,
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Golgi apparatus

Fig. 3.3 CNT-based tumor-targeted drug delivery system: CNTs, drug, and tumor-targeting
ligand. CNT carbon nanotube

newly formed endosomes are transferred to target organelles, and the drug mole-
cules are released by increasing pH or the so-called proton sponge hypothesis [135].
Released drugs are then trafficked by their target organelle. Meanwhile, the receptor
released from the conjugate returns to the cell membrane to start a second round of
transport [5].

To increase the specificity, the corresponding antigen or receptor should be ex-
pressed exclusively on all tumor cells while not appearing on normal tissues. For
example, the folate receptor is overexpressed on a tumor cell to increase the nu-
tritional uptake, and thus folate is widely used as the homing molecule. But fo-
late is also supplied by food, which might compete with ligand on nanocarriers
[5]. To date, tumor-associated biomarkers, such as transferring receptors, growth
factors, and other overexpressed characteristic protein, have already been used for
developing DDSs [34]. For example, the arginine—glycine—aspartic acid (RGD)
peptide-conjugated magnetic NP as well as CNT composites (have been designed
for targeting integrin avp3-positive U87MG cells [35, 36].

Due to the molecular complexity and defense mechanism of a disease, the use
single therapeutic agent capable of only hitting a single target is not adequate. The
concept called “combination therapy” described as the simultancous administra-
tion of two or more pharmacologically active agents with different mechanism of
reactions is recently recognized as a more efficient approach for disease treatment.
CNTs, graphene, and GO owing to intrinsic physical properties and high surface
offer many advantages to use this strategy to load several different drugs and recep-
tors and therefore used for the development of multifunctional DD platform for
combined therapy including bioimaging [30]. The new concept of multifunctional
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Fig. 3.4 Functionalization of CNTs with drug targeting and bioimaging molecules by combined
covalent and non-covalent functionalization towards designing advanced and multifunctional
CNM drug delivery systems. a The immobilization of drug molecules on the external surface of
the CNT and b the loading of drug molecules, bioprobes, and releasing of magnetic NPs inside
nanotubes [30]

CNM drug nanocarriers is schematically presented in Fig. 3.4 where CNTs are used
as a model, but the concept can be applied for both graphene and GO. The multi-
functional DDS can be composed of several drugs to provide different therapies,
including antibodies for specific cell targeting and fluoroprobe (i.e., quantum dots)
for tracking the nanocarrier inside the cell or body. The CNM drug carrier with
and without fluoroprobe can also be used as a potential cancer biomarker sensing
combined with biomedical imaging in addition to cancer-selective DD. The com-
bined therapy concept is particularly promising in cancer treatment where different
therapeutic approaches are important to improve efficacy with reduced dosage and
side effects.

In summary, the designing of CNT, graphene, and GO for DD applications re-
quires addressing many of the previously discussed issues. The first is to make
optimal structural and surface functionalization for building an efficient nanocarrier
with desired drug-loading capacity and optimized biocompatibility. The second is
to improve the biocompatibility of CNM, which is essential for the development
of DDS for preclinical and clinical studies. The third is to design advanced DDS
with targeting DD capability to release one or several drugs in a controllable way
with optimized dosage at specific site required for successful therapy. A significant
progress towards addressing these issues and the development of advanced DDSs,
including in vitro and in vivo studies, have been witnessed in the past several years.

3.3 Functionalization of Carbon Nanomaterials

The main issue for the application of CNMs for DDS is their limited solubility and
dispersion in aqueous solutions. This is particularly critical for CNTs and graphene
which are highly hydrophobic and do not have oxygen-containing hydrophilic
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Table 3.1 Examples of typical covalent and non-covalent functionalization of CNT, graphene,
and GO used for their drug delivery applications

Methods Methods or mechanisms References
Covalent Polyethylene glycol (PEG) [36, 39, 40]
Polyacrylic acid (PAA) [41, 42]
Poly-L-lysine (PLL) [43]
Poly (vinyl alcohol) (PVA) [44]
Polyethylenimine (PEI) [45—-47]
Poly(N-isopropylacrylamide) (PNIPAM) [48]
Polysebacic anhydride (PSA) [49]
Chitosan [50-52]
Gelatin [53]
Fe,0, [35]
Folic acid (FA) [54, 55]
Non-covalent n—7 stacking interaction [56, 57]
Van der Waals force [58,59]
Electrostatic [60, 61]
Hydrogen bonding [58, 62—-64]
Coordination bonding [65]

groups important for dispersion in water solution. In addition to the solubility, it
is well known that the surface chemistry of these nanomaterials is the key to build
the drug carriers with improved biocompatibility, lower toxicity, and controlled
behaviors in biological systems. Thus, the surface functionalization of CNMs is
essential for their DD and biomedical applications. Two general methods for the
functionalization of CNMs were developed including the non-covalent immobili-
zations with amphiphilic molecules and the covalent functionalization by grafting
various chemical groups [18, 37, 38]. These approaches were initially developed
and explored for surface modification of CNTs and then applied for the function-
alization of graphene and GO since their discovery in 2004. Most important ex-
amples of functionalization of CNMs used for DD applications are summarized in
the Table 3.1. These modifications were used not only to improve physical proper-
ties of CNTs and graphene such as solubility and enhanced transport in biological
system but also improve their biocompatibility, bioavailability, drug loading, and
drug-releasing performances.

3.3.1 Covalent Functionalization

Numerous methods for covalent functionalization of CNMs was explored and
extensively reviewed in literature [19]. They can be classified into two main ap-
proaches based on the defect-group chemistry, which utilizes the existing or intro-
duced reactive oxygen-containing group in the area having the defect, and direct
functionalization based on highly reactive reagents for addition reaction.
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The most popular, defect-group chemistry uses strong oxidizing agents, for ex-
ample, concentrated nitric acid [66] and ozone oxidation [136], to introduce ox-
ygen-containing groups on the sidewall, open ends, as well as the defected sites.
Based on this method, long-chain alkylamines can be coupled to carboxyl groups
activated with thionyl chloride (SOCl,) [37]. This approach has been successfully
used for the modification of GO sheets with covalent attachment alkylamines using
the solvothermal process [67, 68]. Amine-containing polymer, such as polyethylene
glycol (PEG), poly (vinyl alcohol) (PVA), Polyethylenimine (PEI), and Poly (N-
isopropylacrylamide) (PNIPAM) have also been grafted onto GO sheets and oxi-
dized CNT [38] through covalent methods to increase their biocompatibility. Simi-
larly, grafting of small molecules, such as peptides onto CNTs and GO surface, has
been achieved by using SOCI, through formation of a covalent (amide linkage) with
amino functional groups [54, 55]. In addition, Zhang et al. functionalized GO sheets
with sulfonic acid groups (SO,H), followed by a covalent grafting of folic acid
(FA) molecules [54]. The FA-conjugated GO (FA-GO) could be well dispersed and
maintained stable for several months in D-Hanks buffer, a physiological solution.

The direct sidewall functionalization with organic groups is possible by reactive
species such as nitrenes, carbenes, and radicals [37]. For example, the thermal reac-
tion of azidoformates at 160 degree leads to nitrogen extrusion and subsequently
forms alkoxycarbonylaziridino-modified CNTs. It was also shown that the diazoni-
um salts of para-nitroaniline can be grafted into the graphene surface for preparing
organosoluble graphene [69, 70]. Another method is based on 1,3-dipolar cycload-
dition reaction, or the so-called Prato reaction, which can introduce methotrexate
group on the aromatic sidewall instead of nanotube ends and defects [71]. By this
protocol, Kostarelos et al. explored a number of cases to study the CNTs cell toxic-
ity, cell uptake, as well as delivering plasmid DNA, antibody, peptide into the cells
[72-74].

3.3.2 Noncovalent Functionalization

Noncovalent modifications have been extensively used for the modifications of all
CNMs based on van der Waals force, electrostatic interaction, hydrogen bonding,
coordination bonds, and n—r stacking interaction of binding molecules and graphit-
ic surface [19]. Non-covalent functionalization can be achieved by polymer wrap-
ping, adsorption of surfactants or small molecules, and interactions with porphyrins
or biomolecules such as DNA and peptides. These methods were well explored for
the surface modification of carbon sp? materials, initially on CNTs and later applied
to graphene and GO.

In the case of CNTs, Dai et al. developed a method to use PEGylated phospholip-
ids as coating material, enabling to make them highly soluble and stable in various
biological solutions including serum [75, 76]. Biopolymers, such as nucleic acid and
chitosan, were proved as flexible and simple approach for surface functionalization
of CNTs. Ming et al. found that synthesized single-stranded DNA (ssDNA) can form
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Fig. 3.5 Non-covalent modifications of CNTs, graphene, and GO using n—n stacking interaction
for drug delivery applications. a proteins anchored on the SWCNT via pyrene n—n stacked on a
nanotube surface [138]. b A SWCNT modified with single-stranded DNA by n—n stacking [78].
¢ the synthesis of GO—PEI-DNA complexes via a layer-by-layer (LBL) assembly process, which
include the step of non-covalent functionalization by PEI polymers forming positively charged
GO-PEI complexes followed by electrostatic assembly charged DNA molecules on the GO-PEI
complexes. d Synthesis of 1/2/DOX/GO from graphene oxide, DOX, adamantine-modified por-
phyrin, and folic acid-modified cyclodextrin. GO graphene oxide, PEI polyethylenimine, DOX
doxyrubicin, pDNA plasmid DNA [61].

n— stacking interactions with the sidewall of CNTs. The DNA binding to CNTs is
extremely effective and facile, because the surface chemistry of CNT can be easily
controlled by modifying the sequence and length of DNA [133, 137] (Fig. 3.5).

In the case of GO and graphene, it was found that organic molecules and poly-
mers with pyrene functional groups can easily make n—r stacking interaction with
graphene. Stankovich et al. have reported the first example of non-covalent func-
tionalization of graphitic nanoplatelets using poly (sodium 4-styrenesulphonate) or
PSS [77]. Feng et al. functionalized GO with PEI polymers through non-covalent
electrostatic interactions, yielding GO—PEI complex with strong positive charges,
high stability in physiological solutions, and reduced cytotoxicity to cells [60]. The
synthesis of GO—PEI-DNA hybrids via a layer-by-layer (LBL) assembly of DNA
was also proved by this method [133, 137] (Fig. 3.5).

The large m-conjugated structure, abundant structural defects on CNMs, and
presence of oxygen functional groups are also advantageous to perform attachments
with NPs. NPs including Au, Ag, Pd, Pt, Ni, Cu, TiO,, ZnO, MnO,, Co,0,, and

3
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Fe,O, have been successfully incorporated with CNTs, graphene, and GO for their
DD applications [58, 63, 64]. These CNM/NP composites have attracted substantial
attention owing to their interesting magnetic and optical properties and capability
to combine DD, with bioimaging, biosensing, and external stimulus DD approach
(Fig. 3.4).

3.4 Cell Toxicity and Biocompatibility of CNMs

3.4.1 Cell Toxicity and Biocompatibility of Carbon
Nanotubes

The distinctive properties of CNTs based on their extremely small size, large surface
area, rigid structure, cylindrical rod-like shape, and chemical composition raised
some concern about their biosafety due to their unique interactions with biological
systems. The fundamentals of the toxicity of synthetic nanomaterials in general
are still not well understood. However, it is widely accepted that the toxicity of
these materials depend on many parameters including particle size and distribu-
tion, shape, impurities, degree of nanomaterial aggregation or agglomeration under
the experimental conditions, surface chemistry, surface area, morphology, surface
charge, reactivity, crystal structure, and persistence. The changing of these param-
eters can dramatically influence the toxicity of CNTs on the cells, so their toxicity
cannot be generalized.

Considering the length and shape, the CNTs have a thin and long fiber-like shape,
which has an aspect ratio (length/diameter) greater than three. Thus, the CNTs might
be suitable to fit the “fiber toxicological paradigm” according to the World Health
Organization (WHO) criteria used to describe the toxicity of asbestos fibers [23].
Early studies showed that the pharyngeal aspiration of micrometer-scale SWCNTs
can induce a robust acute inflammatory reaction and the formation of granulomas in
C57BL/6 mice, which is similar to a fibrogenic response [79]. Another pilot study
demonstrates that carcinogenicity of CNTs and fiber amosite result from exposure
to long (>20 um), but not short (<5-10 um) and low-aspect radio-tangled nanotube
aggregates [80]. This suggests that the increased risk of cell toxicity, when exposed
to CNTs and fibers for a longer time, is presumably because macrophages can-
not completely overcome longer fibers. The scheme of this process is presented in
Fig. 3.6. Their later study reports that the “frustrated phagocytosis” has a dramatic
influence on the sustained generation of reactive oxygen species (ROS), which in
turn contribute to the secretion of inflammatory mediators [139]. In contrast, the
CNTs with short length can facilitate the cell uptake and thus cause stronger inflam-
matory response.

Impurity of CNT material, especially catalyst metal contaminants such as Fe,
Ni, Mo, and Co, was found to be another important factor leading to their toxicity.
The transition metals are widely used during CNT production by the CVD process
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Incomplete phagocytosis

Fig. 3.6 The effect of CNT structure on phagocytosis by macrophages and clearing from tissues.
Whereas macrophages can engulf MWNTs with a low-aspect ratio before their clearance by drain-
ing lymph vessels, MWNTs with a high-aspect ratio cannot be cleared and accumulate in tissues,
where they promote carcinogenesis. MWNT multiwalled nanotube [80]

since they serve as the seeds for the growth of CNTs [18, 81]. Although the amount
of catalyst can be largely reduced through a purification process, it is impossible
to entirely remove these metal impurities, because some particles are enclosed by
graphitic shells. The use of CNTs from different sources and impurities was the
main reason to have many conflicting results in literature on their toxicity reported
by different groups. These metal NP, when released to cell culture or human body,
can induce oxidative stress by generating reactive oxygen species (ROS) into in-
tracellular environment [82]. It has been found that the metal NP can cross cell
membrane and therefore are able to catalyze one-electron reactions including some
physiologically relevant reductants, such as ascorbate, thiol compounds, can reduce
ferric iron to its ferrous form, which has the capacity to reduce oxygen to superox-
ide radical and further generate H,0, and OH radicals [83]. These ROS, including
free radicals, Hzoz, and superoxide anions are known to enhance oxidative stress,
induce inflammatory responses, and DNA damage [23, 132]. The scheme of the
mechanism of how CNTs and their impurities (metal NPs) can induce cell damage
is presented in Fig. 3.7.

Another important factor that influence the cytotoxicity of CNTs is their sur-
face chemistry. The behaviors of CNTs in biological systems in vitro and in vivo
are highly dependent on the surface chemistry. On one hand, the surface modifica-
tion can significantly change the CNT solubility in water, organic solution, and
biological environment. On the other hand, the cell uptake process of CNTs is in-
fluenced by the particle size and the surface chemistry. It has been reported that
CNTs, functionalized by protein, polymer, oxidation, or wrapped by DNA, are able
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Carbon
Nanolubas

Fig. 3.7 The mechanisms by which CNTs induce cell damage and inflammation [23]. ROS reac-
tive oxygen species, /L interleukin, TNF-o tumor necrosis factor, DNA deoxyribonucleic acid,

to be engulfed by cells via energy-dependent endocytosis pathways [84—87]. While
another report shows a different result that CNTs functionalized by 1,3-dipolar cy-
cloaddition can directly enter the cell similar to a “nanosyringe” [72]. Functional-
ized CNTs are found inside different types of cells even under endocytosis-inhibitor
condition. Therefore, the cell uptake mechanism of CNTs is still unclear, but it is
widely accepted that the CNT cell uptake is highly dependent on several factors,
such as the size, the surface chemistry, and the type of cell.

3.4.2 Cell toxicity and Biocompatibility of Graphene and GO

The toxicity patterns of graphene and GO has dramatic difference as compare to
CNTs because of their different synthesis route and structural morphology [88].
However, following the same principle generally accepted to all nanomaterials, the
toxicity of graphene and GO is expected to be directed by the size, shape, surface
chemistry, and charge of their planar structures. Many initial reports have indicated
that these nanomaterials and their hybrid have a low cell toxicity, even though these
reports are conflicting [89, 90].

The interaction between dispersed graphene or GO sheets and target cells has
been studied in monolayer cultures of lung epithelial cells [58], fibroblasts [91], and
neuronal cells [92]. Single-layer GO sheets were internalized and sequestered in cy-
toplasmic, membrane-bound vacuoles by human lung epithelial cells or fibroblasts
and induced toxicity at doses above 20 pg/mL after 24 h. [91, 93]. Shen et al. using
human lung epithelial cells found minimal toxicity at doses higher than 50 ug/mL
and no cellular uptake [58]. Liao et al. explored the biocompatibility of graphene-
related materials with controlled physical and chemical properties, and their results
demonstrated that particle size, particulate state, and oxygen content/surface charge
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Fig. 3.8 a Percent hemolysis of red blood cells (RBCs) incubated with different concentrations
(3.125-200 pg/mL) of GO (red), bGO (blue), pGO-5 (green), pGO-30 (purple), and GS (black)
for 3 h at 37 °C with agitation. b Photographs of RBCs after a 3-h exposure to GO, bGO, pGO-5,
pGO-30, and GS at different concentrations (3.125-200 pg/mL). The presence of red hemoglobin
in the supernatant indicates RBCs with membrane damage. (+) and (—) symbols represent positive
and negative control, respectively [94]. GO graphene oxide, GS graphene sheets, pGO polymer
graphite oxide composite

of graphene have a strong impact on biological/toxicological responses to red blood
cells (Fig. 3.8) [94].

To improve biocompatibility, Liu et al. developed a new modification approach
for the preparation of gelatin functionalized graphene nanosheets (GNS) by using
gelatin as a reducing reagent. The obtained biocompatible gelatin—-GNS showed
high aqueous solubility and stability in various physiological fluids and exhibited
a high-drug-loading capacity. Another protocol combined GO with biocompatible
polymer (PEG) and showed a minor in vitro toxicity to many cell lines, including
Raji, HCT-116, OVCAR-3, US7MG, MDA-MB-435 and MCF-7, even at high con-
centrations of up to 100 mg/L [39, 40].

However, it was reported that GO was highly thrombogenic in mouse and
evoked strong aggregatory response in human platelets [24]. As platelets play a cen-
tral role in hemostasis and thrombus formation, thrombotoxicity of GO potentially
limits its biomedical applications. It was found that amine-modified graphene had
absolutely no stimulatory effect on human platelets, nor did it induce pulmonary
thromboembolism in mice following intravenous administration, which contrasted
strikingly the observations with unmodified GO. Another method reported recently
is to use the biocompatible polymer, dextran, to covalently modify GO which shows
improved stability in physiological solutions and remarkably reduces cell toxicity
compared to plain non-functionalized GO [95].

All these studies clearly indicated that the toxicity of graphene and GO is closely
associated with biocompatibility of their surface functionalization. The functional-
ized graphene, GO, and their derivatives are shown in most cases to be significantly
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less toxic when compared with their non-functionalized counterparts. However, it is
important to conduct long-term toxicity studies considering that animal experiments
conducted on mouse models could have different results from humans. Hence, more
preclinical toxicity studies are necessary before consideration to translate GO-based
DDS into the clinic. Even though more continuous research is required to evaluate
their long-term toxicology even from the current toxicity studies, their future bio-
medical applications look promising.

3.5 Drug Delivery Systems Based on Carbon
Nanomaterials

3.5.1 Carbon Nanotube Drug Delivery Systems

The ultimate advantage of CNTs as a DD nanocarrier compared to other NPs is
their distinct inner and outer surfaces, which are readily accessible by removal of
the end caps, and an increased volume providing a high loading capacity for cargo
molecules. Hence, they provide two options to load pharmaceutically functional
molecules to the CNTs including exohedral and potential endohedral attachment.
With exohedral binding, drug moieties are attached to the exterior of CNTs for their
subsequent delivery into cells. The diverse functional groups can be introduced onto
the surface and act as “linkers” to therapeutic moieties, for subsequent delivery into
cells (Fig. 3.4a). With endohedral delivery, drug molecules or NPs are encapsulated
and transported through the inner cavities of CNTs (Fig. 3.4b). Drug molecules can
be bound onto the exterior CNT surface by either stable covalent bonds or supra-
molecular assemblies based on non-covalent electrostatic attractions (Table 3.1).
Predominantly, reports showed the use of CNTs as drug carriers for loading large
biomolecules on the external surface. The non-covalent binding of drug molecules
on the sidewall is the simplest method for this purpose and a convenient pathway
to load the drug on CNTs, which also protect the physical property of CNTs. Both
SWCNTs and MWCNTs have been extensively explored as drug nanocarriers for
loading a large number of therapeutics including small drug molecules, anticancer
drugs, poorly soluble drugs, antibiotics, antibodies, enzymes, peptides, DNA, RNA,
and genes [10, 14, 34].

Pioneering work by Prato and Dai’s groups proves that the polycyclic aromatic
structure of DOX, anticancer drug, can be loaded on the sidewall of CNT through
n— 1t supramolecular stacking [36, 96] (Fig. 3.9). Based on the fluorescence prop-
erty of DOX, the decrease of fluorescence intensity was observed with the increas-
ing concentration of MWCNT in the solution, which indicates the static quenching
of DOX molecules on CNTs’ sidewall [96]. Almost during the same period, Dai’s
group proved that through non-covalent binding, DOX can be loaded on the sur-
face of SWCNTs, which is first functionalized by PEG with either non-covalent or
covalent treatment. The large surface area of SWCNTs will not be fully covered
by PEG, thus enabling DOX to bind on the sidewall and form “forest—scrub”-like
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Fig. 3.9 The scheme of OH
doxorubicin load (red) on the H-N ' CH-
sidewall of CNT structure . N )
through n—m supramolecular
stacking

D OH O ocH,
HO., R . o B e

assemblies. The ultra-large surface area of SWCNT provides large drug loading,
which is almost 8-10 wt% higher than using conventional liposomes. It was also
found that the binding of DOX molecules is diameter dependent and pH depen-
dent. In their later in vivo study, it was shown that PEGylated DOX-SWCNTs sig-
nificantly inhibit the growth of tumor than the free DOX at the equivalent dose
(2.15+0.16-fold tumor growth vs. 2.90+0.19) [97]. Furthermore, the DOX-SW-
CNTs showed reduced toxicity to mice, since no weight and mortalities were found
after the administration of DOX-SWCNT (5 mg/kg) within 2 weeks. The reduced
toxicity of DOX -SWCNT proved that this novel drug formulation can achieve
higher maximum tolerance dose, which is benefit for clinical chemotherapy.

Another promising concept is the modification of oxidized SWCNTs with natural
polysaccharides based on non-covalent supramolecular interaction [85]. Two kinds
of widely used biopolymer, sodium alginate (ALG) and chitosan (CHI), were used
for the modification of SWCNTs followed by loading anticancer drug (DOX). The
concept is shown in Fig. 3.10. The CHI, natural biodegradable copolymer, is soluble
in acidic aqueous solutions but flocculates at pH >6 due to the deprotonation of
its amine groups. The amine group of CHI is flexible to link with other functional
group, but the poor solubility of CHI limits its application in DD [98]. Compared
with CHI, ALG is more suitable for loading DOX because ALG has a lower zeta
potential, but it is not easy to react with other ligand. Therefore, the combination
of CHI and ALG is an ideal design for both drug loading and drug targeting. In this
experiment, folate is efficiently reacted with CHI for recognizing overexpressed
folate receptor on the surface of the cancer cell. In the cellular uptake experiment
with HeLa cells, the DOX-FA-CHI/ALG-SWCNTs was found to penetrate the
cell membrane; while when the FA receptor is blocked by pretreatment, the much
weaker accumulation of SWCNT was found inside the cell, thus demonstrating the
role of FA in receptor-mediated endocytosis.

The covalent functionalization as another method was also used for load-
ing drugs, where several key concepts were introduced. For example, based on
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ALG-SWCNTs CHI/ALG- Dox-CHI/ALG-
SWCNTs SWCNTs

Fig. 3.10 Preparation of SWNTs—DOX after inclusion of biopolymers to enhance nanotubes dis-
persability in aqueous phase. [85] ALG sodium alginate CHI chitosan DOX doxyrubicin, SWCNTs
single-walled carbon nanotubes

1,3-dipolar cycloaddition reaction of azomethine ylides, Pastorin et al. attached
both methotrexate and fluorescein isothiocyanate (FITC) onto the sidewall of multi-
walled nanotubes (MWNTs) and found that the functionalized MWNTs could be in-
ternalized by Human Jurkat T lymphocytes with a dose and time-dependent manner
[99]. NPs, including CNTs, are generally susceptible to the opsonization-induced
reticulo-endothelial system (RES) uptake, which can significantly lower their re-
tention time in the blood stream and eventual bioavailability of the carried drug.
Carefully modifying the suitable surface chemistry is an effective method to reduce
RES uptake. Based on this concept, Wu et al. reported a MWNT-based DD system,
in which the antitumor agent 10-hydroxycamptothecin (HCPT) is covalently linked
with the MWNT by a hydrophilic spacer of diaminotriethylene glycol through bio-
cleavable ester linkage [100]. The in vitro experiment shows the rapid drug release
in fetal bovine serum due to the enzyme activity, while a relative slow release is
found under phosphate-buffered saline (PBS) solution. The biodistribution assay
shows the high uptake of MWNTs in the liver, spleen, lung, kidney, stomach (emp-
tied), femur, and tumor, but the MWCNT still exhibits long blood circulation time,
in which the half-life of MWNTs in the blood circulation is calculated to be 3.6 h.
Finally, the in vivo tumor inhibition experiments confirmed the enhanced antitumor
effect of the conjugates in comparison to its native formulation due to the long cir-
culation time, increased drug loading (16 %), and high cell uptake.

A novel DDS which conjugates SWCNT, cisplatin, quantum dots (Qdots), and
epidermal growth factor (EGF) has been recently tested on head and neck squa-
mous cell carcinoma cell culture (HNSCC; Fig. 3.11). The EGF is functionalized
on SWCNT surface in order to enhance targeting to cancer cells by recognizing the
overexpressed EGF receptor on tumor cell surface; while Qdots make the SWCNT
conjugates visible by confocal microscopy. In their experiment, they first proved
that the SWCNT bioconjugates are selectively taken up by tumor cell though
video imaging. The image and video shows more than 75% HNSCC cells con-
taining SWCNT-Qdot—EGF. But when EGF receptor silencing gene is introduced
into the cancer cell, the cell uptake rate reduces to only 25 %, which indicates the
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Fig. 3.11 a Illustration of chemical reactions used to attach EGF, cisplatin, and Qdots onto car-
boxylated SWNTs (in red) using EDC as the coupling agent. b Schematic showing SWNT bun-
dles bioconjugated with EGF and cisplatin targeting the cell surface receptor EGFR on a single
HNSCC cell. Transmission electron micrographs of ¢ oxidized SWNT bundles with arrows show-
ing a single SWNT. d SWNT-Qdot-EGF bioconjugate bundle. e STEM image of SWNT bundle
showing cisplatin as the bright spot [101]. EGF epidermal growth factor, DDS drug delivery sys-
tem, EDC epidermal differentiation complex, Qdot quantum dot

receptor-mediated endocytosis process during SWCNT bioconjugate cell uptakes.
The video images also support the accumulation of SWCNT—Qdots—EGF in tumor
tissue, while control group (SWCNT—Qdots) are rapidly cleared in blood vessels.
The in vivo study showed that the SWCNT—cisplatin-EGF group inhibits tumor
growth significantly in 10 days, while the SWCNT—cisplatin group did not show
tumor regression effect [101].

In cancer chemotherapy, multidrug resistance (MDR) is a huge obstacle for the
effective cancer therapy because the P-glycoprotein (P-gp), a broad-specificity
transmembrane efflux pump, can recognize and pump the drug out of the cell once
they are internalized. To overcoming MDR effect caused by the overexpression
of P-gp, Ruibin Li et al. functionalized SWCNT with the antibody of P-gp and
then loaded with DOX [102]. The drug loading is found to be the monomolecular
adsorption based on Langmuir isotherm adsorption, and the drug release is signifi-
cantly enhanced by NIR radiation. After that, DOX-loaded Ap—-SWCNTs showed
the high-binding affinity to human leukemia cells of K562 in vitro according to the
confocal microscopy, and the cytotoxicity of DOX—-Ap—SWCNTs is nearly 242 %
higher than free DOX. The energy-dependent endocytosis process is also confirmed
by incubating the cell in uptake inhibitor condition.
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3.5.2 Graphene and Graphene Oxide Drug Delivery Systems

Inspired by the success of CNTs, the graphene and GO have been extensively ex-
plored in the past several years as a novel drug nanocarrier for a variety of thera-
peutics including anticancer drugs, poorly soluble drugs, antibiotics, antibodies,
peptides, DNA, RNA, and genes [27, 107]. The most outstanding examples form
this research are presented to show their applications for targeting, controlled,
and stimulated DD including some specific applications for anticancer and gene
therapies.

The simplest concept to use graphene and GO for DD applications is to directly
immobilize drug molecules on the surface of graphitic sheets. The anthracycline
DOX was the most explored drug model for anticancer, which is able to make a
strong bond on GO surface through n—= interactions, in which hydrophobic part
of DOX and hydrogen bond reaction between carboxyl groups or GO and amino
groups of DOX contribute to the interactions [103]. This loading of DOX on GO is
achieved by a simple mixing in an aqueous solution with the aid of sonication show-
ing very high loading of 235 mg/mg. The release of loaded DOX molecules from
GO nanocarrier was observed to be more extensive in acidic and basic conditions
showing characteristic pH dependence [52]. This behavior is important in antican-
cer therapy because pH around cancer cells is slightly acidic and therefore promotes
extensive drug release of DOX. To increase loading of DOX on GO, polymeric
micelles, such as Pluronic-F127, were used showing very high loading efficiency of
289 9% (w/w) on GO with low DOX concentration of 0.9 mg/ml [104, 105].

To increase the cancer targeting efficiency, conjugating cancer targeting lignads
such as FA, peptides and antibodies have been widely used to design GO-based
DDs. The first system was demonstrated by Zhang et al. who functionalized the
GO with sulfonic acid groups, followed by covalent binding of FA molecules which
allows specific target of MCF-7 cells, human breast cancer cells with FA receptors
[54]. Two cancer drugs DOX and camptothecin (CPT) were loaded onto the FA-
conjugated GO (FA—GO) via n—= stacking and hydrophobic interactions and their
results showed remarkably high cytotoxicity of MCF-7 cells compared to GO load-
ed with either DOX or CPT only. Similarly, Huang et al. designed a FA-conjugated
GO with good solubility and low cytotoxicity for targeting photodynamic therapy
[106]. The GO nanocarriers are shown to significantly increase the accumulation
of Ce6 in tumor cells and lead to a remarkable photodynamic efficacy on MGC803
cells upon irradiation (Fig. 3.12a) [106].

Preparing GO-based composite nanomaterials is another versatile strategy to en-
hance the drug delivery efficiency. by combining GO with gold NPs (AuNP) [25,
26]. It was found that DOX loaded on AuNP—GO inhibit HepG2 cell growth more
strongly than DOX or/and AuNP-GO alone, suggesting more efficient transport
into the cell by AuNP—GO compared with free DOX. This approach is successfully
applied by Yang et al. through covalent attachment of magnetic NPs (MNP), on
amino-modified GO followed by DOX loading (Fig. 3.12b) [55]. A multifunctional
GO nanocarrier with dual-targeted delivery was designed, based on the force of a
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Fig. 3.12 a Scheme of FA—-GO—Ce6 endocytosed by MGC803 cells, endosome-containing FA—
GO—-Ce6 complexes were located around the nucleus, Ce6 escaped from the endosome into the
cytoplasm. b The preparation of the multifunctionalized GO-based anticancer drug carrier with
dual-targeting function and pH sensitivity [55, 106]. F4 folic acid, GO graphene oxide, DOX doxy-
rubicin, FITC fluorescein isothiocyanate, APS 3-aminopropyl-trimethoxysilane

magnetic field and the specific interaction between FA on the drug carriers and the
overexpressed folate receptor on the surface of tumor cells, by conjugating GO—
Fe304 nanohybrid with FA (Fig. 3.12b). The in-vitro studies showed that DOX-—
MNP-GO drug carriers exhibit much higher cytotoxicity to SK3 human breast can-
cer cells compared with free DOX [107].

Gene therapy is a promising approach to treat diseases caused by genetic disor-
ders such as cancer. Transport gene into the nucleus of cells is challenging due to
the existed biological barriers and nuclease degradation. Therefore, gene therapy
requires to use a suitable gene vector to transport gene to the targets. While the
virus-based gene vector have been widely studied, GO-based gene vector have been
proved to be a suitable candidate for gene delivery. Previous studies also showed
that ssDNA and RNA can be immobilized onto graphene and GO by non-covalent
adsorption through stacking, electrostatic, and other molecular interactions which
suggest the potential for application of graphene and GO as gene carriers [60]. Gra-
phene was found to be able to protect oligonucleotides from enzymatic cleavage
and was able to deliver ssDNA into cells [131]. Chen et al. designed a novel gene
delivery system based on the GO chemically functionalized with branched PEI
showing significantly lower cytotoxicity and substantially higher transfection effi-
cacy of small interfering RNA (siRNA), at optimal N to P ratio. The PEI, a cationic
polymer, has been used showing a strong binding to nucleic acids, efficient uptake
by cells, and excellent proton sponge effect that triggers the endosomal release of
DNA or RNA. Their results demonstrated that sequential delivery of siRNA and
DOX by the PEI-GO nanocarrier leads to significantly enhanced anticancer ef-
ficacy. This concept was further successfully applied for GO-based gene delivery
carrier through the installation of PEI which revealed that a hybrid gene carrier
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Fig. 3.13 Schematic representation of the delivery of pDNA into cells using branched polyethyl-
enimine (BPEI)-modified GO (PEI-GO) [108]. pDNA plasmid DNA, GO graphene oxide

fabricated by conjugation of low-molecular-weight branched PEI (BPEI) to GO
improved DNA binding, condensation, and transfection efficiency (Fig. 3.13) [108].

3.5.3 Carbon Nanomaterials- Based Photothermal
Therapy System

Both CNTs and graphene are able to absorb NIR light in the wavelength range of
800—-1600 nm [109]. It is known that biological systems are transparent to 700- to
1100-nm NIR light, while the strong absorbance of CNTs can convert NIR radia-
tion into heat, thus killing cancer cells through so-called photothermal ablation. The
application of CNTs in photothermal therapy was initiated in 2005 when Dai and
coworker first reported the use of NIR-medicated cancer therapy by SWCNTs. Af-
ter the internalization of DNA-SWCNTs, they found that six 10-s on-and-off pulses
of 1.4 W/cm? laser radiations could offer the effective DNA releasing and nuclear
translocation. They also proved that 2-min 808-nm NIR treatment at the power of
1.4 W/cm? causes cell death with the cell uptake of phospholipids PEG-FA-SW-
CNT [78]. In the following study, Chakravarty et al. used antibody (anti-CD22)-
functionalized SWCNTs for thermal ablation of human Burkitt’s lymphoma cells in
vitro showing specific target ability to destroy various cancer cells [110].

Selective engineered defects introduced on the sidewall were shown to enhance
the thermal property of MWCNTs, because such defects or dopants (N) will cause
scattering in the travelling currents and also increase the heating of the nanotube
[111]. These MWCNTs are expected to be more effective in adsorbing NIR ra-
diation compared with materials such as SWCNTs, because MWCNTs have more
available electrons for absorption. The MWCNTs contain more metallic tubes than
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Fig. 3.14 a Photographs of vials contained 1 mL of covalently PEGylated nano-GO (top photo)
or non-covalently PEGylated nano-RGO (lower photo) with the same GO mass concentration in
the various solutions indicated. b Photothermal heating curves of ¢ nano-RGO and d nano-GO
solutions. Black curve (1) is 100 pL of solution with 20 mg/L concentration of nano-RGO or -GO,
red curve (2) is 10 mg/L, green curve (3) is 5 mg/L, dark blue curve (4) is 2.5 mg/L, and light blue
curve (5) is water. ¢ Photos of tumor in mice after various treatment showed that laser-irritated
tumor on GO sheets-injected mouse was completely destroyed [113, 114]. PEG polyethylene gly-
col, NGO nano-graphene oxide

SWCNTs, given that two thirds of SWCNTs are semiconducting [112]. Nitrogen-
doped CNx-MWNTs are not inherently cytotoxic, and the length of nanotubes is
proved to be a major determinant of their ability to transfer heat and kill the tumor.
It was shown that CNx-MWCNTs with lengths between 700 and 1100 nm are most
desirable to kill the tumor [111]. Another study using NIR radiation on MWCNTs
showed the complete ablation of tumors and a >3.5-month durable remission in
80 % of mice treated with 100 ug of MWCNT [112].

In the case of graphene and GO, it was shown that the PEGylated GNS them-
selves also exhibited ultrahigh in vivo tumor uptake and efficient photother-
mal therapy properties in mice under low-power NIR laser irradiation (2 W/cm?;
Fig. 3.14) [97]. They found how sizes and surface chemistry affect the in vivo be-
haviors of graphene and remarkably improve the performance of graphene-based in
vivo photothermal cancer treatment by using ultrasmall reduced GO (RGO) with
non-covalent PEG coating [108]. The PEG-coated RGO showed enhanced NIR ab-
sorbance and highly efficient tumor passive targeting leading to excellent behaviors
during in vivo treatment efficacy with 100 % of tumor elimination. The power den-
sity (0.15 W/cm?, 5 min) was found in an order of magnitude lower than that usually
applied for in vivo tumor ablation using many other nanomaterials.

Subsequently, Markovic et al. compared the photothermal anticancer activity of
NIR-excited graphene NP and CNTs [115]. They found that suspension of polyvi-
nylpyrrolidone-coated GSs exposed to NIR radiation (808 nm, 2W/cm?) generated
more heat than DNA or sodium dodecylbenzenesulfonate-solubilized SWCNT un-
der the same conditions despite its lower NIR-absorbing capacity. It has also been
found that GO exhibits a size-dependent visible and NIR fluorescence, although the
mechanism is not yet fully understood [40, 95, 116]. Accordingly, GO can be utilized
in biomedical imaging and photothermal therapy and has been considered as poten-
tial cancer biomarker sensors and nanoplatforms for cancer-selective DD. Robison
et al. established nano-RGO as a novel photothermal agent by attaching a targeting
peptide bearing the Arg—Gly—Asp (RGD) motif to PEG-functionalized nano-RGO,
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which afforded selective cellular uptake in U§7MG cancer cells and highly effective
photoablation of cells in vitro [114]. Photothermal therapy is often used with other
therapies. Zhang et al. studied the synergistic effect of chemo-photothermal therapy
using PEGylated GO loaded with DOX both in vivo and in vitro [117]. Their results
showed that the combined DOX and NGO-PEG photothermal treatment resulted
in complete destruction of the tumors without weight loss or recurrence of tumors,
while DOX chemotherapy alone or NGO-PEG photothermal treatment without
DOX did not which is confirmed by another study [118]. Pan et al. used functional-
ized GS with PNIPAM via click chemistry. The PNIPAM-GS possessed a superior
capability of binding CPTs with a high loading ratio of 18.5 wt%, and 16.9% and
19.4% CPT were released after 72 h at 37 °C in water and PBS, respectively [48].

3.5.4 Drug Delivery Applications of Other Carbon
Nanomaterials

In addition to graphene and CNTs, other carbon nanomaterials such as fullerene
(C60), carbon nanodots, and diamond were also explored for biomaterial applica-
tions including DD [119].

Fullerenes and their derivatives were used as DD vehicles, and, in certain circum-
stances, as nano-drugs by themselves as fullerenes have also shown drug-targeting
capability [120, 121] (Chen et al. 2005). Tissue-selective targeting and intracellular
targeting of mitochondria have been achieved using fullerene structures [122, 123].
Furthermore, fullerenes have also exhibited antioxidant and antimicrobial behav-
ior. Ashcroft et al. created a new class of anticancer compound that contains both
tumor-targeting antibodies and NPs using fullerenes (C60). This delivery system
can be loaded with several different anticancer drugs. It is possible to load as many
as 40 fullerenes onto a single skin cancer antibody called ZME-108, which can be
used to deliver drugs directly into melanomas [124]. PEI-functionalized fullerenes
were also conjugated with docetaxel (DTX) to fabricate a DD system. Compared
with free DTX, the tumor-targeting DD could efficiently cross cell membranes,
lead to more apoptosis, and afford higher antitumor efficacy in a cultured PC3 cells
in vitro [125]. Recently, the first in vivo gene delivery experiment with fullerene
derivatives was reported (Fig. 3.15). The cationic tetraamino fullerene, with a high
water solubility, was used to complex pDNA, and its efficiency and toxicity were
compared to Lipofectin [140].

Carbon nanodots (C-dots) can be produced inexpensively on a large scale by
many approaches, ranging from simple candle burning to in situ dehydration
reactions to laser ablation methods (Kriiger et al. 2006). In striking contrast to semi-
conductor quantum dots, C-dots are superior fluorescent nanomaterials with low
toxicity, high chemical stability, and low environmental hazard [126] Sun and co-
workers reported the first study on C-dots for their bioimaging capabilities [127] Qu
et al. report an example of aptamer C-dot-based sandwich for fluorescent detection
of protein which shows high sensitivity and selectivity [128]. The diamond NPs
were also modified with amino acid for the synthesis of surface-bound peptides and
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Fig. 3.15 a Molecular structure of the tetra(piperazino)fullerene epoxide (TPFE) used for in vivo
gene delivery. b Distribution of injected plasmid DNA expression in each organ. After a 24-h
injection, plasmid DNA was detected at several organs in the TPFE and the Lipofectin group. [140]

the attachment of biologically active building blocks, which potentially could be
used in DD and fluorescence marker applications (Kriiger et al. 2006).

3.6 Summary and Perspective

The research of CNMs-based drug delivery and photo-thermal therapy has in-
creased dramatically in the last decade. Compared with other nanomaterials, CNMs
have many unique properties because of their the remarkable carbon structures. The
1D and 2D CNMs provided large surface area for optimum drug loading, which is
critical for increasing the maximum doses of therapeutics. In addition, CNMs can
be feasibly modified by chemical functionalization due to their excellent stability
under harsh reaction environment. Both covalent and non-covalent surface modi-
fication methods have been developed to improve the functions of CNMs such as
collodial stability, biocompatibility, cancer targeting and on-demand drug release.
Recently, the combination of imaging and drug delivery, which is so-called ther-
anostic, have been achieved on CNMs-based DDs by taking advantage of their
unique optical properties. The concept of CNM-based theranostic is expected to
bring new opportunities to develop multifunctional DDs by expanding the photonic
proprieties of CNMs.

The potential toxicity of CNMs have raised great concern. So far, toxicologi-
cal studies have clarified the toxic paradigms of CNMs, making it possible to de-
sign non-toxic carbon-based nanocarriers for drug delivery. Surface treatment (e.g.
PEGlytion and polymer coating) have been a golden rule of designing biocom-
patible CNM-based DDs without long term toxicity in small rodents. However,
toxicity studies in larger animals should be assessed systematically to determine
the bio-safety of CNMs. It should be note that the clinical-standard CNMs should
be rapid cleared from body after administration , because the accumulation of non-
degradable CNMs have been considered unfavourable. Therefore, preparing highly



3 Cytotoxicity, Drug Delivery, and Photothermal Therapy of Functionalized ... 105

reproducible CNMs with improved size control should be the focus for achieving
future clinical transition.
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Chapter 4
Carbon Nanotubes with Special Architectures
for Biomedical Applications

Jun Li, Foram Ranjeet Madiyar and LuxiZhang Swisher

4.1 Introduction

In this chapter, we focus on the special architectures of carbon nanotubes (CNTs)
for biomedical applications including biosensors, gene delivery, cell/tissue cul-
ture, and neural stimulation/recording. Besides the unique long fiber-like struc-
ture with ultrasmall diameter and high-aspect ratio, the biomedical applications
also rely on the physical properties of CNTs, including high electrical conductiv-
ity, chirality-dependent electronic structure, characteristic optical properties, and
high mechanical strength. The optimum performance depends on both the intrinsic
CNT microstructures and the architectures into which the CNTs are organized. We
illustrate the potential of these applications with an emphasis on the utilization of
various CNT architectures based on their electrical properties.

4.1.1 Various CNT Structures and Properties

CNTs consist of a family of tube-like fiber materials made of atomic layers of sp?-
bonded carbon atoms [1, 2]. As shown in Fig. 4.1, a single-walled CNT (SWNT)
can be viewed as a single graphene layer rolling into a seamless tube, while a mul-
tiwalled CNT (MWNT) consists of multiple SWNTSs packed in a tight concentric
structure. All carbon atoms in CNTs share the similar physicochemical properties as
those in graphene, that is, presenting in sp? form in an atomic layer with a hexagonal
lattice, except a small number of sp® atoms at the edges or defects. Each atomic lay-
er is a large conjugate system with delocalized n-electrons shared among the carbon
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atoms. The unique graphitic structure of the sp? atomic layers determines a strong
interaction between atoms in the layer but little interaction between adjacent layers,
leading to drastically different properties in and out of the graphitic plane. This is
reflected in the highly anisotropic properties of macroscopic graphite, which can be
viewed as a stack of atomic graphitic sheets. The electrical, thermal, mechanical,
and electrochemical properties of graphite vary by orders of magnitude between
in-plane and cross-plane measurements [3, 4]. The properties of all traditional car-
bon materials can be correlated with the variation in dimension and organization
of the anisotropic graphitic domains in their internal structures [3, 4]. Such highly
anisotropic properties also apply to CNTs. Many reported extraordinary electrical,
thermal, and mechanical properties are the ideal properties along the axial direction
inside a single CNT. Those obtained from macroscopic CNT ensembles are signifi-
cantly inferior and vary in a wide range. Thus, it is critical to organize CNTs into
proper configurations or architectures to achieve the optimum performance.

The internal graphitic microstructure of CNTs is equally important in determin-
ing their physical properties. A good example is carbon nanofibers (CNFs), a spe-
cial type of CNT that consists of conically stacked graphene (or graphitic) cups
[5] (as shown in Fig. 4.1d). This type of structure commonly presents in vertically
aligned CNFs (VACNFs) grown on the surface of solid substrates by plasma-en-
hanced chemical vapor deposition (PECVD) [6-9] or powders of bulk-produced
materials by catalytic chemical vapor deposition (CVD) using floating reactors [5].
A large body of literature simply called the conically stacked CNFs as MWNTs or
bamboo-like MWNTs [6, 7], but later studies discovered that the unique structure of
CNFs made them fundamentally different from normal MWNTs in many applica-
tions [9—15], as discussed in later sections.

All CNTs have high-aspect-ratio fiber-like structures. SWNTs present the small-
est diameter (0.8—5 nm) and a variable length from tens of nanometers to millime-
ters, while MWNTSs have a larger diameter (~3 to > 100 nm) and similar lengths.

Fig. 4.1 The atomistic struc-
ture of a a layer of graphene,
b a single-walled carbon
nanotube, ¢ a multiwalled
carbon nanotube, and d a
carbon nanofiber grown by
DC-biased plasma-enhanced
chemical vapor deposition
showing the stacking of coni-
cal graphitic structures along
the fiber axis
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CNFs typically have an outer diameter of ~10 to ~300 nm, a length up to ~200 pm,
and a characteristic mostly hollow core taking ~ one third to two third of the CNF’s
diameter. Fully dispersed short SWNTSs have all atoms exposed at the surface, giv-
ing a specific surface area (SSA) up to 1600 m*/g [16]. But the SSA of SWNT
bundles, MWNTs, and CNFs is much lower. The sidewall of SWNTs and MWNTSs
is hydrophobic and chemically inert similar to graphite basal plane. Chemical func-
tionalization relies on weak interactions such as surfactant encapsulation and n-nt
stacking of conjugate molecules. Strongly oxidized CNTs may present defects at
the sidewall for covalent functionalization, but it tends to degrade other properties.
In contrast, the sidewall of the hollow CNF consists of abundant broken graphitic
edges, yielding a much more active surface for chemical functionalization [14] and
interfacing with other electrochemically active materials [15, 17-19].

The electronic properties of an isolated defect-free SWNT depend on its helicity
(or chirality). Statistically about two third of SWNTSs are semiconducting (referred
to as s-SWNTs) and one third of them are metallic (referred to as m-SWNTs) [20,
21]. The bandgap of an s-SWNT is inversely proportional to its diameter yielding
optical absorption in visible to near infrared (IR) ranges [22]. Each individual tube
in a small-diameter MWNT behaves similar to an SWNT, with little interaction
between adjacent shells [23]. But MWNTs larger than 10 nm in diameter are essen-
tially metallic conductors at room temperature. So are CNFs. The strong sp? bond-
ing between the carbon atoms in CNTs yields remarkable mechanical strength rep-
resented by a large Young’s modulus of ~1 TPa and a tensile strength of ~150 GPa
[24-26], comparable to the in-plane properties of graphene. The strong C-C bond
makes CNT one of the most resilient materials [27].The experimentally measured
Young’s modulus value of CNFs varied from 5-60 GPa [28] to 0.9—1.2 TPa [29].
As is discussed later, the strong mechanical properties are critical in maintaining the
integrity of the architectures in complex wet biological environments.

4.1.2 General Architectures

Figure 4.2 summarizes four types of CNT architectures based on different mecha-
nisms using specific properties of CNTs. In Fig. 4.2, a single s-SWNT, multiple
parallel s-SWNTs, or a controlled SWNT network are used as the conduction chan-
nel in a field-effect transistor whose conductivity is modulated by the change in the
surface charge density induced by biomolecular binding or biochemical reactions.
These biosensors require extensive efforts to eliminate the metallic conduction
pathway which may cause a short circuit between the source and drain electrodes.
Alternatively, a resistive biosensor based on a randomly stacked CNT film between
two electrodes may be used to measure the adsorption of biomolecules or accumu-
lation of bioreaction products. While the fabrication is much easier, the sensitivity
significantly decreased. A film of randomly stacked CNTs (including CNFs) may
be deposited on an inert electrode and used as a porous electrode for electrochemi-
cal detection of biomolecules. In general, electron transport through the randomly
stacked CNT films involves hopping between individual CNTs and is significantly
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Fig. 4.2 Four representative CNT architectures in biomedical applications a a field-effect tran-
sistor biosensor based on a single s-SWNT, multiple parallel s-SWNT, or a controlled SWNT
network as the conduction channel, b a resistive biosensor based on a randomly stacked CNT film
between two electrodes, ¢ an electrode based on a randomly stacked CNT or CNF film, and d an
electrode based on vertically aligned CNTs or CNFs

slowed down due to the high contact resistance. To achieve better performance, ver-
tically aligned CNTs, and particularly CNFs, have been grown from the conductive
surface, in which all CNTs or CNFs are directly connected to the substrate, yielding
much better electrical contact. Furthermore, the vertical structure can be fabricated
into various micro-/nanopatterns with lithography [30, 31] and further encapsulated
or modified with other processes [31-36]. We focus on illustrating various studies
on vertically aligned architectures, particularly those based on the unique conical
structure of CNFs.

4.2 Forest-Like Vertically Aligned Carbon Nanotubes

The as-prepared vertically aligned CNTs can serve as a forest-like 3D matrix with
high surface area and nanostructured topography. With proper functionalization,
they can be used as the electrical transducer in biosensors to wire active biomol-
ecules with the macroscopic electrodes or as biocompatible electrodes for the devel-
opment of implantable neural-electrical interfaces.

4.2.1 Electrochemical Biosensors

The common commercial SWNTs have the diameter of only ~2 nm and the length
over tens of microns. To increase the solubility and make them more uniformly
dispersed in solution in the form of isolated SWNTs, the long SWNTs are normally
shortened to a length of tens to hundreds of nanometers by extensive acid oxidation.
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Such shortened SWNTs still possess a relatively high aspect ratio. More important-
ly, the ends are open and dominated by -COOH groups which can be used for selec-
tively attaching biomolecules through covalent bonds, while the sidewall remains
rather inert to reduce electron backflow to solutions. These properties have inspired
the study using them as conductive wires to make electrical connection between the
electrode and the active center of redox proteins, particularly glycoproteins such
as glucose oxidase whose active center is embedded deep inside the protein and
difficult to reach by conventional electrodes [37-39]. One end of the SWNTs was
attached through an amide bond to a gold electrode covered with a self-assembled
monolayer containing cysteamine. The distal end of the SWNTSs was functionalized
with the flavin adenine dinucleotide (FAD) cofactor, also through an amide bond.
After reconstitution of the apo-flavoenzyme glucose oxidase (GOx) with FAD, the
SWNT was able to plug into the enzyme’s redox center and effectively wire it to the
electrode surface [38, 39]. About sixfold higher electron turnover rate from the GOx
(~4100 s™') was obtained compared to its natural O, reaction acceptor (700 s™1)
[39]. The enhanced turnover rate was found to clearly depend on the SWNT length
which can extend to 150 nm [39].

Though the above study provided useful insights into the fundamental proper-
ties of redox enzymes for bioelectronics, it cannot exclusively conclude that the
SWNTs are present in truly vertically aligned forest-like structures. Stacked SWNT
clusters may produce similar results. Ideally, vertically aligned SWNT arrays di-
rectly grown on the electrode surface may serve as a more convincing model to
validate these studies. Liming Dai et al. demonstrated that vertically aligned CNTs
can be fabricated on Au electrode surface and functionalized with single-stranded
DNA chains [40]. The hybridization of ferrocene (Fc)-attached target DNA with the
complementary sequence was electrochemically detected at high sensitivity (down
to ~10 ng/mL concentration) [40]. However, the plasma treatment activated both
the end and the sidewall of CNTs, which generated a large background current and
may have limited the detection limit. Due to the high aspect ratio, CNTs likely col-
lapsed into microbundles due to the capillary force exerted by the solution during
drying process after they were taken out from the solution. The nature of the CNTs
(SWNTs or MWNTs) and the details of the vertical architecture at each step remain
to be examined.

4.2.2 Neural-Electrical Interface

In recent years, electrical stimulation of neural tissues with implantable devices has
been proved as an effective approach to restoring impaired neural functions and
treating neurodegenerative diseases. A reliable neural—electrical interface (NEI) is
critical for such devices. Current neuroprosthetic implants are typically constructed
from metal electrodes that are at least tens of microns in diameter. The impedance
of the NEI between the flat electrode surface and the surrounding tissue is rather
high, thus requiring a large voltage amplitude to generate sufficient stimulation cur-
rent. Consequently, it causes direct electrical damage to the neural tissue or triggers
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water electrolysis to produce H" and OH™ ions which are toxic to cells. The rigid
mechanical property and flat surface of metal electrodes are also incompatible with
soft 3D tissues and thus limit the stability of the NEI [41]. Vertically aligned CNTs
have attracted extensive attention as a biocompatible cell/tissue scaffold due to the
3D topography and highly permeable porous structure [42]. Particularly, the VAC-
NFs grown by PECVD process on conductive substrates have demonstrated many
advantages over seamless CNTs in NEI applications [33, 34, 43].

As shown in Fig. 4.3, VACNFs consist of freestanding CNFs of high aspect
ratio (with a diameter of 50-200 nm and length of 3—10 um for NEI applications)
[33, 34, 43]. They are directly grown on the surface of a conductive substrate with a
random lateral arrangement and can be fabricated into specific micro-/nanopatterns
using lithography [31, 43]. Compared to the similar structure of vertically aligned
CNTs (mostly MWNTs), VACNFs are fully separated from the neighbors with an
average spacing of ~300-400 nm, forming a brush-like structure. The average
diameter of CNFs is larger than normal CNTs, making them more conductive and
mechanically more robust. The internal CNF structure consists of a stack of coni-
cal graphitic cups leaving abundant graphitic edges at the sidewall to form a good
electrochemical interface and serve as active sites for covalent functionalization
[9-15]. Each CNF in the VACNF array behaves as a soft lever, which can be
elastically bent by a small lateral force when in contact with cells or tissue.

VACNFs have attracted interest as a promising material for neuroprosthetic de-
vices due to following inherent properties [41, 42, 44, 45]: (1) the 3D topography

Fig. 4.3 VACNFs for 3D nanostructured neural—electrical interface. a A 3 x 3 microelectrode array
patterned with UV lithography. b VACNFs grown on each microelectrode pad and then encapsu-
lated with a thin layer of polypyrrole by electrodeposition. ([33]. With permission). ¢ Neuron-like
PC12 cells grown on the polypyrrole-coated VACNFs which is further coated with an ultrathin col-
lagen IV for cell adhesion. Long neurites are formed after adding nerve growth factor in the culture
media. The scale bars are 1 mm, 500 nm, and 20 pm, respectively. PC pheochromocytoma cell
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that is compatible with the complex extracellular environment in a natural tissue,
(2) reduced electrode impedance by the high surface area of nanostructure, and (3)
soft mechanical contact with neural cells by the elasticity of freestanding CNFs.
To improve the biocompatibility and ability for neural stimulation and recording,
VACNFs have been further coated with polypyrrole (PPy), an electrically conduc-
tive polymer (ECP). As shown in Fig. 4.3b, the polymer sheath effectively reduces
the VACNF from collapsing into microbundles due to the capillary force as the
electrode is taken in and out of solutions and thus maintains their original vertical
alignment [33]. This is essential in reducing the mechanical stress on neural cells at
the local contact points. In addition, PPy is a redox-active material which enhances
the capacitance of the electrodes by two orders of magnitude [33] and thus can
provide the desired stimulation current without electrolyzing water. After modify-
ing the outer PPy surface with an ultrathin collagen coating, neuron-like PC12 cells
were found to effectively adhere to the surface and proliferate to form a monolayer
[34]. With the stimulation of nerve growth factor, the cells produce long neurites
extending over 100 um on the surface (Fig. 4.3¢) [34]. It is highly possible that they
may form functional neuronal network under such conditions. The microelectrode
arrays modified with PPy-coated VACNFs have been further demonstrated in effec-
tive electrical stimulation of rat hippocampal brain slices. The stimulation voltage
can be lowered to below 1 V to eliminate water electrolysis. [43] With further de-
velopment, VACNFs coated with a proper ECP, such as PPy, could serve as a novel
electrode for future neuroprosthetic devices. The merits of 3D topography, soft
mechanical properties, good biocompatibility with ECP modification, high electri-
cal conductivity, low impedance, and miniaturization capability may significantly
enhance the stability of NEI.

4.3 Nanoelectrode Arrays Based on Embedded Vertically
Aligned Carbon Nanofibers

4.3.1 Fabrication and Electrochemical Properties

The high surface area of the exposed sidewall of forest-like vertically aligned CNTs
or VACNFs in the previous section generates large capacitive background currents
due to charging—discharging the electrical double layer. This may mask the weak
signal in the form of faradaic current in electrochemical detection of small amounts
of redox molecules. To solve this problem, Li et al. developed a method to encapsu-
late the VACNFs with SiO, by tetraethoxysilane (TEOS) CVD and then remove it
from the top by mechanical polishing and/or plasma etching until the tip is exposed
to a desired length, forming a nanoelectrode array (NEA) [31, 32]. As shown in
Fig. 4.4a, b, such NEA can be fabricated as precisely defined regular pattern on
predefined microscale contact pads. Low-cost random NEA can be fabricated using
the same method but skipping the lithography steps [32]. As long as the average
spacing between the exposed VACNEF tips is larger than six times of the tip diameter
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Fig. 4.4 VACNFs embedded in a dielectric insulator with only the tips exposed to form
nanoelectrode arrays for biosensors. a A representative independently addressed 3 x 3 microelec-
trode array (scale bar: 200 pm). b An e-beam-patterned nanoelectrode array consisting of exposed
tips of a regular VACNF array embedded in SiO, after mechanical polishing and plasma etch-
ing (scale bar: 1 um). ¢ Electrochemical detection of DNA hybridization on probe-functionalized
VACNF nanoelectrode array based on a redox-mediated guanine oxidation mechanism. d The
three consecutive AC voltammograms showing the guanine oxidation current from the hybrid-
ized target DNA. An enhanced peak current present in the first curve compared to later curves
due to the irreversible oxidation of guanine bases. ([31]. With permission). e Schematic of protein
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(~ 100 nm), the random NEAs show similar behavior as the e-beam-patterned regu-
lar arrays. Tu et al. [46] demonstrated a slightly different process for encapsulating
VACNFs using spin-coated epoxy, rather than TEOS CVD, which also showed the
characteristic nanoelectrode behavior.

It is known that the performance of an electrode with respect to temporal and
spatial resolution and sensitivity scales inversely with the electrode radius. In the
embedded VACNF NEA, the electrode diameter is much smaller than that of the
diffusion layer thickness, thus the electrochemical properties become fundamen-
tally different from a conventional macroelectrode. Cyclic voltammetry (CV) mea-
surements of redox solutions typically show a sigmoidal shape with a steady-state
limiting current defined by the nonlinear radial diffusion rather than time-dependent
linear diffusion at the surface of macroscopic electrode [47]. The CV measurements
in 1 mM K Fe(CN), and 1.0 M KCI with a low-density embedded VACNF NEA
of ~7x 107 electrodes/cm? indeed confirmed these features [31, 48]. The high tem-
poral resolution of such NEA has been demonstrated by Koehne et al. in detecting
dopamine, an important neural transmitter, using fast-scan cyclic voltammetry. The
NEA on a 200 %200 um? micropad (similar to Fig. 4.4b) has shown the capabil-
ity to detect submicromolar dopamine at 300 V/s scan rate, comparable to a 5-um
diameter conventional carbon fiber microelectrode with ~50 pm exposed length
[49]. With the diameter approaching the size of biomolecules, nanoelectrodes can
be efficiently used for biosensors. The exposed tip with broken graphitic structure
facilitates selective covalent attachment of biomolecules. Lin et al. [50]. demon-
strated that covalently attached GOx to the exposed VACNF tip in an embedded
NEA can efficiently catalyze the glucose oxidation. A linear amperometric response
can be obtained with such electrodes in glucose solution in a range from 0.08 mM
to 30 mM. Both the linear range and detection limit surpass other electrochemical
glucose sensors.

4.3.2 Affinity Biosensors

Besides being used as an electrode to detect the redox biomolecules in bulk solu-
tion, the embedded VACNF NEA can also be functionalized with biorecognition
probes for the development of specific affinity biosensors. In such applications,
the VACNFs are used as an electrochemical transducer whose signal changes upon
the target molecules bind onto the surface through highly specific interaction with
the probe. The most useful examples are the detection of DNA hybridization and
immunochemical binding.

binding on an antibody-functionalized VACNF nanoelectrode array. f The electrochemical imped-
ance spectroscopy of 5 mM Fe(CN)*/*" mediator measured with (1) bare electrode; (2) anti-
cTnl antibody-immobilized electrode; and (3)—(7) the anti-cTnl antibody-immobilized electrode
incubated in 0.25, 0.5, 1.0, 5.0, and 10.0 ng/mL human cTnl antigen, respectively. The magnitude
of the charge-transfer resistance (represented by the magnitude of the semicircle) represents the
amount of human c¢Tnl antigen binding to anti-cTnl antibody. c¢Tx/ cardiac troponin-1, SCE short-
channel effect, CNF carbon nanofiber. ([54]. With permission)
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Figure 4.4c, d shows one example for the ultrasensitive detection of DNA hy-
bridization using embedded VACNF NEAs [31]. An oligonucleotide probe with
18 bases is covalently attached to the exposed CNF tip through amide bonds fa-
cilitated with carbodiimide reagents. This DNA sequence is a segment of the wild-
type allele (Argl443stop) of cancer-related BRCAI gene. It is estimated that there
are about 100 probe molecules functionalized to a single CNF of ~100 nm in di-
ameter. Incubation in a solution of target DNA with an 18-base complementary
sequence and a 10-base polyG tag at the end generates duplex DNAs at the nano-
electrode surface. Ru(bpy)?r mediators are introduced to facilitate an amplified
guanine oxidation, which efficiently transfer electrons from the guanine bases to the
electrode even when they are not in direct contact. This mechanism can utilize all
the inherent guanine bases within the hemispherical diffusion layer of Ru(bpy)g+
mediators, generating a well-defined oxidation peak around 1.04 V in alternating
current (AC) voltammogram as shown in Fig. 4.4d. Interestingly, guanine oxidation
is irreversible. As a result, the first scan (red line) is clearly higher than the second
(blue dotted line) and the third (black line) scans, while the latter two are nearly
superimposed on each other. The guanine oxidation only occurs in the first scan.
Subtracting the second scan from the first one gives a clear peak at 1.04 V with the
peak amplitude representing the amount of guanine brought to the electrode surface
through specific hybridization, while subtracting the third from the second curve
gives a nearly flat background with only small active guanine residues. This method
was further demonstrated in specific detection of the hybridization with 300-base
long polymerase chain reaction (PCR) amplicons containing the sequence comple-
mentary to the probe [51]. Statistically, each target provides 75 guanine bases as
the inherent components in the target, significantly amplifying the electrochemical
signal without further labeling. More importantly, this technique can be potentially
developed into a compact multiplex chip operated with a simple handheld system
for rapid label-free DNA analyses [52].

Immunochemical biosensors represent another type of important affin-
ity biosensor, which rely on the specific binding of antibody probes (or equiva-
lent such as aptamers) with target proteins for analyses. The embedded VACNF
NEA has been demonstrated as a label-free electronic technique in detecting ricin
(a toxic glycoprotein) [53] and cardiac troponin-I (cTnl, a principal biomarker for
myocardiac infarction) [54]. As illustrated in Fig. 4.4e, antibody or aptamer probes
are functionalized at the exposed CNF tips in an embedded VACNF NEA. Incu-
bating this electrode in the target solution induces protein binding on the surface
in correlation with the protein concentration. The bound protein partially blocks
the CNF surface and causes an increase in the charge transfer resistance of redox
mediators at the electrode surface, which can be monitored with electrochemical
impedance spectroscopy (EIS). Figure 4.4f shows the EIS at different stages of the
electrode preparation and treatments. The charge-transfer resistance (represented
by the amplitude of the dominant semicircle) clearly increases as the cTnl concen-
tration is increased from 0.25 to 10.0 ng/mL [54]. It was concluded that detection
limit by this method can reach ~0.2 ng/mL human cTnl, about 25 times lower than
conventional methods [54].
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4.3.3 Enzymatic Activity Analyses

4.3.3.1 Platform and Algorithm

The embedded VACNF NEAs can also be used to detect the activities of various
enzymes such as proteases, kinases, and phosphatases, which are critical biomark-
ers involved in biological processes leading to diseases. Specific peptide substrates
are functionalized at the exposed CNF tips in the NEAs, which are subjected to
proteolysis or phosphorylation (or dephosphorylation). The reaction kinetics can be
monitored with different electrochemical methods to provide the actual activity of
these enzymes, rather than the concentrations measured with other techniques. The
electrochemical detection of enzyme activities is attractive as portable systems for
point-of-care diagnosis, therapeutic treatment monitoring, and drug screening for
diseases such as cancers.

Besides presenting a characteristic steady-state limiting current in CV due to the
nonlinear radial diffusion of redox species to the electrode surface [55], NEAs also
afford to maintain the linear current—voltage relationship at much higher AC volt-
age in EIS measurements than macro- and microelectrodes [56]. Due to the small
electrode size, the measured impedance of an NEA is very sensitive to the nature
of the biomolecules bound at the electrode surface. In addition, the much smaller
electrochemical cell time constant of NEA allows the electrochemical measurement
to be carried out at a much higher speed. These properties make NEAs attractive for
monitoring enzymatic reactions using peptide substrates attached to the CNF tip.
The small radius of CNF tip protruding over the flat SiO, matrix surface also allows
enzymes to access to the peptide substrates without suffering the steric hindrance
effects encountered on macroscopic surfaces.

Phosphorylation of the peptides by kinase introduces phosphate groups and
negative charges to the electrode surface. On the other hand, dephosphorylation
of the phosphorylated substrates by phosphatase removes the negatively charged
phosphate groups from the peptides. Phosphorylation and dephosphorylation are
reversible dynamic processes, which are important regulatory mechanisms in both
prokaryotic and eukaryotic organisms [57]. The changes in charge density and/or
conformation of the peptides accompanying these reactions may induce changes in
electrochemical impedance |Z] [58]. Label-free real-time electrochemical impedance
spectroscopy (REIS) method is employed which directly measures the impedance
change at the electrode surface during enzymatic phosphorylation/dephosphoryla-
tion as shown in Fig. 4.5a. A long peptide substrate (biotin—~AEEEIYGEFEAK-
KKKC) which is specific to c-Src kinase [59] is attached to the exposed CNF tip.
When a solution containing c-Src kinase and adenosine-5'-triphosphate (ATP) is
added to the solution, a phosphate group in ATP is transferred to the tyrosine residue
(Tyr or Y) in the peptide, referred as phosphorylation. During this process, a nega-
tive charge is added to the peptide, which may be accompanied by a conformational
change in the peptide. These effects are expected to affect the packing of peptides on
the electrode surface and cause impedance change. On the other hand, the reverse
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Fig. 4.5 a The reversible phosphorylation and dephosphorylation of peptide substrates attached
to an embedded VACNF NEA catalyzed by kinase and phosphatase, respectively. b The real-time
measurement showing that the impedance |Z| increases slowly upon the addition of 5.9 nM c¢-Src
and 0.30 mM ATP at 100 s into the kinase buffer. ¢ The real-time measurement showing that the
impedance |Z| decreases rapidly upon the addition of 2.4 nM PTPIB at 73 s into the phosphatase
buffer. d The plot of —d(|Z}/|Z |)/dt versus |Z]/|Z | and the fitting with straight lines for the kinetic
data with 2.4 nM (m), 1.8 nM (A ), and 1.2 nM (#) PTP1B, respectively. e The slopes in (d) at three
PTP1B concentrations showing a linear relationship between the slope and the PTP/B concentra-
tion. ATP adenosine triphosphate, PTP1B protein tyrosine phosphatase 1B ([58]. With permission)
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reaction to remove the phosphate group, that is, dephosphorylation, could happen
after replacing the kinase solution with that of protein tyrosine phosphatase 1B
(PTP1B). The impedance may change toward the opposite direction. This method
is particularly suitable for fast reaction such as dephosphorylation.

For slower reactions such as proteolysis induced by proteases, the kinetics can be
measured with a special AC voltammetry (ACV) technique. Compared to common-
ly used CV techniques based on direct current (DC) ramping, ACV measurements
on VACNF NEAs show an anomalously high electron transfer rate with redox-ac-
tive Fc molecules attached to the exposed CNF tips [10]. This is likely attributed to
the unique conically stacked graphitic structure of the CNFs in the NEA. As a result,
ACYV on CNF NEAs can be carried out at much higher AC frequency (> 1 kHz) than
that on macroscopic glassy carbon electrodes (GCEs) which is limited to ~75 Hz.
Since the signal in ACV is nearly proportional to the AC frequency below certain
limits, the detection sensitivity can be greatly enhanced with VACNF NEAs. The
detection of the enzymatic activity of cancer-related proteases has been demon-
strated by monitoring the decrease in the ACV signal of Fc attached to the CNF tip
through a specific peptide linker.

The kinetics of the above two heterogeneous enzymatic reactions may be gener-
ally explained with a modified Michaelis—Menten model as shown in the following
equation: [60]

E+S K ES, Keat E+P +P, 4.1)

S kﬁ1

where E, S, ES, P, and P represent the enzyme, the surface-bound peptide sub-
strate, the enzyme-substrate complex on the electrode surface, the surface-attached
product, and the product released to the solution, respectively. The reaction rate can
be defined as

v=— dFSs — dFPx — kcat[EO]XFSs , (4.2)
dt dt Ky +[Ey]

where k_,, is the dissociation rate constant, K,,=(k_ +k_,)/k,is the Michaelis-Men-
ten constant, and /g _and /', represent the surface densities of original and reacted
peptide substrates, respectively. At low enzyme concentrations where [E ] <<K,,

an approximate relationship can be obtained as

drl’, dl’y kot
—_ 78 _ 7P Teat rp 4.3
v di dt KM[ 0] Ss ( )

The reaction rate v (or —dl’/d¢) is a time-dependent quantity proportional to the
change in electrochemical signals (dE/df), where E is the kinetic electrochemical
signal corresponding to the “extracted proteolytic signal” S in ACV measurements
for protease, and the normalized impedance |Z|/|Z | in REIS measurements for ki-
nase/phosphatase, respectively. As a result, the slope of (dE/df) versus the time-
dependent £ will be equal to (k_,/K,,)[E,], namely,
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Thus, by rearranging the kinetic electrochemical data, we can derive the value of
“specificity constant” k_/K,, which is commonly used to represent the catalytic
efficiency of enzymes. In another view, the kinetic electrochemical signal is essen-
tially an exponential function

E=E, exp(-t/7), 4.5)

where the exponential time constant 7 is related to the enzymatic activity by
1= (k_ /KIE,].

cat

4.3.3.2 Kinase/Phosphatase Detection

Figure 4.5b, ¢ shows the REIS upon adding c-Src kinase or PTP1B phosphatase into
corresponding buffer solutions. Only a small change (<0.5%) in the total imped-
ance value |Z| was observed after adding 5.9 nM of c-Src kinase (Fig. 4.5b) [61].
The change was slow, unreliable, and superimposed on a step function due to dis-
turbance to the solution. The peptide at the VACNF NEA was fully phosphorylated
with 1-h further incubation in c-Src kinase solution. The dephosphorylation reaction
was much faster, showing a decrease in |Z| by ~1150 Q (~6.3 %) over the ~100-s
period after adding 2.4 nM PTP1B. These results indicated that the peptide attached
to the VACNF NEA can be reversibly phosphorylated and dephosphorylated by
switching the enzymes and corresponding buffers. The impedance change corre-
sponding to the dephosphorylation by PTP1B was considerably larger than that of
phosphorylation by c-Src kinase. This is correlated with the fact that the “specificity
constant” k_ /K|, is 1.1 x 10°M™" s™! for human PTP1B and 2.9 10’ M™" s™! for rat
PTP1 phosphatases [62, 63], much higher than that for c-Src kinase ranging from
2.4x10°t02.5%x10* Mt s71 [59, 64-66].

For quantitative analysis of the enzyme activity, the background-subtracted data
|Z/|Z,| in Fig. 4.5¢ was fit with an exponential decay

|Z|/|1Zo| = 0.944 exp(—1/19.1)- (4.6)

The value —d(|Z]/|Z,|)/d¢ represents the reaction rate, which can be calculated from
the exponential fitting function using Eq. (4.6) and then plotted versus |Z|/|Z|, as
shown in Fig. 4.5d. The slope of the straight line gives 1/1=0.0522s"'=(k_/K,,)
[£,]. Since it is known [E]=2.4 nM, the value of k_ /K  can then be derived as
2.2x107 M ! s7!, right in the range reported in the literature [62, 63]. As the PT-
P1B concentration is lowered to 1.8 and 1.2 nM, respectively, the slope decreases
proportionally as shown in Fig. 4.5d. But the derived specificity constant k_ /K|,
remains the same as expected, giving an average value of 2.1 x 10" M~ s™1,
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4.3.3.3 Protease Detection

ACYV uses a sinusoidal AC voltage superimposed on a DC potential ramp for
voltammetric measurements. It has advantages over commonly used DC-based CV,
particularly for biosensors, due to the ability to amplify the electrochemical signal
of small quantity of redox tags by shuffling the electron between the redox tag and
the electrode many times. In general, the signal increases with AC frequency at low
frequencies but is saturated and then decreases at higher frequencies. Using VACNF
NEAs, the optimum frequency for Fc through a short NH,CH,— linker was found
to be 40 times higher than macroscopic GCE [10]. Similar phenomena were also
observed with Fc attached to the electrode surface through a tetrapeptide and linker
groups, that is, H,N-(CH,),~CO-Ala—Ala—~Asn-Leu-NHCH ~Fc which showed a
peak current at ~0.2 V versus Ag/AgCl (3 M KCl) [12]. As shown in Fig. 4.6, the
peak current density (ip) in the ACVs with macro-GCE is maximum at 40 Hz but
then drop to zero at 1500 Hz. In contrast, the ACV of the VACNF NEA gives a
maximum i,at 1500 Hz [11, 12]. Obviously, VACNF NEAs allows the Fc signal to
be detected at much higher frequency. This provides a unique method for protease
detection.

Figure 4.7 a shows the scheme of monitoring protease-induced proteolytic cleav-
age of the peptide substrates attached to the embedded VACNF NEA. Upon be-
ing supplied with the specific protease, the peptide is cleaved at the particular site
and releases the Fc moiety from the electrode surface, causing the redox signal
to decrease, which is monitored by continuously repeated ACV measurements. As
shown in Fig. 4.7b, adding cathepsin B (at 15.5, 30.7, and 62.1 nM) into the elec-
trochemical cell clearly cleaves the tetrapeptide H,N—(CH,),~CO-Leu—Arg-Phe—
Gly-NH-CH,~Fc immobilized on VACNF NEA and causes the normalized ACV
peak current S to decay exponentially [11, 12]. The decay time constant can be fitted
with

S =i, — (bt + ©)]/iy = exp(—t/7)" 4.7)

The higher cathepsin B concentration apparently causes a faster decay, giving small-
er decay time constant 7 and higher protease activity, with 1/z=(k_ /K, ) [E/]. The
quantity of (k_/K,,):[E,] can be alternatively represented by the slope in Fig. 4.7c.
The statistical values of (k_,/K,,):[E,] from nine experiments at three enzyme con-

centrations are shown in lg?g. 4.7d, which is linearly proportional to the enzyme
concentration [£ ], giving the average “specificity constant” k_ /K|, =(3.68+ 0.50)
x10*M s [67].

A major goal of today’s research is to develop methods that can quantitatively
detect protease in complex samples and correlate the results with cancer formation.
The capability of VACNF NEA in detecting cathepsin B activity has been recently
demonstrated with lysates of human epithelial mammary cell (HMEC), non-tumor-
igenic breast cell MCF-10 A, breast cancer cell T47D, and metastatic breast cell
MDA-MB-231 [68]. As shown in Fig. 4.8, the decay time clearly varied among
these different cell lysates, giving t=497, 311, 248, and 215 s for 7.28 ug mL™! of
HMEC, MCF-10 A, T47D, and MDA-MB-231, respectively. The derived values of
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Fig. 4.6 Comparison of AC voltammograms (4CVs) measured at 10, 40, and 1500 Hz of H,N-
(CH,),~CO-Ala-Ala—-Asn-Leu-NHCH ~Fc immobilized on a macro-GCE (a—c) and on a
VACNF NEA (d—f). All measurements were done in 500 uL of 50 mM MES (pH 5.0) and 250 mM
NaCl. Sinusoidal waves with the fixed amplitude of 25 mV were superimposed on a DC staircase
ramp from —0.05 to +0.65 V at a scan rate of 10 mV-s™!. The AC current density was calculated
by normalization to the 7.1 mm? geometric surface area inside the 3-mm i.d. O-ring. The actual
CNF surface area is ~ 100 times less. CNF carbon nanofiber, GCE glassy carbon electrode. ([12].
With permission)

(k /Ky [E,] are 2.00x 1073, 3.20x 1073, 4.02x 1073, and 4.60x107* 5!, showing
a good correlation with the cancer formation. With further development, such elec-
trochemical enzymatic biosensors based on VACNF NEAs may be potentially ap-
plied as portable multiplex electronic devices for rapid cancer diagnosis, treatment
monitoring, and inhibitor screening.
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Fig. 4.7 a Schematic of protease-induced proteolytic cleavage of the peptide substrate. ([12]. With
permission.) b The proteolysis kinetics represented by the extracted proteolysis signal S = (i, i,)/i,
versus the reaction time after adding purified cathepsin B into the electrochemical cell. The final
concentrations of cathepsin B are 15.5, 30.7, and 62.1 nM, respectively. Each set of data is fitted
with a simple exponential decay. ¢ Plot of the reaction rate —dS/dt versus extracted proteolysis

signal S=(i,—4,)/i, at different cathepsin B concentrations. d Plot of (k_,/K,,)'[E,] with respect to

cathepsin B concentration [E] in the proteolytic reactions. The error bars are the standard devia-
tion of the results from at least triplicated experiments. ([11]. With permission)

4.4 Integration of Nanoelectrode Arrays with
Microfluidics

The embedded VACNF NEAs are mechanically robust, thermally and chemically
stable, and able to sustain the traditional microfabrication process. Hence, they have
been successfully integrated as active components in microfluidic chips for manipu-
lating and detecting small redox chemicals, large biomolecules, microbial particles,
and cells.

4.4.1 Redox Generator-Collector Pair in a Microfluidic Channel

The first study on the integration of VACNF nanoelectrodes in a microfluidic chan-
nel was reported by McKnight et al. [69]. To avoid detrimental arcing and sparking
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during DC-biased PECVD process to the growth of VACNFs, the 4” SiO,-covered
Si wafer was first deposited with a thin film consisting of the following material
stacks Si/Ti/W/Ti. AUV lithography procedure was then employed to define Ni cat-
alyst (40-nm thick Ni in 500-nm-diameter circular spots) using a liftoff process. The
10-nm thick Si top layer served as a critical interfacial layer to facilitate nucleation
of singular Ni particles in the pregrowth process. With this unique approach, single
CNFs can be grown from over 500-nm-diameter Ni spots which can be patterned
easily with readily available wafer-scale reduction stepper photolithography instead
of the slow and expensive e-beam lithography. The resulting VACNFs are spear
shaped with ~500-700 nm in diameter at the base and 60—-400 nm in diameter at the
tip, with the length of ~5 pm. A recent study indicates that the spear shape could
be attributed to the deposition of silicon nitride during PECVD growth of VACNFs
due to the sputtering of the Si layer by NH, [70]. Nevertheless, the bigger base is
useful in increasing the mechanical stability of the VACNFs. After VACNF growth,
UV lithography was applied to define the metal contact pattern and the stacked film
Si/Ti/W/Ti on rest of the surface area was removed by reactive ion etching (RIE). A
layer of SiO, (~100 nm) was then conformally deposited by PECVD to encapsulate
all surfaces. A 2-um SU-8 layer was spun onto the wafer to further passivate the
VACNF and define the area for exposing the metal contact by RIE. A second SU-8
layer (15-20 pm) was applied at the last to define the microfluidic channel.
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Figure 4.9 shows the schematic view and a photograph of a completed single
die consisting of up to 40 individually addressable VACNF nanoelectrodes [69].
Each VACNEF is encapsulated with multiple layers of insulating materials leaving
only the extreme tip exposed. CV characterization indicated that such nanoelec-
trodes have a wide potential window, over —1 to +1 V versus Ag/AgCl (3 M KCl)
in various supporting electrolytes. In the solution containing redox molecules such
as Ru(NH3)2+ and Fe(CN)gf, well-defined sigmoidal shape was observed in CV
curves. The steady-state current clearly depended on the exposed CNF length which
can be controlled by hydrofluoric acid (HF) etching. The communication between
two nanoelectrodes was studied using two fully exposed VACNFs separated by
10 pm as a generator—collector pair [69]. One VACNF was set at —0.5 V versus
Ag/AgCl (3 M KCl) as the generator to reduce Ru(NH; %' to Ru(NH;)z ", while
the other one was set at 0 V versus Ag/AgCl (3 M KCl) as the collector to oxidize
Ru(NH,)2" back into Ru(NH;);". At the steady state in 10 mM Ru(NH;)2" solu-
tion, the concentration of the reduced specie Ru(NH;)z " arriving at the collector at
10 um distance was found to be as high as 0.8 mM, that is, ~8 %. Such design could
be optimized in developing a novel amplification technology to detect very small
amount of redox analytes by confining them in a small volume and recycling them
between the generator and collector.
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Fig. 4.9 Schematic view of a VACNF nanoelectrode array (not to scale) and photograph of a
completed single die consisting of up to 40 individually addressed VACNFs (only four shown in
the bottom schematic view) within an open microfluidic channel. The VACNFs are encapsulated
with multiple layers of insulating materials leaving only the extreme tip exposed. ([69]. With
permission)
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4.4.2 VACNF NEA DNA Sensors Integrated in a Packed
Microfluidic Chip

The DNA hybridization sensor based on embedded VACNF NEAs discussed earlier
in Sect. 4.3.2 can be developed into a simple multiplex electronic DNA microarray
technology for rapid DNA analyses [30, 31, 51, 52]. To fully realize their advan-
tages, such DNA sensor chips need to be integrated with a microfluidic system for
sample handling. Kim et al. demonstrated a fully packed microfluidic system to-
ward this direction [71]. A chip consisting of nine independently addressed e-beam
patterned regular NEA (similar to that in Fig. 4.4b) in a 3 x 3 microarray format was
functionalized with single-stranded DNA (ss-DNA) probes and used as the working
electrode. A glass slide deposited with a common Ag quasi-reference electrode and
a common Pt counter electrode was bound with the NEA chip through a polydimeth-
ylsiloxane (PDMS) tape precut with the fluidic channels (width: 300 pm and height:
100 pm) and a circular chamber. All processes were under 65°C so that the pre-
functionalized DNA probes were retained intact. The ability of such integrated chip
was demonstrated with differential pulse voltammetry (DPV) measurements of
ruthenium(Il)-amplified oxidation of guanine bases brought to the electrode surface
through the specific hybridization (as described in Sect. 4.3.2). The peak height dif-
ference between the first and second DPV scans, that is, the signal correlated to the
hybridized DNA, clearly increased as the target DNA concentration was raised. In
addition, a PDMS-based microspotter has been demonstrated to quickly spot each
micropad in the 3 % 3 chip with a different ss-DNA probe [71]. This can potentially
be developed to a complete system to fabricate integrated multiplex DNA chips for
rapid DNA analyses in field applications.

4.4.3 VACNF NEA Nano-DEP in a Fluidic Chip for Pathogen
Detection

The embedded VACNF NEA has also been integrated into a microfluidic system
for dielectrophoretic capture and detection of small pathogenic particles such as
bacteria and viruses [72—74]. Dielectrophoresis (DEP) is an attractive technique
for on-chip capture, sorting, and concentration of small polarizable particles us-
ing programmable electric fields [75, 76]. The small size of pathogens, such as
the viral particles (~ 100 nm) and bacterial particles (~2 pum), makes it difficult to
manipulate them in a fluidic flow. Recently, we have developed a simple nanoscale
DEP device based on an embedded VACNF NEA versus a macroscopic indium tin
oxide counter electrode, which can effectively capture both bacterial cells and viral
particles from high-velocity fluidic flows. The highly focused electric field at the
CNF tip produces a large DEP force to pull bacterial cells and viral particles toward
the CNF tip and concentrate them at the electrode surface. The DEP device can be
further integrated with a Raman probe for rapid detection of pathogens by monitor-
ing surface-enhanced Raman spectroscopy (SERS) tag specifically bound to the
bacteria cells [77].
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4.4.3.1 Principles, Device Design, and Fabrication of the Nano-DEP Chip

DEP is the process defining the motion of particles when they are exposed to a spa-
tially nonuniform electric field [76]. It fundamentally differs from electrophoresis
because the particle is not required to carry a net electric charge for motion to be
induced, and both AC and DC voltages can be employed to impose the electric field
[78]. The time-averaged DEP force (F},zp ) exerted on a spherical particle by an AC
voltage is given by: [76]

(Fppp)=27r¢, Re[CM (w)IVE?, (4.8)

where r is the radius of the particle, ¢ is the permittivity of the suspending medium,
VE? is the gradient of the square of the applied electric field strength, and Re[CM( )]
is the real component of the complex Clausius—Mossotti (CM) factor given by:

5;—5; * Nes
CM(w)=—"——+, where ¢ =e—j— (4.9)
& +2 o

P m

where gp* represents the complex permittivity of the particle and gm* is complex
permittivity of the medium. Parameter o is the conductivity of the medium, w is the
angular frequency (w =21 of the applied electric field, and j=V-1. Here, we focus
on positive DEP (pDEP) where the proper medium is chosen to give Re[CM(®)]>0
so that the particles experience a DEP force directing toward higher electric field
strength [76]. Due to the small size, the magnitude of VE? at the CNF tip can be
enhanced by orders of magnitude so that even small viral particles can be captured
effectively [79].

Figure 4.10a illustrates the design of the DEP device in a “points-and-lid” config-
uration [75], with an embedded VACNF NEA in the exposed 200 x 200 um? region
as the “points” electrode and a macroscopic transparent indium tin oxide (ITO) slide
as the “lid” electrode. The two pieces are permanently bonded together through the
SU-8 photoresist layers. The stretched lines in Fig. 4.10b represent the movement
of individual bioparticles carried by the hydrodynamic flow. Figure 4.10d shows the
forces acting on the particles, where F,,, force acts in downward direction leading
to captures of particle on the VACNF tip in the NEA, and F g is the hydrodynamic
drag force which carries the particle to flow in the channel [72, 74].

4.4.3.2 DEP Capture of Bacteria and Virus in a Microfluidic Flow

DEP capture was demonstrated with fluorescent-labeled Escherichia coli DHa5
bacterial cells [72, 73] and Bacteriophage T4r viral particles [74]. In viral experi-
ments, 280 mM mannitol was added to the suspension medium to ensure a positive
CM factor for pDEP [79, 80]. The DEP device was placed under an upright fluores-
cence optical microscope. The NEA employed in this study had an exposed CNF
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Fig. 4.10 Schematic of the microfluidic chip containing a VACNF NEA based nano-DEP device.
a The main components of the device, including a top-lid electrode made of indium tin oxide
(ITO)-coated glass and an 18-um SU-8 photoresist layer containing a recessed microfluidic chan-
nel, a bottom NEA chip covered with 2 pm SU-8 photoresist with a 200 %200 pm? open area.
b SEM image of an NEA made of e-beam-patterned regular VACNFs. ¢ 4X magnification optical
microscope image showing the flow profile of fluorescent-labeled bacteriophage solution passing
through the bonded device. d Schematic diagram of forces on the microbial particles in the active
nano-DEP area. VACNF vertically aligned CNFs ([90]. With permission)

density of ~2x 107 CNFs/cm?, with an average spacing of ~2.0 um. Figure 4.11a
shows the typical voltage waveform applied in a DEP experiment. Fluorescence
video was recorded spanning over that period while the solution was forced to flow
through the microfluidic channel. Figure 4.11b shows the integrated fluorescence
intensity over the VACNF NEA area during the DEP capture of bacteriophage T4r
with 10 vV, AC voltage at 10 and 100 kHz frequency, respectively [74]. Clearly,
the viral particles were captured immediately after the AC voltage was turned on
and reached the saturation level within 10 s. The captured particles were reversibly
released and washed away as soon as the voltage was turned off.

The captured bacterial cells present as isolated bright spots fixed on the surface
as shown in the snapshot image in Fig. 4.11c [72]. The number of captured bacte-
rial cells monotonically decreases as the flow velocity is increased, reflecting the
larger drag force incurred by the flow. But for viral particles, the captured par-
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ticles only present as isolated spots at flow velocity below 0.73 mm/s [74]. Above
that, the snapshot shows fractal-like lightening patterns (see Fig. 4.11e) which are
commonly generated under conditions where a high electric field is produced at a
sharp electrode surrounded by charged or polarizable materials as is the case here
(schematically shown in Fig. 4.11g) [74]. The generation of such patterns requires
a relatively high concentration of polarizable particles at the electrode tip. Thus, it
was seen only when the particle flux was sufficiently high to bring a large number
of particles near the electrode and, at the meantime, the capture efficiency was suffi-
ciently high to capture and keep them in place. Accordingly, as shown in Fig. 4.11f,
the maximum DEP capture was obtained at the flow velocity of 0.73 mm/s, at the
transition point from isolated spots to lightening patterns. For bacterial cells, the
high electrical field at the VACNF was blocked once a single cell was captured,
preventing it from capturing the second bacterial cell at this site.

Depending on the size, shape, and physicochemical properties, different mi-
crobes present very different CM factor over the frequency spectrum, and thus it
is possible to selectively sort out a specific microbe from a mixture by DEP at the
proper frequency. It has been demonstrated that optimum DEP capture condition
for E. coli cells is at 100 kHz [72] and for bacteriophage T4r at 10 kHz [74]. Con-
sidering that mannitol had to be added to adjust the permittivity and conductivity of
the media (i.e., water), it is clear that the small virus particles (bacteriophage T4r,
80-200 nm in size) have very different CM factor compared to larger bacterial cells
(E. coli, ~1-2 um in size). As expected, higher Vo gives stronger DEP force in all
cases. Normally, reliable results are only obtained with > 6 Vo

4.4.3.3 Integrated SERS-DEP Chip for Specific Pathogen Detection

Despite DEP can, to a certain degree, selectively capture one type of microbe from
others, it does not differentiate different strains or microbes with similar sizes and
shapes. This problem can be solved by using DEP as a generic sample concentrating
method which is coupled with other specific detection techniques based on bio-
recognition labeling. Recently, we have demonstrated the integration of the nano-
DEP device with surface-enhanced Raman spectroscopy (SERS) probe toward the
development of a portable pathogen detection system for rapid field applications
[77]. Bacterial cells were bounded with SERS nanotag through antibodies and then
captured on VACNEF tips in a microfluidic DEP chip, and the captured cells were
then detected with SERS using a portable Raman system with a 100 pm diameter
probe that was aligned to the active DEP site. The SERS nanotag is a complex
structure consisting of a nano-oval-shaped plasmonic metallic substrate attached
to a Raman marker molecule (QSY21 dye [81]) with a strong and unique Raman
fingerprint [82, 83] co-functionalized with biorecognition molecules such as an-
tibodies, aptamers, etc. This structure ensures that the Raman is in close contact
with the metal surface. As a result, when attached to a specific pathogen, a strong
SERS signal can be obtained from the particular pathogenic species and not from
other microorganisms. The SERS intensity of the captured nanotag-labeled E. coli
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using a portable Raman setup was measured over the concentration range from ~ 10
to 1x 10° cfu/mL and was found to be a linear function of the logarithm of bacteria
concentration when the concentration is above ~100 cfu/mL. The concentration
detection limit was determined to be ~210 cfu/mL, corresponding to one captured
bacterial cell [84]. With further optimization, this integrated SERS-DEP chip may
detect down to tens of cfu/mL from a sub-milliliter sample.

4.5 Low-Density VACNF Arrays for Gene Delivery, and
Neural Stimulation

The high aspect ratio and strong mechanical properties make VACNFs attractive as
sharp needles to penetrate the cell membrane and deliver DNA or drugs into the cell.
McKnight et al. have demonstrated that an array of VACNFs can achieve this on
a massively parallel basis [85, 86]. Regular spear-like VACNFs of ~100 nm in tip
diameter, ~300—400 nm in base diameter, and a few microns in length were grown
on Si surface with DC-biased PECVD similar to those discussed in Sect. 4.4.1. This
can be fabricated in a regular array with a square lattice using routine UV lithogra-
phy with the patterned Ni catalyst dots of 400 nm in diameter. The pitch size was
designed as 5 um which is comparable to the diameter of a typical unattached mam-
malian cell. As a result, it is expected that there is only one VACNF impaling into a
single cell. The yellow fluorescent protein (YFP)-encoded DNA molecules, human
cytomegalovirus immediate-early promoter (CMV ;) reporter plasmid (pd2EYFP-
N1), were covalently attached to the VACNFs through the amide bond. Chinese
hamster ovary cells (CHO K,BH,) were dispensed on the VACNF chip and gently
pressed by a sterilized PDMS slab to allow cell impalefection. The chip was then
placed in growth media to allow cell recovery and proliferation. Ten days after im-
palefection, YFP expression was clearly observed, indicating that the genes tethered
on the VACNFs retained the ability of transcription [86]. In contrast, physisorbed
DNA molecules did not retain on the VACNF and were not able to show transfec-
tion to the cells. The small tip radius was believed critical in minimizing the me-
chanical damage to the cell and retaining its normal biological functions.

Yu et al. further demonstrated that the VACNFs can be grown deterministically
at the desired spots that were electrically connected to the underlying metal lines
and used for recording neuro-electrophysiological activity [87, 88]. Figure 4.12
shows a representative linear array consisting of 40 individually addressed VAC-
NF electrodes spaced apart by 15 um along a total length of 600 pm. Each elec-
trode consists of about five to ten 10-um long VACNFs grown from 2-pm diam-
eter Ni catalyst spots but collapsed into a tapered microbundle with a tip size of
~100 nm in diameter [87]. Such a shape increased the mechanical robustness so
that the electrode could sustain the harsh processes including wet and dry treat-
ments and tissue penetration. Such VACNF array serves as 3D microneedle elec-
trodes which can penetrate about 10 pm into the tissue. It is known that the surface
of acutely sectioned tissue slices consist of injured or dead cells, and the surface
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Fig. 4.12 A linear array of 40 individually addressed VACNF electrodes for recording neuro-
electrophysiological activity of organotypic hippocampal slice cultures. a An optical image of the
“as-fabricated” VACNF array. Electrodes /-9, 11, 13, 18, 20, 22, and 24 are missing in this sample.
b SEM image of the entire VACNF array in (a). ¢ An enlarged SEM image of a single VACNF
electrode. d An optical image of a hippocampal slice (22 DIV) transferred to a pre-coated VACNF
array chip. The scale bars are 200, 5, 400, and 100 pm, respectively. ([87]. With permission)

of slice cultures may consist of a reactive glia layer; both reduce signal propaga-
tion from the active cells to the electrodes [87]. Thus, the high-aspect ratio fea-
ture makes the VACNF microbundle electrode reach the active cells deeper in the
tissue slices and provide better electrical-neural interface than traditional planar
microelectrode arrays. While other state-of-the-art microneedle electrodes may be
able to penetrate the tissue as well, their tip sizes are normally larger than 2 pm in
diameter. The ability to reach down to 100 nm in diameter provides much higher
spatial resolution.

Electrical stimulation and extracellular recording of the spontaneous and evoked
neuroelectrical activity in organotypic hippocampal slices were demonstrated with
the VACNF ultramicroelectrode [87]. The hippocampus slice of 400 um in thick-
ness was obtained from a postnatal day 8—11 rat pup. Slices were prepared 2—-3
weeks before use. Prior to recording, VACNF chips were cleaned by air plasma
treatment and then coated with a mixture of poly-L-lysine and laminin for improv-
ing the biocompatibility and cell adhesion. The array chip was then submerged in
artificial cerebrospinal fluid with the organotypic hippocampal slice cultures laid
on the VACNFs with electrode 1 located in CA3 pyramidal cell layer and elec-
trode 40 in the dentate gyrus granule cell layer. Spontaneous complex spikes of
~50 qu was readily detected with electrode 38 in the granule cell layer, above the
background noise of ~25 qup. By adding 1 mM tetrodotoxin, a voltage-sensitive
sodium channel blocker, the spontaneous activity was blocked with the firing rate
dropping from ~8 Hz to 0 Hz within 3 min after introduction. Furthermore, in-
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troducing a gamma-aminobutyric acid A (GABAA) receptor blocker, bicuculline
methiodide (BIC), demonstrated that the restriction of the spontaneous activity by
GABAA receptor could be lifted. Epileptiform activity propagated throughout the
hippocampal slice was recorded at the different electrode sites. The BIC-induced
epileptiform activity consisted of large oscillations with amplitudes ten times great-
er than spontaneous complex spikes, up to 600 nv [87]. Because the electrodes
are carbon based, these arrays have potential advantages over metal electrodes and
could enable a variety of future applications as precise, informative, and biocompat-
ible neural interfaces.

4.6 Summary and Outlook

In summary, CNTs are a family of intrigue nanomaterials. Their properties not only
strongly depend on the internal graphitic structure of the specific CNTs such as the
seamless tube-like SWNTs or MWNTs and conically stacked CNFs but also the
architectures into which they are organized into. In this chapter, we focused on the
VACNFs with an emphasis on their unique electrochemical properties. The metallic
nature, high electrical conductivity, great mechanical strength, and the presence of
abundant active graphitic edges enable VACNFs as unique nanoelectrodes, which
can be used in forest-like structure or embedded arrays. The biocompatibility and
ease in functionalization with biomolecules make them attractive for biosensors and
other biomedical applications. CNTs in organized architectures have provided an
opportunity to expand the capability of traditional carbon electrodes into nanometer
scale, reaching subcellular components and individual biomolecules. With the abil-
ity of micro- and nano- patterning and integration with microfluidic techniques for
sample handling, it can be foreseen that extremely powerful systems for biomedical
applications based on VACNFs will be developed in the near future [89].
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Chapter 5
Photodynamic Therapy with Water-Soluble
Cationic Fullerene Derivatives

Min Wang, Yingying Huang, Felipe F. Sperandio, Liyi Huang,
Sulbha K. Sharma, Pawel Mroz, Michael R. Hamblin and Long Y. Chiang

5.1 Introduction

Photodynamic therapy (PDT) is a rapidly advancing treatment for multiple dis-
eases. It is becoming more widely recognized as a valuable treatment option for
localized cancers and precancers of the skin, mouth, larynx (voice box), and other
places. Potential PDT treatments also involve other skin problems including psoria-
sis, atopic dermatitis, seborrheic dermatitis and keratosis, eczema, alopecia areata
(scalp hair loss), and chronic cutaneous graft-versus-host disease. In general, there
are a number of advantages for PDT over chemotherapy and radiotherapy showing
no long-term side effects when proper PS is applied, noninvasive care with little or
no scarring after the site heals as compared to surgery, highly targeted precision at
the disease site, repeatable treatments at the same site if needed, less cost than other
cancer treatments, and taking only a short period of time for each treatment to be
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practiced as an outpatient. The main limitation of PDT exists as its effectiveness
shown only at treatment areas where light can reach. This implies that the major
PDT medication should be performed in the lining of organs or just under the skin
that can be reached by the light source.

The method of PDT is based on the administration of a nontoxic light-absorptive
chromophore-dye drug, known as a photosensitizer (PS), systemically, locally, or
topically to a patient bearing a tumor lesion or cancer [1], followed by illumination
on the lesion with visible light. In the procedure, applied photoenergy activates
the PS and, in the presence of molecular oxygen, leads to the generation of cy-
totoxic reactive oxygen species (ROS) that consequently results in the cell death
and tissue destruction [2—6]. A semi-purified preparation of hematoporphyrin de-
rivative (HPD) known as Photofrin® (PF, Axcan Pharma, Canada) was the first
PS to gain regulatory approval for treatment of various cancers in a number of
countries, including the USA [7, 8]. Other porphyrinoid and chlorin derivatives that
have received approval from the US FDA and regulatory authorities in other coun-
tries include benzoporphyrin derivative monoacid ring A (BPD-MA, verteporfin or
Visudyne for the treatment in combination therapies of ophthalmologic choroidal
neovascularization, such as age-related macular degeneration (AMD), QLT Photo-
therapeutics, Canada), meta-tetra(hydroxyphenyl)chlorin (m-THPC or Foscan for
the treatment of neck and scalp cancer, Biolitec, Germany), N-aspartyl chlorin-e6
(NPe6 for the treatment of lung cancer, Nippon Chemical, Japan), and precursors to
endogenous protoporphyrin IX (PpIX): 1,5-aminolevulinic acid (ALA or Levulan®
for treatments of actinic keratosis and esophageal dysplasia, DUSA, USA), meth-
yl aminolevulinate (MAL, methyl ester of ALA, Metvixia® cream for treatment
of some types of actinic keratoses of the face and scalp), and hexaminolevulinate
(HAL). Additional texaphyrins (Lutrin) and sulfonated aluminum phthalocyanines
(AlPcSn) analogs are under consideration for PDT drug applications and being
evaluated currently at the stage of both preclinical and clinical trials [9].

The treatment of tumors using HPD-PDT was realized with several disadvan-
tages, including prolonged skin sensitivity necessitating avoidance of sunlight for
many weeks [10], suboptimal tumor selectivity [11], poor light penetration into the
tumor due to the relatively short wavelength used (630 nm) [12], and the fact that
it was a complex mixture of uncertain structure [13]. Therefore, much research
effort has been made on developing new PSs [14, 15] for PDT in the literature.
The vast majority of these compounds are based on the chemical structures with
a tetrapyrrole aromatic nucleus backbone [16] found in many naturally occurring
pigments such as heme, chlorophyll, and bacteriochlorophyll. Tetrapyrroles usually
have a relatively large absorption band in the region of 400 nm known as the Soret
band, and they have a set of progressively smaller absorption bands as the spectrum
moves into the red wavelengths known as the Q bands. Another broad class of po-
tential PS includes completely synthetic, non-naturally occurring, conjugated pyr-
rolic ring systems. These comprise structures such as texaphyrins [9], porphycenes
[17], and phthalocyanines [18].

Some of the characteristics that the ideal PS should possess are (1) absorption
bands at long wavelengths in the so-called optical window (600-900 nm where
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the tissue is much more transparent) for sufficiently deeper tissue penetration of
light to allow the treatment of larger tumors, (2) high absorption extinction coef-
ficient (>20,000-30,000 M~ 'cm™!) of the band to minimize the dose of PS needed
to achieve the desired PDT effect, (2) preferential uptake in target tissue, (3) high
triplet and singlet oxygen quantum yields, (4) low photobleaching and high chemi-
cal and photostability, (5) intrinsic fluorescence to permit their detection by optical
dosimetry (microscopy) techniques, and (6) low levels of dark toxicity to prevent
harmful side effect to the surrounding normal tissue. The usefulness of various PSs
proposed for antimicrobial PDT has to be judged on different criteria. One of the
requirements is that an antimicrobial PS should be able to kill multiple classes of
microbes at relatively low concentrations and low fluences of light. PS should be
reasonably nontoxic in the dark and should show selectivity for microbial cells over
mammalian cells. Up to the present date, there is no perfect PS that meets all the
characteristics of an ideal PS. The reason why fullerenes are seen as potential PDT
agents is that they possess some of the characteristics which render them well suited
as a photosensitizing drug as detailed below.

Fullerene derivatives with condensed aromatic rings and an extended
n-conjugated system of molecular orbitals are molecules of great potential for a va-
riety of photonic applications that has drawn attention of physicists, chemists, and
engineers. Although pristine C, can form nanocrystalline preparations that have
been reported to have biological activity [19-22], most researchers have studied
chemically modified or functionalized fullerenes that acquire solubility in water
or biologically compatible solvents and thereby have increased versatility [23-26].
Accordingly, these functionalized nanostructures (and others in the nanotechnology
revolution) have been studied recently for their biological activities with a view to
using them in medicine [27-29]. We are particularly interested in the biomedical
PDT applications of fullerene derivatives [30] as a nonsurgical, minimally invasive
approach that has been used in the treatment of solid tumors and many nonmalig-
nant diseases [31]. PDT is a nonthermal photochemical reaction, which requires
the simultaneous presence of a photosensitizing drug (PS), molecular oxygen, and
visible light. It is a two-step procedure that involves the administration of a PS, fol-
lowed by activation of the drug with the appropriate wavelength of light [1, 8, 32].
The photoactivation of the drug generates singlet oxygen and other ROS, which
cause a lethal oxidative stress and membrane damage in the treated cells and in
the case of tumors, leads to cell death by direct cytotoxicity and a dramatic anti-
vascular action that impairs blood supply to the area of light exposure [3]. It is
known that depending on the parameters involved, in vitro PDT can kill cancer cells
via apoptosis, necrosis, or autophagy. The direct killing effect of PDT on malignant
cancer cells that has been studied in detail in vitro, also clearly applies in vivo,
but, in addition, two separate in vivo mechanisms leading to PDT-mediated tumor
destruction have been described. They are the vascular shutdown effect mentioned
above [33] and the PDT-induced activation of the host immune system [34]. In case
of antimicrobial PDT, the gram-positive bacteria are found to be more susceptible
as compared to the gram-negative bacteria. This observation is explained by the dif-
ference in the structure of their cell walls [35].
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Fig.5.1 A schematic outline of Type I and Type II photochemistry of fullerenes in producing ROS

In this chapter review, we cover the existing literature on fullerenes for PDT,
summarize results from our laboratory, and outline future possibilities concerning
applications of fullerenes as PS for PDT. Figure 5.1 gives a schematic outline of the
PDT applications that have been reported for fullerenes either pristine or functional-
ized with various solubilizing groups.

5.2 TypeI and Type II Photochemistry of Fullerene
Derivatives

In the photophysical chemistry of PDT, the light is absorbed by the PS molecule and
an electron is excited to the first excited singlet state. In addition to losing energy
by fluorescence or internal conversion, the excited singlet can undergo the process
known as intersystem crossing (isc) to the long-lived triplet state [3] (PS)". The
excited triplet can then interact with ground state molecular oxygen (*0,) to form
ROS. This process may occur either by the energy transfer from the excited triplet
to 30O, to produce singlet oxygen ('O,) or by the electron transfer from the ¢~ donor
to 3(PS)" to form superoxide anion (O, ) in the presence of 30, [4], as shown in
Fig. 5.1. Reaction of singlet oxygen with biological molecules, such as proteins,
unsaturated lipids, and nucleic acids causing oxidative damage, is thought to be re-
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sponsible for the cell death, frequently occurring via the apoptosis pathway initiated
by mitochondrial damage [36].

In the case of fullerene derivatives, it is being increasingly realized that as com-
pared with the standard Type II ROS (singlet oxygen), the ROS produced during
PDT with fullerene derivatives are inclined towards Type I photochemical products
(superoxide, hydroxyl radical, lipid hydroperoxides, and hydrogen peroxide). These
two pathways ('O, and O, ) are analogous to the Type II and Type I photochemical
mechanisms frequently discussed in PDT with tetrapyrroles [37, 38]. It is known
that both pristine and functionalized [60] fullerenes are able to catalyze the forma-
tion of ROS after illumination [39] in a similar fashion to the tetrapyrrole PS used
for PDT. However, fullerenes dissolved in nonpolar organic solvents in the presence
of oxygen seem to preferentially produce reactive singlet oxygen (Eq. 5.1) [40]. It
is reasoned by the fact that the C > cage of the derivative is excited from the S
ground state to a short-lived (~1.3 ns) S," excited state upon photoexcitation with
visible light. The S," state rapidly decays to a lower lying triplet state T," with a
relatively long lifetime of 50-100 ps (Eq. 5.1). The S,"—>T,” decay is formally a
spin-forbidden isc, but is driven by an efficient spin—orbit coupling. In the presence
of dissolved molecular oxygen (*0,), which exists as a triplet in its ground state, the
fullerenyl T " state is quenched (as a consequence of the quenching, its lifetime is
reduced to ~330 ns) to generate singlet oxygen ('0,") by energy transfer at a rate of
2x10°M!s™!. The singlet oxygen quantum yield (¢ ) for this process (at 532 nm
excitation) has been reported to be near theoretical maximum of 1.0 [40]. Example
of '0,-production was demonstrated by highly water-soluble hexa(sulfobutyl)fuller-
enes (FC,S) synthesized by the treatment of C, in dimethoxyethane with sodium
naphthalide (6.0 equiv.) followed by reacting the resulting hexaanionic fullerene
intermediates with an excess of 1,4-butanesulfone [41]. Direct detection of 'O, pro-
duction after irradiation at 500-600 nm of FC,S self-assembled nanovesicles was
obtained by the measurement of its near-infrared (NIR) luminescence at 1270 nm.
Despite having a relatively low optical absorption of FC,S at 600 nm, appreciable
'0, signal was detected comparable to that of Photofrin® at the same molar concen-
tration, but less than sulfonated aluminum phthalocyanine (AlS,Pc). The quantum
yield of FC,S for the generation of 'O, in H,O was roughly estimated to be 0.36
using the relative correlation to that of C,, encapsulated in y-cyclodextrin. These
results demonstrated efficient energy transfer from [3] (FC 4S)* triplet state to mo-
lecular oxygen in the nanovesicle structure:

(Cop >)+hv =" (Cgp>) =7 (Cgo >) + 0, =' (Cqo >)+' 0,7, (5.1)
20N (Cgy >)"0r 3(Cyy >) 1+ NADH — 2[(C¢, >) -WNAD® +H', (5.2)
(Cgp>) -+0, = Cyy >+0, -, (5.3)
2(0,)+2H" — 0, +H,0,, (5.4)

H,0, +Fe’* — OH-+OH™ +Fe’ ", (5.5)
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Fe'" +0,-—Fe*" +0,- (5.6)

In the presence of electron donors in polar solvents, especially those containing
reducing agents such as nicotinamide adenine dinucleotide (NADH) at concentra-
tions found in cells (Eq. 5.2), illumination of various fullerene derivatives will gen-
erate more Type I ROS, such as superoxide anions and hydroxyl radicals, than 'O,
(Type IT ROS) [42, 43]. The phenomena were correlated to C’s triply degener-
ate low-lying lowest unoccupied molecular orbital (LUMO) making it an excellent
electron acceptor capable of accepting as many as six electrons, as demonstrated
in cyclic voltammetry measurements [44]. There is some evidence that fullerenyl
excited states (in particular the triplet) are even better electron acceptors than the
corresponding ground state, forming the anionic C, radical (C ) [45]. Subse-
quent intermolecular electron transfer from the reduced fullerene triplet or radical
anion to molecular oxygen forms superoxide anion radical (O, -, Eq. 5.3). It has
been shown that this photophysical process is highly solvent dependent, whereas
'0, was generated effectively by photoexcited C,; in nonpolar solvents, such as
benzene and toluene, while O, and OH" were produced in polar solvents such as
benzonitrile and water [46]. The other evidence was shown by Miyata et al. using
solubilized fullerenes in water with polyvinylpyrrolidone (PVP) as a detergent [47].
Visible light irradiation of PVP-solubilized C in water in the presence of NADH,
as a reductant, and molecular oxygen resulted in the formation of O, ", which was
detected by the electron paramagnetic resonance (EPR) spin-trapping method. For-
mation of O, was also evidenced by the direct observation of a characteristic sig-
nal of O, by the use of a low-temperature EPR technique at 77 K. On the other
hand, no formation of 'O, was observed by the use of tetramethylpiperidine oxide
(TEMP) as a 'O, trapping agent. No NIR luminescence of 'O, was also observed in
the aqueous C,/PVP/O, system. These results suggest that photoinduced bioactivi-
ties of the PVP-solubilized fullerene are caused not by 'O, but by reduced oxygen
species such as O,™+, which are generated by the electron transfer reaction of C "
with molecular oxygen. Furthermore, in the biological system, hydrogen peroxide
is formed by dismutation of superoxide anion (Eq. 5.4). Fenton chemistry (using
small amounts of ferrous iron found in cells) is able to produce hydroxyl radicals
from hydrogen peroxide (Eq. 5.5), while the Haber—Weiss reaction is able to reduce
ferric iron back to ferrous iron in order to continue the cycle by regenerating the
active divalent ferrous iron (Eq. 5.6). In two recent reports [48, 49], we studied the
PS properties of two series of three functionalized fullerene compounds, one series
with polar diserinol groups (BF1-BF3) and a second series of three compounds
with quarternary pyrrolidinium groups (BF4-BF6; Fig. 5.2). We asked the question
whether the photodynamic effects displayed by these compounds operated primar-
ily by Type I mechanisms (superoxide) or Type II mechanisms (singlet oxygen) or
a mixture of both and whether there was any difference between a fullerene (BF4)
that was highly effective in killing cancer cells and a fullerene (BF6) that was highly
effective in killing pathogenic microorganisms (see later).

The photochemical mechanism studies confirmed that depending on the precise
conditions of the experiment, illuminated fullerenes can produce both superoxide
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Fig. 5.2 Chemical structures of ten functionalized fullerenes used for PDT. a mono-pyrrolidinium
fullerene, BF4, b tris-pyrrolidinium fullerene BF6, ¢ tetracationic fullerene BF24, d tetracationic
fullerene BF21, e hexaanionic fullerene FC,S, and f mono-glycosylated fullerene C,,~(Glc),

and singlet oxygens. The singlet oxygen production of the more hydrophobic BF4
dropped to almost zero when the solvent was changed from organic to aqueous.
This is consistent with the aggregation of the compound in aqueous media, while
the more polar BF6 remained completely in solution. The production of superoxide
as measured by specific EPR spin trapping was as expected much higher in the
presence of a reducing agent (NADH) than in the presence of a singlet oxygen trap
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(histidine). In both cases, BF6 gave more superoxide than BF4, and the difference
was significant in the presence of NADH. The fact that the reduction of oxygen
consumption by both BF4 and BF6 was almost completely inhibited by azide in the
presence of histidine confirmed that in the absence of an electron donor and in the
presence of a singlet oxygen substrate, the mechanism is almost all Type II for both
fullerenes. However, in the presence of NADH, the relative reduction of oxygen
consumption by azide was much less and proportionately lower for BF6 than for
BF4 suggesting that about 40 % of the oxygen was transformed into superoxide, and
the overall production was higher for BF6 than for BF4.

One apparent contradiction that arises in this area is the observation that most
of fullerene derivatives are able to act as effective antioxidants or scavengers of
ROS. These antioxidant effects of C, derivatives have generally been studied in the
absence of light [21, 50-58]. How then can we reconcile the established ability of
fullerene derivatives to scavenge ROS acting as antioxidants and at the same time
demonstrate the ability to operate as efficient producers of ROS under illumination
with the correct light parameters? It was assumed that the double (sp?) bonds of
the fullerene cage reacted with ROS forming covalent sp? bonds thereby reducing
the quantity of ROS to react with sensitive biomolecules similar to those damaged
during PDT. If this hypothesis were true, it would be difficult to explain how fuller-
enes could act as efficient generators of ROS during PDT. A hypothesis that may
explain this seeming contradiction was reported in 2009 by Andrievsky et al. [59].
The report showed that the main mechanism by which hydrated C can inactivate
the highly reactive ROS, hydroxyl radical, is not by covalently scavenging the radi-
cals, but rather by action of the coat of “ordered water” that was associated with
the fullerene nanoparticle [60]. Andrievsky et al. claimed that the ordered water
coat could slow down or trap the hydroxyl radicals for sufficient time for two of the
hydroxyl radicals to react with each other thus producing the less reactive ROS, hy-
drogen peroxide. The alternative argument includes the competitive diffusion rate
of ROS away from the fullerene cage region and the reaction kinetic rate between
ROS and fullerene cage. The ROS production efficiency of fullerenes decreases
as the degree of functionalization increases, including the attack of ROS. To fully
eliminate the ROS production capability of fullerenes, the number of addends on
each C, cage may have to reach an estimated figure of >16-18 that allows the
monoadducts and bisadducts to uphold a sufficiently long ROS production period
before being converted to polyhydroxylated derivatives.

5.3 Fullerene Derivatives as Candidates of PSs for PDT

Rapidly growing interest in the medical application of fullerenes in the area of
nanotechnology and nanomedicines [61] led to considerable gain and attention for
the use of these nanostructures [62] as possible PS for mediating PDT of various
diseases. Pristine C, is highly insoluble in water and biological media and forms
nanoaggregates that prevent its efficient photoactivity [63]. However, when fuller-
enes are derivatized by attaching hydrophilic functional groups to the carbon cage
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making them soluble in water and biological solvents, their biological usefulness is
markedly improved [64]. Different hydrophilic or amphiphilic side chains or fused
ring structures have been covalently bound to the spherical C core. This function-
alization imparts a higher ability to produce singlet oxygen, hydroxyl radicals, and
superoxide anion upon illumination due to the interruption of forbidden highest
occupied molecular orbital (HOMO)-LUMO ftransition of C, that increases the
visible absorption of derivatives at long wavelengths. Accordingly, these reactive
species produced by functionalized C,, have been proposed as effective PDT me-
diators in several applications. Some of the advantages that fullerene derivatives
possess over the traditional PS used for PDT are:

1) Fullerenes are comparatively more photostable and demonstrate less photo-
bleaching compared to tetrapyrroles and synthetic dyes.

2) Fullerenes show both kinds of photochemistry comprising Type I (free radicals)
and Type II (singlet oxygen) while tetrapyrroles demonstrate largely Type II
photochemistry.

3) Fullerenes can be chemically modified for tuning the drug’s partition coefficient
(Log P or partition coefficient for [drug in n-octanol}/[drug in H,0]) and pK,
values for the variation of in vivo lipophilicity and the prediction of their distri-
bution in biological systems.

4) Fullerenes can be chemically attached by light-harvesting chromophore anten-
nae to extend their absorption spectrum further into the red wavelengths and,
thus, enhance the overall quantum yield and the ROS production

5) Fullerene cages are prone to undergo molecular self-assembly into vesicles that
allows the formation of self-assembled nanoparticles, as so-called fullerosomes
or buckysomes, for improved drug delivery.The resulting fullerosomes may have
different tissue-targeting properties.

Besides these advantages, fullerenes show some disadvantages though they can be
overcome by applying special strategies. One of the concerns for the use of fuller-
enes is questions concerning biodegradibility as nanostructures with conceivable
possibility of accumulation in the environment during blood circulation [65]. How-
ever, studies have concluded that C, itself is remarkably nontoxic [21]. Another
concern was their extreme cage hydrophobicity and innate tendency to aggregate,
which renders them less promising for application as drugs in biomedicine. For
the remedy, some strategies have been illustrated or applied to either solubilize or
modify fullerenes for improving the drug delivery of fullerenes, for example, lipo-
somes [66—68], micelles [69, 70], dendrimers [71, 72], polyethylene glycol (PEG)
ylation [73-76], cyclodextrin encapsulation [77, 78], and self-nanoemulsifying sys-
tems (SNES) [79-82] to overcome this shortcoming of fullerenes. Other than these
disadvantages, the main optical absorption band of fullerenes is in the blue and
green regions, whereas the absorption spectra of tetrapyrrole PS, except porphyrins,
such as chlorins, bacteriochlorins, and phthalocyanines, have been designed to ex-
hibit substantial absorption peaks in the red or far-red regions of the spectrum. For
PS to be useful in vivo, it is considered that the light used to excite them should be
in the red/NIR spectral region where scattering and absorption of light by tissue is
minimized. This unfavorable absorption spectrum of fullerenes can be overcome by
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various strategies such as covalent attachment of light-harvesting antennae to fuller-
enes [83—89] by using optical clearing agents [90-94] or by applying two-photon
excitation where two NIR photons are simultaneously delivered to be equivalent to
one photon of twice the energy (and half the wavelength, so that two 800-nm pho-
tons are equivalent to one 400-nm photon) [89, 95-99].

5.4 Synthesis of Fullerenyl PSs

5.4.1 Example 1: Synthesis of Monocationic
and Polycationic Fullerene Derivatives

Cationic functional groups are generally considered as the addend of choice for at-
tachment on the fullerene cage due to their potential surface-binding contact with
anionic residues of the bacteria cell wall via static charge interactions. A systematic
trend to increase the number of positive charges per fullerene cage was observed in
the recent report [49, 100, 101] to maximize such interactions and use them as the
approach for targeting bacteria having a significant density of anionic residues at
the cell wall surface. A number of chemical functionalization methods of fullerenes
have been reviewed [23, 102—104]. Among them, common convenient methods for
the preparation of cationic fullerene derivatives include cyclopropanation [105] and
pyrrolidination [106] reactions due to their high consistency in the product repro-
ducibility. Examples of the latter were given in the preparation of quaternized di-
methylpyrrolidinium [60] fullerenyl monoadduct (BF4) and trisadduct (BF6) [107,
108]. In a typical reaction condition, C, was treated with 1.0 or 3.0 equivalent
of N-methylglycine (sarcosine) and paraformalaldehyde in toluene at the reflex-
ing temperature to afford either mono-N-methylpyrrolidino[60] fullerene or a large
number of regioisomers of tris(N-methylpyrrolidino)[60] fullerene derivatives, as
shown in Fig. 5.3. Upon quaternization of these intermediates using methyl iodide
as the methylation agent, corresponding monocationic and tricationic products as
BF4 and BF6 were obtained, respectively. Similarly, the reaction of C in tolu-
ene with either 1.0 or 2.0 equivalent of azomethine ylide produced by piperazine-
2-carboxylic acid dihydrochloride dissolved in methanol and triethylamine in the
presence of 4-pyridinecarboxaldehyde at the refluxing temperature gave the corre-
sponding mono-piperazinopyrrolidino[60] fullerene or a number of regioisomers of
bis(piperazinopyrrolidino)[60] fullerene derivatives. Quaternization of both inter-
mediates with methyl iodide led to the corresponding monocationic and dicationic
products as BF22 and BF24, respectively.

In the case of cyclopropanation reaction of C as the functionalization method,
it was applied recently for the attachment of a highly complex decacationic moiety
to the fullerene cage leading to the formation of C[>M(C,N,"C,),]-(I"),, (LC14)
[109, 110] and C, [>M(C;N,*C,),]-(I"),, (LC17) [101], as shown in Fig. 5.4. The
decacationic functional moieties of C,, C,,, and Cy,0, fullerenes were designed to

60> ~70°
both increase the water solubility and provide surface-binding interactions with —D-
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Fig. 5.3 Synthesis of monocationic (BF4) and tricationic dimethylpyrrolidinium[60] fullerenes
(BF6) and mono- (BF22) and bis(piperazinopyrrolidinium)[60] fullerenes (BF24)

Ala-D-Ala residues of the bacteria cell wall by incorporating multiple H bondings
and positive quaternary ammonium charges. It included two esters and two amide
moieties to give a sufficient number of carbonyl and —-NH groups in a short length of
~20 A to provide effective multi-binding sites with the use of a well-defined water-
soluble pentacationic moiety C;N,"C,-OH at each side of the arm. In the synthetic
reaction, a malonate precursor arm N, “C, was reported to be a common synthon for
the structural modification of PDT nanomedicines. It was derived from the quater-
nization of N,N',N,N,N,N-hexapropyl-hexa(aminoethyl)amine precursor N,C,. The
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best method for the preparation of C,[>M(C,N,"C;),] and C,[>M(C,N,"C,),]
was depicted in Fig. 5.4 to begin with a well-defined fullerene monoadduct de-
rivatives, such as di(zert-butyl)fullerenyl malonates C [>M(z-Bu),] and C, [>M(z-
Bu),], respectively, followed by facile trans-esterification reaction with the well-
characterized tertiary-amine precursor arm moiety, 4-hydroxy-[N,N',N,N,N,N-
hexapropyl-hexa(aminoethyl)butanamide (C,N.C,-OH) using trifluoroacetic acid
as the catalytic reagent to afford protonated quaternary ammonium trifluoroac-
etate salt C,[>M(C,N,"C,H),]. Conversion of this salt to C,[>M(C;N,"C,),]
was accompanied by neutralization of trifluoroacetic acid by sodium carbonate
and subsequent quaternization by methyl iodide to give decacationic quaternary
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ammonium iodide salts. A similar conversion procedure was applied for the case of
Ceo[>M(C;N,"C,),]. This synthesis represented the first examples of decacationic
fullerene monoadducts to incorporate a well-defined high number of cation without
the use of multiple addend attachments to preserve the intrinsic photophysical prop-
erties of fullerene cages.

Similar reaction sequence with a malonate precursor arm M(C,N.C,), was
also applied for the preparation of C.,0,[>M(C,N,"C,),]-(I"),,(LC19) [111], as
shown in Fig. 5.5. The decacationic arm was prepared by first the treatment of
N,N',N,N,N,N-hexapropyl-hexa(aminoethyl)amine N,C,-NH, with y-butyrolactone
(1.15 equiv.) in CH,Cl, in the presence of BF,-Et,0—Et,N at room temperature
for overnight to give the product of 4-hydroxy-N-(3,6,9,12,15-pentapropyl-
3,6,9,12,15-pentaazaoctadecyl)-butanamide, C,N,C,~OH, as viscous light yellow
liquid in 60 % yield. Incorporation of C,N,C,~OH on the malonate moiety was
carried out by an esterification reaction with malonyl chloride in anhydrous dichlo-
romethane at 0°C to room temperature in the presence of pyridine to afford bis-
[N,N',N,N, N, N-hexapropylhexa(aminoethyl)amino]carbonyl-propanoxymalonate,
M(C;N(C,),, inayield of 78 %. Quaternization of M(C;NC,), to the corresponding
quaternary methyl ammonium iodide salt, M(C,N,"C,),, was performed in anhy-
drous dimethylformamide (DMF) with an excess of iodomethane added in portions
at 45°C for a period of 3.0 days. Its reaction with C,,0, was carried out by the
cyclopropanation reaction in a solvent mixture of toluene—DMF in the presence
of 1.8-diazabicyclo[5.4.0]-undec-7-ene (DBU) using iodine as the halogenation
agent. To ensure the formation of a monoadduct only and minimize the possibility
of multi-adducts as by-products, an excess quantity of fullerenes was applied. The
resulting product bis(20-0x0-4,7,10,13,16-pentapropyl-4,7,10,13,16,19-hexaaza-
tricosan-23-yl)-diepoxy [83] fullerenyl malonate quaternary methylammonium tri-
odide salt, C.,0,[>M(C;N,"C,),] (LC19-I;), were obtained in a yield of 60% as
brown solids. Subsequent attachment of the second bis-hexa(aminoethyl)amidated
malonate M(C;NC,), to LC19 was carried out by nearly identical cyclopropanation
reaction conditions as those for the preparation of LC17 and LC19. Brown solids
of decacationic bis[bis(20-0x0-4,7,10,13,16-pentapropyl-4,7,10,13,16,19-hexaaza-
tricosan-23-yl)malonato]-diepoxy-[83] fullerene quaternary methylammonium io-
dide salt, Cg,0,[>M(C,N,"C,), ][> M(C,N,C,),[(LC20) 112, were isolated in a yield
of 85 % after the removal of iodine in complexation with iodide for the procedure.
Similarly, decacationic bis-[bis(20-0x0-4, 7, 10, 13, 16-pentapropyl-4, 7, 10, 13, 16,
19-hexaaza-tricosan-23-yl)malonato][70]fullerenene quaternary methylammonium
iodide salt, C, [>M(C;N,"C,),I[>M(C,N,C,),|(LC18) was synthesized in a yield
of 65%.

5.4.2 Example 2: Synthesis of Hexaanionic Fullerene
Derivatives

Fullerene molecules are highly hydrophobic. It can be dispersed into aqueous me-
dium in a micelle form with the application of surfactants. However, the micelle
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structure may not be stable enough in biological environment. In a recent report, a
strategy of creating a covalently bonded surfactants directly on the fullerene cage
was made in the synthesis of hexa(sulfo-n-butyl)-C (FC,S) leading to structurally
stable molecular micelle in H,O [53]. The synthesis involves the use of hexaanionic
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Cyp (Cy, ™) chemistry for attaching six sulfo-n-butyl arms on C, in one-pot reac-
tion, as shown in Fig. 5.6.

5.4.3 Synthesis of Light-Harvesting Chromophore Antenna-
Linked Fullerene Derivatives

Fullerenes are nanocarbon cages with all sp? carbons interlinked in a structure of
hollow sphere. Highly strained curving regions of the cage surface consist of chemi-
cally reactive six fulvalenyl bridging olefins that can be utilized for making nucleo-
philic addition reactions. Chemical modification of C,; on only a limited number of
functionalization sites may not lead to much alternation of the cage’s photophysi-
cal properties. Conversely, nucleophilic addition of one or two light-harvesting an-
tenna chromophores will largely enhance the cage’s ability to respond and perform
various photoinduced electronic and energy-related events by acting as an electron
acceptor [42, 45]. The most abundant [60]fullerene is more readily available com-
mercially in up to kilogram quantities than a number of higher fullerenes. However,
its visible absorption extinction coefficient is rather low. To circumvent this short-
coming, several reported approaches were described to use the highly fluorescent
donor chromophore antenna attachment as light-harvesting antenna units, such as
porphyrin [112, 113] or dialkyldiphenylaminofluorene (DPAF-C ), to enhance vis-
ible absorption of the resulting conjugates and, in the latter cases, also two-photon
absorption (2PA) cross-sections in the NIR wavelengths [114—116]. The absorbed
photoenergy by the donor antenna was able to undergo efficient intramolecular
transfer to the fullerene acceptor moiety, leading to the generation of excited triplet
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cage state 3(C60>)* after the isc from its excited singlet state '(C,, >)*. Triplet en-
ergy transfer from 3(C;>)" to molecular oxygen produces singlet oxygen ('O,) that
gives the cytotoxic effect to the cells in the Type II photochemistry [117, 118]. At-
tachment of donor antenna DPAF-C, was designed to occur at a very close vicinity
of C, cage via a periconjugation linkage, within a contact distance of 2.6-3.5 A,
to facilitate ultrafast intramolecular energy transfer and electron transfer from the
donor antenna to C, for enhancing PDT efficacy. This specific donor antenna was
first introduced to give an increased optical absorption at 400 nm that led to the
realization of ultrafast intramolecular energy transfer and/or electron transfer from
photoexcited antenna moiety to C,, in <130-150 fs [116] that made this type of
C,,—antenna conjugates, C, (> DPAF-C ), capable of exhibiting photoresponse in
a nearly instantaneous time scale to protect against high-intensity radiation. By in-
creasing the number of attached antennae to four per C cage giving starburst pen-
tad nanostructures, highly enhanced fs 2PA cross-section values were observed in
a concentration-dependent manner [119]. Upon the chemical alteration of the keto
group of C(>DPAF-C)) bridging between C and the antenna moiety to a highly
electron-withdrawing 1,1-dicyanoethylenyl (DCE) group, it was possible to extend
the m-conjugation in the resulting dark burgundy-red C (> cyanophenylaminofluo-
rene (CPAF)-C)) analogous chromophore molecules to a close contact with the cage
current. This led to a large bathochromic shift of the linear optical absorption of
C4,(>CPAF-C,)) moving from 410 nm (4 __ ) of the parent keto-compound to 503 nm
with the shoulder band being extended beyond 550 nm in the UV-visible spectrum.
The shift considerably increased its light-harvesting ability in visible wavelengths
and caused a nearly sixfold higher production of quantum yield of singlet oxy-
gen ('0,) from C, (> CPAF-C,,,) as compared with that of C,(>DPAF-C,, ). The
mechanism of 'O, production was originated from the intermolecular triplet energy
transfer from the 3(C,>)" cage moiety to *O,. A large increase in the production
of ROS by excited C(>CPAF-C,,,) explained its effective photokilling of HeLa
cells in vitro, via 1y-PDT [120]. The observation demonstrated the intramolecular
and intramolecular interaction between the excited CPAF-C, donor antenna moiety
and the acceptor C cage that was also confirmed by transient absorption spec-
troscopic measurements using nanosecond (ns) laser pulses at 480-500 nm [121].
The behavior resembles that of DPAF-C, antenna with transient photoexcitation at
380—410 nm reported previously [122].

Preparation of C,(>CPAF-C,,)), as an example, was made by Friedel-Craft
acylation of 9,9-dimethoxyethyl-2-diphenylaminofluorene with bromoacetyl bro-
mide in the presence of AlICI, to yield 7-bromoactyl-9,9-dimethoxyethyl-2-diphe-
nylamino-fluorene, followed by cyclopropanation reaction with Cj, as shown in
Fig. 5.7. The resulting product C.,(>DPAF-C,,,) was then further treated with
malanonitrile and pyridine in the presence of titanium tetrachloride in dry toluene
to yield C (> CPAF-C,,,) after chromatographic purification. Similarly, selective
attachment of two antenna moiety types DPAF-C and CPAF-C, in combination
as hybrid chromophore addends to a single C, cage was made to result in the for-
mation of new methano[60]fullerene triads, C(>DPAF-C )(>CPAF-C,,)), and
tetrads, C.(>DPAF-C,)(>CPAF-C,,)), (Fig. 5.7). The core chromophore moi-
ety of triads and tetrads will be capable of performing dual-band 2y-PDT-based
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photoinduced biocidal effects with enhanced penetration depth at 800—-1100 nm.
Synthetically, preparation of triads and tetrads was accomplished by the synthesis
of a structurally well-defined monoadduct C (> DPAF-C,,) followed by the attach-
ment of one or two CPAF-C,,, antenna in sequence. A key intermediate precur-

sor, 7-a-bromoacetyl-9,9-dioctadecyl-2-diphenylaminofluorene, BrDPAF-C,,, was



162 M. Wang et al.

prepared by a three-step reaction involving first palladium-catalyzed diphenylami-
nation of commercially available 2-bromofluorene at the C2 position of the fluorene
ring to afford DPAF. It was followed by dialkylation at the C9 carbon position of
DPAF using 1-bromooctadecane as the reagent in the presence of potassium z-bu-
toxide, as a base, in tetrahydrofuran (THF) to give the corresponding 9,9-dioctadec-
yl-2-diphenylaminofluorene (DPAF-C,;) in 97 % yield. Friedel-Crafts acylation of
DPAF-C,; with a-bromoacetyl bromide and AICl, afforded the compound BrDPAF-
C,; in ayyield of 96 %. Its addition reaction to C,, was carried out in the presence of
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 1.0 eq.) to result in C (> DPAF-C,.) in
65 % yield after column chromatographic purification.

A similar reaction sequence was applied for the synthesis of the compound
C,,(>CPAF-C,,)) by replacing two octadecyl groups with 2-methoxyethyl groups.
Thus, conversion of the keto group of BrDPAF-C,,; to the corresponding DCE
group was carried out by the reaction using malononitrile as a reagent, pyridine as a
base, and titanium tetrachloride as a deoxygenation agent in dry chloroform. The re-
action resulted in the corresponding diphenylaminofluorene BrCPAF-C,,, in a yield
of 89% after chromatographic purification. Attachment of a CPAF-C,,, antenna
arm to a C,, cage was carried out with DBU (1.0 eq.) to afford 7-(1,2-dihydro-1,2-
methanofullerene[60]-61-{1,1-dicyanoethyl-ene})-9,9-di(methoxyethyl)-2-diphe-
nylaminofluorene, C, (> CPAF-C,,,), as orange red solids in 53 % yield. The bulki-
ness of DPAF-C ¢ and CPAF-C,,, in size can prevent these two types of antenna
moieties form locating in close vicinity to each other at the cage surface. By consid-
ering the regio-location of reactive bicyclopentadienyl olefin bonds on the fuller-
ene surface, when the first antenna is bound at the north-pole location, the second
antenna arm is most likely to be pushed away to the equator area of the C, sphere.
Therefore, only a very limited number of multiadduct regioisomers per C are like-
ly to form. Indeed, by controlling the reaction kinetic rate with two molar equiva-
lents of CPAF-C,,, applied in the reaction with C (> DPAF-C,,) in the presence of
DBU (2.0 eq.), only two clear preparative thin-layer chromatography (PTLC) bands
in the product mixtures were observed in addition to the starting C, (> DPAF-C,)
(~15%). The first less polar product band at R, =0.5 was found to be the bisadduct
Cy(>DPAF-C )(>CPAF-C,, ) isolated as orange-brown solids in 28 % yield. The
second more polar product band at R. =0.4 was determined to be the trisadduct
C,(>DPAF-C )(>CPAF-C,, ), isolated as red-brown solids in 40 % yield.

5.5 Molecular Self-Assembly of Chromophore—Fullerene
Conjugates

It was found that molecular self-assemblies of FC,S resulted in the formation of
nearly monodisperse spheroidal nanospheres with the sphere radius of gyration

o~ 19 A, where the major axe ~29 A and the minor axe =21 A for the ellipsoid-like
aggregates or an estimated long sphere diameter of 60 A [the radius= (5/3)"*R,] for
the aggregates, as determined by small-angle neutron scattering (SANS) in D O
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and small-angle X-ray scattering (SAXS) in H,O [123]. This radius of gyration
was found to remain relatively constant over a concentration range from 0.35 to
26 mM in H,O, revealed strong hydrophobic interaction between core fullerene
cages overcoming loose charge repulsion at the surface of the molecular micelle. It
allowed the nanosphere formation at a low concentration despite of steric hindrance
and high hydrophilicity arising from 6 sulfo-n-butyl arms surrounding C,. Based
on the SANS data, the mean number of FC,S molecules for the nanosphere was
determined to be 6.5+0.7 that led to the elucidation of its nanocluster structure
with each FC,S molecule located at the vertex of an octahedron-shaped nanosphere
shown in Fig. 5.6 [41].

Strong hydrophobic interactions and association among fullerene cages serve
as the major attractive driving force for amphiphilic fullerene derivatives, such
as  C -methanocarbonyl-9, 9-dipolyethyleneglycol-2-diphenylamino-fluorene,
C,(>DPAF-EG,,C,) (Fig. 5.8), to organize into an ordered shape and form in aque-
ous solution that resulted in efficient molecular assembly. In close resemblance to
small amphiphilic surfactant molecules in forming micelle structures in water, [60]
fullerenyl amphiphilics exhibit high tendency in forming a hydrophobic bilayer
shell that consists of an array of C, cages in a submicrospheric membrane, be-
low the critical aggregation concentration, known as buckysome or fullerosome
vesicles [124-127]. Above the critical aggregation concentration, formation of
multi-bilayered vesicles is also possible. In the molecular structure of C, (> DPAF-
EG,,C)), the moiety of C > and DPAF can be regarded as water-insoluble chro-
mophore units that give irregular packing in the solid particle due to dismatched
moiety shapes. Competitive intermolecular interaction force among like-moieties
CyCq, and DPAF-DPAF will govern the molecular self-assembly character of
C,(>DPAF-EG,,C,). Therefore, to maximize the packing order among C ;> moi-
eties, the compound was dissolved in a minimum amount of water-miscible organic
solvent, such as THF—dimethyl sulfoxide (DMSO; 1:1, v/v), to dissociate each C -
DPAF chromophore unit from each other under the ultrasonication condition prior
to its addition into water. Initiation of molecular self-assembly was assisted by con-
tinuing ultrasonication for few minutes in aqueous solution. Carbon-copper film
grids in a 200-mesh size were used for the topography investigation of molecularly
assembled structures, derived from C, (> DPAF-EG,,C)), by transmission electron
microscopy (TEM) images. Samples were prepared by coating the grid with a solu-
tion at 1.0 x 10~° M, followed by the freeze-dry technique under vacuum to retain to
the vesicle shape on the grid. Consistent TEM microimages of nanovesicles were re-
ported to be obtained and revealed by many regular bilayer spheres in a size ranging
from 20 to 70 nm in diameter, as shown in Fig. 5.8b. Majority of the spheres were
larger than the typical micelle size of 20—30 nm in diameter derived from lipid mol-
ecules. Interestingly, no obvious large solid particles were detected even though this
sample solution was not filtered through a filter membrane of 0.45 pum in pore size
that we normally followed as a procedure. Morphology of the vesicle shell mem-
brane was revealed by a dark ring area with a roughly even wall width and a smooth
shape around the ring image. Measurement of the vesicle wall thickness marked
by the cross-ended lines gave a wall width of roughly 9.0—-10 nm. This length fits
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approximately with the linear bilayer molecular dimension of C, (> DPAF-EG,,C,)
in 16—18 and 7.0—8.0 nm, estimated by the three-dimensional (3D) molecular struc-
tural modeling with a fully stretched oligo(ethylene glycol) chain and chromophore
core width. This implied a shell-like bilayer consisting of a head-to-head packing of
C4,(>DPAF) chromophore moieties in the nanovesicle membrane region. It is also
consistent with the X-ray single crystal structure of the related analogs C (> CPAF-
C,) showing a highly ordered array of C > cages in the unit cell packing in the
presence of similar planar diphenylaminofluorene chromophores [120].

5.6 Delivery Systems of Fullerene Derivatives for PDT

Several fullerene derivatives have also been tested for their photodynamic efficacy
by employing some of the delivery vehicles. Ikeda and coworkers used a series of
liposomal preparations of C,, containing cationic or anionic lipids together. Illumi-
nation with 136 J/cm? light at 350-500 nm gave 85 % cell killing in the case of cat-
ionic liposomes, and apoptosis was demonstrated [128]. Akiyama et al. solubilized
unmodified C,, with high stability using various types of PEG-based block copoly-
mer micelles which showed cytotoxicity under photoirradiation in HeLa cells [70].
In another study, direct and short-time uptake within 10 min of fullerene into the
cell membrane using an exchange reaction from a fullerene-y-cyclodextrin com-
plex and the resulting PDT activity against cancer cells was demonstrated [129].
Doi et al. compared [68] the PDT activity of C,, and C,, encapsulated in dimyris-
toylphosphatidylcholine liposomes against HeLa cells and found C, was five times
more active than C attributing the difference to an improved absorption spectrum
in the latter case. In another publication [130], this group compared delivery of C,
encapsulated in surface cross-linked lipid vesicles called cerasomes with the above-
mentioned liposomes. They found additional stability of cerasomes coupled with
equivalent PDT activity against HeLa cells suggesting the fullerene could mediate
cell killing without being released from its delivery vehicle.

5.7 Photophysical Properties of Chromophore—Fullerene
Conjugates

Photoexcitation of C,, and fullerene derivatives induces a singlet fullerenyl excited
state that is transformed to the corresponding triplet excited state, via intersystem
energy crossing, with nearly quantitative efficiency [45]. Subsequent energy trans-
fer from the triplet fullerene derivatives to molecular oxygen produces singlet mo-
lecular oxygen in aerobic media. This photocatalytic effect becomes one of key
mechanisms in photodynamic treatments using fullerene derivatives as PSs. How-
ever, a high degree of functionalization on C, for the enhancement of solubility and
compatibility in biomedia resulted in a progressive decrease of the singlet oxygen
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production quantum yield [@('O,)]. Examples were given by Bingel-type malonic
acid, C, [C(COOH),] , and malonic ester, C [C(COOE),] , [60]fullerene adducts
[131], showing a decreasing trend of @('0,) as the number of addends (») increases.
When the number n reached 6 for a hexaadduct, its @('0,) value declined to only
13% or less of that for C [132]. However, it was not the case for molecular micel-
lar FC,S [41], a relatively high singlet oxygen production quantum yield for FC,S
may indicate its unique electronic features in difference with Bingel-type malonic
hexaadducts of C,,. The efficiency was substantiated by direct detection of 'O,
emission at 1270 nm upon photoirradiation of self-assembled FC,S nanospheres at
500-600 nm.

In the cases of light-harvesting electron-donor chromophore-assisted fullerene
conjugate systems, such as C (> CPAF-C)) derivatives, their photophysical prop-
erties involve the primary photoexcitation events of either the fullerene moiety at
UV wavelengths or the DPAF-C, moiety at both UV and visible wavelengths up to
600 nm [120]. Much higher optical absorption capability of DPAF-C, than the C >
cage in visible wavelengths enables the former moiety to serve as a light-harvesting
antenna. Accordingly, formation of the photoexcited '(DPAF)"-C, moiety should be
considered as the early event in the photophysical process. Alteration of the keto
group of C (> DPAF-C)) to the DCE group of C (> CPAF-C)) effectively extended
its photoresponsive region to longer red wavelengths. Photoexcitation processes of
C4(>DPAF-C ) and C (> CPAF-C ) pump an electron from their HOMO to the
LUMO. By the molecular orbital calculation and energy minimization, the majority
of the HOMO electron density was reported to be delocalized over the DPAF-C,
moiety, whereas the LUMO electron density was located on the C; spheroid, and
therefore C,"(>CPAF"--C)) was suggested as the most stable charge-separated
(CS) state in polar solvents, including H,O [121]. These CS states may be generated
by photoinduced intramolecular electron transfer between the diphenylaminofluo-
rene donor and C > acceptor moieties. The process effectively quenches fluorenyl
fluorescence that can be observed in the most of C, (> DPAF-C,) and C (> CPAF-
C,) monoadducts. Even during energy transfer events of C (> CPAF-C,), normally
favorable in nonpolar solvents, observed short fluorescence lifetime of the mod-
el compound 'CPAF*-C, (241 ps) as compared with that of the keto analogs Br-
'DPAF’-C, (2125 ps) may be indicative of a facile photoinduced intramolecular
charge polarization process forming the corresponding [C=C(CN),]"~DPAF"--C,
CS state that will facilitate the formation of C;~*(>CPAF"--C ) in the subsequent
electron transfer event.

Intramolecular formation of transient CS states in chromophore—fullerene con-
jugates is crucial for the generation of radical ROS, initially with O, -and subse-
quently HO-, in PDT treatments. Therefore, direct detection of a transient absorp-
tion band of (C,>)" radical-ion pairs centered at 1020 nm during nanosecond
laser flash photolysis of C (>CPAF-C)) in polar solvents provided clear confir-
mation of the formation of photoinduced CS transient state C,, (> CPAF"--C )
[121]. Interestingly, it was also reported [121] that by time-resolved fluorescence
emission measurement of 'O, at 1270 nm upon photoexcitation of C,,(>DPAF-C )
and C.,(>CPAF-C)) for comparison using a laser light source at 523 nm (/) in
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the presence of O, in toluene,the 'O, production yield of the latter compound was
found to be nearly sixfold higher than that of the former analogs indicating an en-
hanced light-harvesting capability of the CPAF-C, moiety in visible range and sub-
sequent efficient triplet state generation of the C,>cage moiety. The fluorescence
intensity of 'C,,"(>DPAF-C ) and 'C,,"(>CPAF-C)) was significantly quenched
by increasing the solvent polarity from toluene to benzonitrile and DMF that led
to a near disappearance of 'O, luminescence in DMF implying the domination of
Cq, "'(>DPAF™-C ) and C (> CPAF"--C ) CS state in polar solvents.

5.8 Microscopic Technique for Detecting Localization
of Fullerene Derivatives

Though fullerenes have been widely used for PDT not much attention has been
given to studying their interaction with different intracellular organelles and deter-
mining the cellular site of their potential action. The main reason for this lack of at-
tention is that in contrast to the vast majority of other PS that are highly fluorescent,
fullerenes are nonfluorescent; thus, it is not feasible to use the common technique
of fluorescence (confocal) microscopy to examine the intracellular uptake and sub-
cellular localization of fullerenes. Overcoming this limitation, Scrivens et al. [133]
were the first to demonstrate its uptake by human keratinocytes in tissue culture by
preparing a radiolabeled fullerene. In serum-free medium, they found a time (up
to 6.0 h) and concentration-dependent uptake so that 50% of added fullerene was
taken up. One group used indirect immunofluorescence staining with antibodies
that recognize fullerenes and other organelle probes to explain that a dicarboxylic
acid derivative localized in mitochondria and other intracellular membranes [134].
A recent paper described the use of the related techniques of energy-filtered trans-
mission electron microscopy and electron tomography to visualize the cellular up-
take of pristine C, nanoparticulate clusters. When human monocyte-derived mac-
rophages were examined, C ) was found in the plasma membrane, in lysosomes,
and in the nucleus [135]. In another study, a pristine C, preparation was obtained
by sonication in methanol (different from the more commonly used toluene) giving
uniformly sized particles with photoluminescence detection at 750 nm after excita-
tion at 488 nm. This emission was used to demonstrate cell uptake in normal and
malignant breast cells after culturing them on fullerene-coated dishes [19].

5.9 ROS Production by Fullerene Derivatives

[lumination of C, or C,) monoadduct derivatives with visible or UVA light pro-
motes its transition to a long-lived triplet excited state (Fig. 5.1), via isc processes,
and subsequent intermolecular energy transfer to the molecular oxygen yielding
a highly reactive singlet oxygen ('0,) in Type II reactions [45]. In the presence
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of physiological concentration of reductants, such as NADH, more reactive ROS
species, such as superoxide anion (O, ) and hydroxyl radical (HO-), may be pro-
duced in polar solvent and water [44]. In our study, a comparative singlet oxygen
production efficiency study of two decacationic C [>M(C,N,"C,),]-(I"),(LC14)
[109, 110] and C,[>M(C;N,"C,),]-(I"),,(LC17) [101] in DMSO-H,O (1:520,
1.0x107® M) was carried out by many increamental exposures of the sample to
a UVB-enhanced visible lamp (200 W, 250-600 nm with several 4 at 315,
370, 430, 550, and 570 nm) in an exposure interval period of 5.0 s (the light dose
measured to be ~5.0 mJ/cm? per period) followed by the flourescence emission
measurement of the probe. For highly efficient in situ selective trapping of singlet
oxygen, highly water-soluble 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABMA, 8.0 x 107° M) was applied as a fluorescent probe which exhibits the emis-
sion maximum at 429 nm. The corresponding most effective excitation wavelengths
were found to be 379 and 400 nm with the later one closer to the visible range used.
At this wavelength, the optical absorption extinction coefficient value of LC17 is
slightly higher than that of LC14. The chemical trapping of 'O, by highly fluores-
cent ABMA leads to the formation of non-fluorescent 9,10-endoperoxide product
(Fig. 5.9a). The conversion allows us to follow the loss of fluorescence emission in-
tensity at 429 nm for its correlation to the proportional quantity of 'O, produced due
to the high kinetic rate constant of the trapping reaction in aqueous media [136]. As
a result, a slightly higher 'O, production rate of C,[>M(C,N,*C,),] was observed
even though the difference is not statistically significant, as shown in Fig. 5.9d. The
use of a lower irradiation dose for the similar measurement directly in the UV-vis-
NIR spectrometer, operated at 4, 400 nm (single wavelength excitation) with the
monochromator, gave a much slower production rate of 'O, for both cases that dis-
played a clearly higher rate for C[>M(C;N,"C,),] at this excitation wavelength.

A similar trend was also confirmed by using 'O, probe singlet oxygen sensor
green (SOG) reagent. Upon the tapping of 'O, by the anthracene moiety of SOG,
the resulting 9,10-endoperoxide-linked fluorescein product SOG-EP is highly green
fluorescent (excitation/emission maxima ~504/525 nm) that can be used for the
correlation of relative 'O, quantity produced. It is worthwhile to mention that the
SOG probe chemistry is potentially more complicated than the statement above due
to the fact that both SOG and SOG-EP are capable of sensitizing 'O, production and
undergoing photobleaching processes themselves, resembling those of fluorescein
derivatives [137]. This complication can be lessened by using blue light for fuller-
ene excitation that is not absorbed by the probe. However, if we assume the amount
of the additional 'O, molecules derived from SOG and SOG-EP and the photo-
bleaching rate being nearly identical among experiments under the same conditions,
the fluorescence emission intensity of SOG-EP detected will still be valuable for the
relative comparison purpose. Accordingly, Fig. 5.10a showed the results from the
SOG-based fluorescence probe assay experiments of LC14 and LC17 in 96-well
black-sided plates under incremental irradiation with a blue light-emitting diode
(LED) light source (415=+15 nm) under the total fluence intensity range of 0—6.0 J/
cm?. It is evident that C, [>M(C,N,*C,),]-(I"),, (LC14) gave a significantly higher
rate of 'O, detected than that of C,[>M(C,N,*C,),]-(I),, (LC17).
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Indeed, under the similar experimental procedures relevant to PDT as those used
for the data collection of Fig. 5.10a, but with the application of the fluorescent
probe of 3'-p-(hydroxyphenyl)-fluorescein [138] (HPF) instead, a reverse relation-
ship was observed with higher fluorescence emission intensity of fluorescein for

20> M(CN,"C)),]-(I"),, than that for C [>M(C;N,"C,),]-(I"),, under the total
fluence intensity range of 0—5.0 J/cm?, as shown in Fig. 5.10b. Since the HPF probe
is an essential tool for the selective detection of HO- and peroxynitrite, via qui-
none formation detached from the fluorescein moiety (excitation/emission maxima
~490/515 nm), with the detection sensitivity reported to be roughly 145-fold and
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90-fold higher for HO- than 'O, and O, ™, respectively [139], the measured fluores-
cence intensity can be correlated roughly to the yield of hydroxyl radicals produced.
Besides, O, is the precusor species to the formation of HO-, directly monitoring
the presence of HO- will also serve the confirmation purpose of superoxide radical
formation, that is, higher yield for C, [>M(C;N,"C,),] than C [>M(C,N.*C,),].
It is well recognized that 'O, can give rise to several other types of ROS, includ-
ing O,, H,0,, and HO-, in a sequential reaction with iodide anion (I") [140]. In
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this case, the yield of O, or HO- should be proportional to the quantity of 'O,.
Therefore, our observation of a higher 'O, production yield of C,[>M(C,N,*C,),]
in phosphate-buffered saline (PBS) solution (Fig. 5.10a) giving a lower production
yield of radical species (Fig. 5.10b) revealed no direct correlation of 'O, to O,
or HO- yields, or the latter species may not derive directly from the former one in
these experiments. Contrarily, they may be in a competitive production process to
each other in either the triplet energy transfer (Type II) or electron transfer (Type
I) mechanism involving the electron-donating iodide anion (I") and the electron-
accepting fullerene cage. This mechanistic path can be realized by the facile photo-
excitation of C/C, cages to their singlet excited state followed by the quantitative
isc to their corresponding excited triplet transient states, 3Céo*[> M(C,N,"C,),] and
3C,, [>M(C,N,*C,),]. Apparently, the latter molecule exhibited a higher electron-
accepting capability to allow electron transfer from the iodide anion leading to the
formation of C,,"-[>M(C,N,"C,),] prior to the further transfer this electron to O,
that gave a higher yield of O, - and, thus, HO". These results were summarized
in Fig. 5.11 to emphasize the significant importance of decacationic structural de-
sign of fullerene derivatives aiming at shifting their Type II to Type I photochem-
istry for the more reactive radical ROS in photokilling of pathogens. Accordingly,

|
-

Fig. 5.11 A schematic presentation of enhanced Type I photochemistry of LC17 in producing
radical ROS
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in the presence of a high number of electron-donating iodide anions as parts of
quaternary ammonium salts in the arm region, we found that C, [>M(C,N,"C,),]-
(I),, produced more HO- than C,[>M(C,N,*C,),]-(I"),,, in addition to 'O,. The
observed production of HO- may arise partially from the photoinduced electron
transfer (Type I) mechanism involving the electron-donating iodide anions (I") and
the fullerene cages at their excited triplet transient states, 3C60*[>M(C3N6+C3)2]
and *C,"[>M(C,N,*C,),] having different electron-accepting strength. The pres-
ence of electrolyte salts makes the ion exchange and I -dissociation possible
and increases the efficiency of electron transport that forms the corresponding
Cq, '[>M(CN,"Cy),] and C,; - [>M(C,N,"C,),], respectively, as the source for the

O, and the derived ROS radicals generation.

5.10 In Vitro Photoinactivation of Microbials and Viruses
by Mono- to Decacationic Fullerene Derivatives

The effectiveness of various PS proposed for antimicrobial PDT can be judged on
several criteria. These PS should be able to kill multiple classes of microbes at
relatively low concentrations and low fluences of light. PS should be reasonably
nontoxic in the dark and should demonstrate selectivity for microbial cells over
mammalian cells. PS should ideally have large extinction coefficients in the red part
of the spectrum and demonstrate high triplet and singlet oxygen quantum yields.
We have shown in a series of reported experiments that cationic fullerenes fulfill
many, but not all of the aforementioned criteria. Our laboratory was the first to
demonstrate that the soluble functionalized fullerenes described above, especially
the cationic compounds BF4-BF6, were efficient antimicrobial PS and could me-
diate photodynamic inactivation (PDI) of various classes of microbial cells [49].
We used a broadband-pass filter giving an output of the entire visible spectrum
(400700 nm) to excite the fullerenes that maximized the absorption.

Our initial screening experiment carried out against Staphylococcus aureus at
100 uM concentrations showed that the C,, substituted with pyrrolidinium groups
behaved very differently than the series substituted with di-serinol groups. The
cationic fullerenes gave high levels of dark toxicity (except for BF4) while the
di-serinol-functionalized C,, had no dark toxicity, but showed a typical light dose-
dependent loss of colony-forming ability. However, it needed concentrations as
high as 100 pM and white-light fluences as high as 120 J/cm? to achieve significant
killing (2.0-3.0 logs or up to 99.9%) of the gram-positive S. aureus. Even with
these relatively high doses of both PS and light, the gram-negative Escherichia coli
was only slightly killed (less than 1.0 log or 90%). In sharp contrast, the cationic
fullerenes were highly effective PS at much lower concentrations and much lower
light doses. BF4-BF6 were all surprisingly effective in causing light-mediated kill-
ing of S. aureus. BF5 and BF6 needed only 1 uM concentration and 1.0 or 2.0 J/
cm? of white light to kill 4-5 logs. BF4-6 were tested against E. coli at 10 uM, and
BF5 and BF6 showed similar high levels of activity (up to 6.0 logs). These findings
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agree with numerous reports in the literature that demonstrate that PS with one (or
preferably more cationic groups) are efficient antimicrobial PS [141-145]. Quater-
nary nitrogen-based groups are superior to primary, secondary, or tertiary amino
groups as the positive charge is less dependent on the pH of the surrounding media,
or the pK, of the molecules that the PS is interacting with. Microbial cells possess
overall negative charges, and it is thought that cationic PS bind to these groups on
the outer layers of the cell surface. Gram-positive cells have relatively permeable
outer layers of peptidoglycan and lipoteichoic acid or -glucan, respectively. This
allows cationic and to a lesser extent non-cationic PS to diffuse inwards to the
plasma membrane where the generation of ROS under illumination can damage the
membrane structure allowing leakage of essential components and cause cell death.
Cationic compounds are able to displace divalent cations (Ca?>* and Mg?") that play
a role in the attachment of lipopolysaccharide to the outer membrane [146]. This
displacement weakens the structure of the outer permeability allowing the PS to
penetrate further in a process that has been termed “self-promoted uptake” [35]. The
fact that this mechanism requires cationic compounds explains why BF1-BF3 were
relatively noneffective against the gram-negative E. coli and such findings have
been reported with numerous other non-cationic PS [143].

A recent study by Spesia et al. reported [147] that a novel N,N-dimethyl-2-
(4'-N,N,N-trimethylaminophenyl)fulleropyrrolidinium iodide (DTC,*") was syn-
thesized by 1,3-dipolar cycloaddition using 4-(N,N-dimethylamino) benzalde-
hyde, N-methylglycine, and C, and quaternization with methyl iodide. Photody-
namic properties of DTC**were compared with a non-charged N-methyl-2-(4'-
acetamidophenyl)fulleropyrrolidine (MAC)) and a monocationic N,N-dimethyl-
2-(4"-acetamidophenyl)fulleropyrrolidinium iodide (DAC"). The photodynamic
effect was strongly dependent on the medium, and diminished when the sensitizer
aggregated and increased in an appropriately surrounded microenvironment. The
PDI produced by these fullerene derivatives was investigated in vitro on E. coli.
Photosensitized inactivation of E. coli cellular suspensions by DTC,,*" exhibited
an approximately 3.5 log decrease of cell survival when the cultures are treated
with 1.0 uM of sensitizer and irradiated for 30 min. This photosensitized inactiva-
tion remains high even after one washing step. Also, the photodynamic activity was
confirmed by growth delay of E. coli cultures. The growth was arrested when E. coli
was exposed to 2.0 uM of cationic fullerene and irradiated, whereas a negligible
effect was found for the non-charged MAC . In our laboratory, we have tested a
group of six functionalized fullerenes which were prepared in two groups of three
compounds [48]. We demonstrated that the C; molecule monosubstituted with a
single pyrrolidinium group (BF4) was a very efficient PS which efficiently killed a
panel of mouse cancer cells at the low concentration of 2.0 M on exposure to white
light. We have shown, in a series of reported experiments that cationic fullerenes
fulfill many of the desirable characteristics for efficient photoinactivation of bacte-
ria and other pathogens. Our laboratory was the first to demonstrate that the soluble
functionalized fullerenes, especially the tricationic compound BF6, were efficient
and selective broad spectrum antimicrobial PS and could mediate PDI of various
classes of microbial cells [49]. In a study by Spesia et al. [147], it was reported that
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a novel fulleropyrrolidinium iodide (DTC,**) produced PDI in vitro of E. coli. Lee
et al. showed that C derivatives were efficient in inactivating E. coli and MS-2
bacteriophage [148]. Recently we have demonstrated the use of innovative cationic
fullerenes as broad-spectrum light-activated antimicrobials and carried out quanti-
tative structure—function relationships to determine the optimal chemical structure
of the fullerene derivatization [100]. The most effective compound overall against
the various classes of microbial cells had the tetracationic structure illustrated as
BF24 in Fig. 5.3. Another recent paper from our laboratory [108] looked at a further
series of functionalized cationic fullerenes as antimicrobial PS and found a highly
effective structure was the previously reported [149] tetracationic compound BF21
(Fig. 5.2).

Antimicrobial effect of two highly water-soluble decacationic fullerenes LC14
[109,110]and LC17 [101] (Fig. 5.4) were applied for comparison in the PDT killing
of the gram-positive S. aureus. In general, it is known that gram-positive bacteria
are more sensitive and susceptible to PDT destruction than gram-negative bacteria.
This allowed us to use a lower concentration (up to 10 uM) of fullerene derivatives
for S. aureus killing than that (up to 100 pM) needed for effective E. coli killing.
Our previous PDT experiments have indicated a fast-binding process of PS to mi-
crobial cells [150]. Thus, a short incubation time of 30 min was applied for both
species. As a result shown in Fig. 5.12, neither decacationic fullerene derivative
LC14 and LC17 gave any detectable toxicity to both bacteria in the dark in a con-
centration up to 10 uM. A pronounced PDT effect was observed after illumination
on the LC14/LC17-incubated cells using a broad-band white light source with total
fluence intensity of 100 J/cm? with a sharp cytotoxicity trend even at low fullerene
concentration of 1.0 uM, giving 3-log killing for C [>M(C;N,"C,),] and 2-log kill-
ing for C, [>M(C;N,"C,),]. As the administered dose increased to a concentration
of 3.0 uM, a 5-log killing effectiveness was observed for the compound LC14 and
a corresponding 3-log for the compound LC17. Interestingly, C,[>M(C,N,"C,),]
was able to eradicate the cells at higher concentrations than 3.0 uM. In the case of
C,o[>M(C;N,'C,),], a 5-log effective killing was achieved at a concentration of
10 uM. Two killing curves of LC14 and LC17 were significantly different from
each other (p <0.01). In the PDT experiments against E. coli, the need to use eight-
times higher concentrations of fullerene drugs led to the observation of some dark
toxicity (1.0—2.0 logs) at the higher concentrations of 60 and 80 uM. Surprisingly,
the order of PDT effectiveness of these two fullerene drugs was opposite to that
seen with S. aureus. In this case, C, [>M(C;N,"C,),] was most effective for E.
coli killing with 3.0 logs at 40 uM, 5.0 logs at 60 pM, and eradicating the cells at
80 uM, as shown in Fig. 5.12b. On the other hand, C, [>M(C;N,"C,),] only killed
1.0 log at 40 uM, 2.0 logs at 60 puM, and 3.0 logs at 80 uM. These two curves were
significantly different (p <0.01).

The data showed interesting differences between the photoactivity of decaca-
tionic fullerene compounds that differ only in the number of carbon atoms in the
fullerene cage. The decacationic arms attached to these fullerenes served to give
the molecules rapid binding to the anionic residues displayed on the outer parts of
bacterial cell walls. The large number of ionic groups attached to the fullerene also
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Fig. 5.12 PDT killing of a
LC14 with or without light

and b gram-negative bacteria,

E. coli. Bacteria [10(8) cells/
mL] were incubated with
LC14 or LC17 (for compari-
son) for 30 min followed by
delivery or not of 100 J/cm?
of white light. **p<0.01
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provided enhanced water solubility, which is a necessary requirement for biologi-
cal activity. Even though these fullerenes displayed a rapid ability to photoinacti-
vate bacteria, they were also efficient in mediating the PDT killing of cancer cells
although a longer incubation time was needed. A large molecular weight of these
fullerenes (around 3300) means that they are too large to diffuse through the plasma
membrane of mammalian cells, which is a rapid process, and are therefore taken
up by the slower process of adsorptive endocytosis. The differences in effective-
ness we found between C,, and C, was interesting. For gram-positive bacteria,
Ceo[>M(C,N,"C,),] was better at photokilling than C,[>M(C,N,"C,),], while
for gram-negative bacteria and for cancer cells the opposite was the case, in that
C,o[>M(C;N,"C,),] was better at photokilling than C, [>M(C;N,*C,),]. We have
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previously reported [151] that Type II ROS, that is, singlet oxygen, '0,, are better
at killing gram-positive bacteria than Type I ROS, that is, hydroxyl radicals, HO-,
while the reverse is true for gram-negative bacteria (HO- is better at killing than
'0,). Therefore, we decided to test the type of ROS (HO- or '0,) produced when
LC14 and LC17 were illuminated in simple PBS solution. To do this, it was neces-
sary to employ blue light to excite the fullerene, because if white light was used, the
light alone would activate the probe to some extent through the green absorption
peak. The results demonstrated that C,[>M(C,N,*C,),] produced more 'O, while
C,,[>M(C;N,"C,),] produced more HO-. This finding offers an explanation of the
preferential killing of gram-positive bacteria by LC14 and the preferential killing of
gram-negative bacteria by LC17. The hypothesis is that 'O, can diffuse more easily
into porous cell walls of gram-positive bacteria to reach sensitive sites, while the
less permeable gram-negative bacterial cell wall needs the more reactive HO- to
cause real damage [152, 153]. It has not been reported whether HO- or 'O, is more
efficient in killing cancer cells, but our data would suggest that HO- may be more
effective in this case as well.

Photodynamic reactions induced by photoactivated fullerenes have been shown
to inactivate enveloped viruses [154]. Buffered solutions containing pristine C,
and Semliki Forest virus (Togaviridae) or vesicular stomatitis virus (VSV; Rhabdo-
viridae), when illuminated with visible light for up to 5.0 h, resulted in up to seven
logs of loss of infectivity. Viral inactivation was oxygen dependent and equally
efficient in solutions containing protein [155]. Hirayama et al. [156] used a me-
thoxy—PEG conjugated fullerene at 400 uM in combination with 120 J/cm? white
light to destroy more than five logs of plaque forming units of VSV. VSV inac-
tivation was inhibited by oxygen removal or by the addition of sodium azide, a
known singlet oxygen quencher. The substitution of H,0 by D,O, which is known
to prolong the lifetime of singlet oxygen, promoted the virucidal activity. These
results indicate that singlet oxygen may play a major role in VSV photoinactivation
by the water-soluble fullerene derivative. The concentration needed for virus inac-
tivation was higher than that of other sensitizers such as methylene blue. Lin and
coworkers [157] compared light-dependent and light-independent inactivation of
dengue-2 and other enveloped viruses by the two regio-isomers of carboxyfullerene
and found that asymmetric isomer had greater dark activity (albeit at much higher
concentrations than needed for its PDT effect) due to its interaction with the lipid
envelope of the virus. Photodynamic reactions induced by photoactivated fullerenes
have also been shown by many workers to inactivate enveloped viruses [154—157].

5.11 PDT Enhancement Using Light-Harvesting Antenna
Attachments on Fullerene Derivatives

We reported [121] the synthesis of a new class of photoresponsive C~DCE-di-
phenylaminofluorene nanostructures and their intramolecular photoinduced energy
and electron transfer phenomena. Structural modification was made by chemical
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conversion of the keto group in C (> DPAF-C)) to a stronger electron-withdrawing
DCE unit leading to C (> CPAF-C) with an increased electronic polarization of the
molecule, as discussed the Sect. 5.4.3. The modification also led to a large batho-
chromic shift of the major band in visible spectrum giving measureable absorp-
tion up to 600 nm and extended the photoresponsive capability of C,~DCE-DPAF
nanostructures to longer red wavelengths than C,(>DPAF-C)). Production effi-
ciency of singlet oxygen by C, (>DPAF-C,, ), as the structure shown in Fig. 5.7,
was found to be comparable with that of tetraphenylporphyrin PS. Remarkably,
the 'O, quantum yield of C, (> CPAF-C,, ; Fig. 5.7) was found to be nearly sixfold
higher than that of C, (> DPAF-C,, ), [120] demonstrating the large light-harvesting
enhancement of CPAF-C,,, moiety and leading to more efficient triplet state genera-
tion of the C, > cage moiety.

We tested C, (> DPAF-C,,,) and C (> CPAF-C,,,) as PSs to kill cancer cells after
illumination. We used the human cervical cancer cell line, HeLLa and incubated the
cells for 3.0 h with increasing concentrations of fullerenes dissolved in 9,10-dimeth-
ylanthracene (DMA). Broad-band white light irradiation (200 J/cm?) was delivered
and the cells were returned to the incubator overnight. A 4-h 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was then carried out for mito-
chondrial reductase activity as a surrogate measure of the cell viability. As a result,
a significant, dose-dependent loss of viability in the presence of light was observed
using C, (> CPAF-C,,)) as the PS. The phenomena were not seen either in the dark
or with C,(>DPAF-C,,,) in either light or dark conditions. These data clearly show
the markedly enhanced photocatalytic activity of C (> CPAF-C,,,) compared to that
of C,(>DPAF-C,,)), due to higher absorption intensity in visible wavelengths and
an increased singlet oxygen quantum yield of the former compound. We interpret the
phenomena in terms of the contributions by the extended m-conjugation and stronger
electron-withdrawing capability associated with DCE group compared to that of the
keto group. Accordingly, C.(>CPAF-C,) may allow 2y-PDT using a light wave-
length of 10001200 nm for enhanced tissue penetration depth.

5.12 1In Vitro PDT Study of Cationic Fullerene
Derivatives on Cancer Cells: DNA Cleavage
and Membrane Damage

Phototoxicity using fullerenes combined with illumination to kill various cells in
vitro has been demonstrated in many studies. It is thought that one requirement
for any PS to produce cell killing after illumination is that the PS should actually
be taken up inside the cell, and that the generation of ROS outside the cell (un-
less in very large quantities) will not be sufficient to produce efficient cell death.
Because fullerenes (in contrast to the vast majority of PS) are non-fluorescent, it is
impossible to use the common technique of fluorescence microscopy to examine
the intracellular uptake and subcellular localization of fullerenes. Taking these con-
siderations into account, Scrivens et al. [133] were the first to prepare a radiolabeled
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fullerene and demonstrate its uptake by human keratinocytes in tissue culture. In
serum-free medium they found a time- (up to 6.0 h) and concentration-dependent
uptake so that 50 % of added fullerene was taken up. Foley et al. [134] used indirect
immunofluorescence staining with antibodies that recognize fullerenes and other
organelle probes to show that a dicarboxylic acid derivative localized in mitochon-
dria and other intracellular membranes. The first demonstration of phototoxicity
in cancer cells mediated by fullerenes was in 1993 when Tokuyama et al. [158]
used carboxylic acid functionalized fullerenes at 6.0 uM and white light to pro-
duce growth inhibition in human HeLa cancer cells. However, these same authors
later reported that other carboxylic acid derivatives of C, and C,; were completely
without any photoactivity as PDT agents at 50 uM [159]. Burlaka et al. [160] used
pristine C; at 10 uM with visible light from a mercury lamp to produce some pho-
totoxicity in Ehrlich carcinoma cells or rat thymocytes and used EPR spin-trapping
techniques to demonstrate the formation of ROS. The cytotoxic and photocytotoxic
effects of two water-soluble fullerene derivatives, a dendritic C,; mono-adduct and
the malonic acid C trisadduct were tested on Jurkat cells when irradiated with
UVA or UVB light [161]. The cell death was mainly caused by membrane damage
and it was UV dose dependent. Tris-malonic acid fullerene was found to be more
phototoxic than the dendritic derivative. This result is in contrast to the singlet oxy-
gen quantum yields determined for the two compounds. Three C derivatives with
two to four malonic acid groups (dimalonic acid C.,, DMAC; trimalonic acid,
TMAC,; and tetra-malonic acid C;, QMAC ) were prepared and the phototoxic-
ity of these compounds against HeLa cells was determined by MTT assay and cell
cycle analysis [162]. The relative phototoxicity of these compounds was DMAC >
TMAC,,> QMAC,,. Hydroxyl radical quencher mannitol (10 mM) was not able to
prevent cells from the damage induced by irradiated DMAC,,. DMAC |, together
with irradiation, was found to decrease the number of G1 cells from 63 to 42 % and
increase G2/M cells from 6.0 to 26 %.

Rancan et al. [163] used the following approach to overcome the necessity to use
UV or short-wavelength visible light to photoactivate fullerenes. They synthesized
two new fullerene-bis-pyropheophorbide-a derivatives: a mono-(FP1) and a hexaad-
duct (FHP1). The photophysical characterization of the compounds revealed signif-
icantly different parameters related to the number of addends at the fullerene core.
In this study, the derivatives were tested with regard to their intracellular uptake and
photosensitizing activity towards Jurkat cells in comparison with the free sensitizer,
pyropheophorbide-a. The C, hexaadduct FHP1 had a significant phototoxic activ-
ity (58 % cell death, after a dose of 400 mJ/cm? of 688 nm light) but the monoadduct
FP1 had a very low phototoxicity and only at higher light doses. Nevertheless, the
activity of both adducts was less than that of pure pyropheophorbide-a, probably
due to the lower cellular uptake of the adducts. A group from Argentina has also
studied the phototoxicity produced by tetrapyrrole—fullerene conjugates. Milanesio
etal. [164] compared PDT with a porphyrin-C dyad (P-C,) and its metal complex
with Zn(II) (ZnP-C,) were compared with 5-(4-acetamidophenyl)-10,15,20-tris(4-
methoxyphenyl)porphyrin (P), in both homogeneous medium containing photooxi-
dizable substrates and in vitro on the Hep-2 human larynx carcinoma cell line. 'O,
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yields (®,) were determined using DMA. The values of @, were strongly depen-
dent on the solvent polarity. Comparable @, values were found for dyads and P in
toluene, while 'O, production was significantly diminished for the dyads in DMF. In
more polar solvent, the stabilization of charge-transfer state takes place, decreasing
the efficiency of porphyrin triplet-state formation. Also, both dyads photosensitize
the decomposition of L-tryptophan in DMF. In biological medium, no dark cytotox-
icity was observed using sensitizer concentrations <or=1.0 pM and 24 h of incuba-
tion. The uptake of sensitizers into Hep-2 was studied using 1.0 M of sensitizer
and different times of incubation. Under these conditions, a value of approximately
1.5 nmol/10° cells was found between 4 and 24 h of incubation. The cell survival
after irradiation of the cells with visible light was dependent upon light-exposure
level. A higher phototoxic effect was observed for P-C,, which inactivates 80 % of
cells after 15 min of irradiation. Moreover, both dyads keep a high photoactivity
even under argon atmosphere. In a subsequent paper [165], they showed the cells
died by apoptosis by analysis using Hoechst-33258, toluidine blue staining, termi-
nal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) and
DNA fragmentation. Changes in cell morphology were analyzed using fluorescence
microscopy with Hoechst-33258 under low oxygen concentration. Under this an-
aerobic condition, necrotic cellular death predominated over the apoptotic pathway.
It was found that P-C induced apoptosis by a caspase-3-dependent pathway. Ikeda
and coworkers [128] used a series of liposomal preparations containing cationic or
anionic lipids together with dimyristoylphosphatidylcholine and introduced C into
the lipid bilayer by exchange from cyclodextrin. By adding a phosopholipid with an
additional fluorochrome, they were able to use fluorescence microscopy to demon-
strate uptake of the liposomes by HeLa cells after 24 h incubation. [llumination with
136 J/cm? 350-500 nm light gave 85 % cell killing in the case of cationic liposomes
and apoptosis was demonstrated.

In our laboratory, we have tested the hypothesis that fullerenes would be able to
kill cancer cells by PDT in vitro. We studied the same group of fullerene derivatives
described above BF1-BF3 and BF4-BF6 [48]. We showed that the C,; molecule
monosubstituted with a single pyrrolidinium group (BF4) is a remarkably efficient
PS and can mediate killing of a panel of mouse cancer cells at the low concentration
of 2.0 uM with very modest (5.0 J/cm?) exposure to white light. The cells were all
cancer cells; lung (LLC) and colon (CT26) adenocarcinoma and reticulum cell sar-
coma (J774) and the latter showed much higher susceptibility perhaps due to having
an increased uptake of fullerene because J774 cells behave like macrophages [166].
Besides the exceptionally active BF4, the next group of compounds has only mod-
erate activity (BF2, BF5, and BF6) against J774 cells showing some killing at high
fluences. The last two compounds (BF1 and BF3) had no detectable PDT killing up
to 80 J/cm?. For the first time we indirectly demonstrated that photoactive fullerenes
are taken up into cells by measuring the increase in fluorescence of an intracellular
probe (H,DCFDA) that is specific for the formation of ROS (in particular hydrogen
peroxide). We believe that the superoxide produced from the illuminated fullerene
undergoes dismutation either catalyzed by superoxide dismutase or spontaneously,
to produce H,O, resulting in the increased and diffused fluorescence of the probe.
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We also demonstrated the induction of apoptosis by PDT mediated by BF4 and
BF6 in CT26 cells at 4-6 h after illumination. The relatively rapid induction of
apoptosis after illumination might suggest the fullerenes are localized in subcel-
lular organelles such as mitochondria, as has been previously shown for PS such as
benzoporphyrin derivative [167-169]. PS that localize in lysosomes tend to produce
apoptosis more slowly after illumination than mitochondrial PS, due to the release
of lysosomal enzymes that subsequently activate cytoplasmic caspases [170].

The mono-pyrrolidinium substituted fullerene was the most effective PS by a
considerable margin. The explanation for this observation is probably linked to its
relative hydrophobicity as demonstrated by its logP value of over 2.0. The single
cationic charge possessed by BF4 is also likely to play an important role in deter-
mining its relative phototoxicity. Many lipophilic monocations have been shown to
localize fairly specifically in mitochondria [171-173] and this property has been
proposed as a strategy to target drugs to mitochondria [174]. We have also per-
formed preliminary experiments comparing effectiveness of BF4 to Photofrin®,
one of the clinically approved PSs for cancer therapy [175]. We found that BF4 was
far superior at PDT-mediated killing of human ovarian cancer cells in vitro than
Photofrin. Both compounds, BF4 and Photofrin show very little dark toxicity as
evidenced by the survival fraction at zero fluence, which was after 24 h incubation
of the cells with each PS. Also, both show a light-dose-dependent response. How-
ever, the response of BF4 at the light fluence used was much more pronounced than
that of Photofrin, demonstrating that BF4 is a significantly better PS than Photofrin
against ovarian cancer cells in vitro.

We also devised a study to test whether the high degree of light-mediated antimi-
crobial activity of fullerenes in vitro could produce to an in vivo therapeutic effect
in a mouse model of bacterial infection [107]. We used stable bioluminescent bac-
teria and a low light imaging system to follow the progress of the infection nonin-
vasively in real time in two potentially lethal mouse models of infected wounds. An
excisional wound on the mouse back was contaminated with one of two biolumi-
nescent gram-negative species, Proteus mirabilis (2.5 107 cells) or Pseudomonas
aeruginosa (5% 10° cells). A solution of tricationic BF6 was placed into the wound
followed by delivery of up to 180 J/cm? of broadband white light (400-700 nm).
Our results showed that in both cases there was a light-dose-dependent reduction
of bioluminescence from the wound not observed in control groups (light alone or
BF6 alone). Fullerene-mediated PDT of mice infected with P. mirabilis led to 82 %
survival compared with 8 % survival without treatment (p <0.001). PDT of mice
infected with highly virulent P. aeruginosa did not lead to survival, but when PDT
was combined with a suboptimal dose of the antibiotic tobramycin (6.0 mg/kg for
1.0 day) there was a synergistic therapeutic effect with a survival of 60 % compared
with a survival of 20 % with tobramycin alone (p <0.01). In conclusion, these data
suggest that cationic fullerenes have clinical potential as an antimicrobial PS for
superficial infections where red light is not needed to penetrate tissue.

In the case of anti-cancer effect of LC14 and LC17-mediated PDT [101], a lon-
ger incubation period of 24 h was applied for the experiments with cancer cells
owing to their relatively slow process to uptake fullerene derivatives. Further-
more, as it appears that cancer cells are more sensitive to the dark toxicity effects
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of both fullerene derivatives and DMA organic solvent, we kept the concentration
to a single low value of 2.0 uM. The irradiation was made by a white light source
(400—700 nm) delivered at the intensity of 100 mW/cm? with a variable fluence dose
of 0, 10, 20, 40, and 80 J/cm? for giving the demonstration of a light-dose depen-
dence of cell killing. As depicted in Fig. 5.13a, C, [>M(C;N,"C,),] was apparently
more effective at cancer cell killing than C, [>M(C;N,"C,),], with 1.0 log of cells

Fig. 5.13 Fluence-dependent a 100
PDT killing of human cancer-
ous HeLa cells incubated
with a 2.0 uM of LC14 or
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quent white light illumination
and b 4.0 uM of LC17 or
LC18 for 24 h and subse-
quent UVA light illumination.
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killing at 40 J/cm? and 2.0 logs at 80 J/cm?. Since the MTT assay cannot reliably
measure more than 2.0 logs of killing, the latter light-dose effectiveness is equiva-
lent to eradication. In contrast, the fullerene drug LC14 killed less than 1.0 log at all
fluences up to 80 J/cm*. Comparing LC17 with LC18 [111], C,[>M(C,N,*C,),]
[>M(C,N,C,),]-(I"),,, on HeLa cell PDT killing using UVA light, LC18 that pos-
sessed the additional deca-tertiary ethyleneamine chain gave significantly more
cell killing than that found with LC17 that lacked the decatertiary amine chain
(Fig. 5.13b). When red light was used, the situation was reversed and the decaca-
tionic LC17 gave significantly more killing than that found with LC18 with both
chains. This interesting and unexpected finding prompted us to repeat the HeLa
cell killing studies with the novel PDT compounds C,,O,[>M(C,N,"C,),] (I,),,
(LC19-1;) and Cy,0,[>M(C,N,*C,),][>M(C,N(C,),]-(I"),, (LC20) using a wider
range of different wavelengths of light (Fig. 5.14, showing only either UVA or red)
[111]. There was more killing with LC20 than with LC19-1,” when UVA was used
(Fig. 5.4a) and when blue light was used. These differences are presumably due to
the greater likelihood of electron transfer processes taking place with shorter wave-
lengths and the presence of electron-donating tertiary-ethyleneamine chain. When
white light was used, the difference between LC20 and LC19-1,” was smaller but
LC20 still gave more killing, while green light gave equal killing for the two fuller-
enes. Interestingly, when red light was used (Fig. 5.14b), the situation was reversed
and LC19-1," gave significantly more killing than LC20. All the utilized compounds
induced a very low dark toxicity at these concentrations.

One of the first biological applications of photoactivated fullerenes was to pro-
duce cleavage of DNA strands after illumination. Cleavage of supercoiled pBR322
DNA was observed after incubation with a fullerene carboxylic acid under visible
light irradiation but not in the dark [158]. Both nicked circular and linear duplex
form DNA were observed and there was considerable selectivity for cleavage at
guanine bases. The photoinduced action was more pronounced in D,O in which
singlet oxygen has a longer lifetime. An and coworkers prepared [176] a covalent
conjugate between an oligodeoxynucleotide and either a fullerene or eosin. Cleav-
age of target complementary 285-base single-stranded DNA was observed at gua-
nosine residues in both cases upon illumination. However, the fullerene conjugate
was more efficient in cleavage than the eosin conjugate. Moreover, the cleavage
was not quenched by azide or increased by deuterium oxide as was found for the
eosin conjugate, suggesting the mechanism followed a Type I pathway. Boutorine
et al. [177] described a fullerene-oligonucleotide that can bind single- or double-
stranded DNA, and which also cleaves the strand(s) proximal to the fullerene moi-
ety upon exposure to light. Nakanishi et al. [178] also observed DNA cleavage by
functionalized C . Yamakoshi et al. studied biological activities of fullerenes under
illumination including DNA cleavage, hemolysis, mutagenicity, and cell toxicity
[179]. They prepared a conjugate between a fullerene and an acridine molecule as a
DNA intercalating agent and compared its DNA photocleavage capacity on pBR322
supercoiled plasmid with pristine fullerene both solubilized in PVP. This compound
showed much more effective DNA-cleaving activity in the presence of NADH than
pure Cg, [180]. Liu and coworkers [181] used a water-soluble conjugate between
anthryl-cyclodextrin and C to carry out photocleavage of pPGEX5X2 DNA. Ikeda
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etal. [182] used functionalized liposomes encorporating both C and C. fullerenes
into the lipid bilayer to carry out photocleavage of ColE1 supercoiled plasmid DNA
using A >350 nm light. Interestingly, C,, was significantly better (3.5 times) than
C,, in photocleaving DNA.

It has also been shown that fullerene-mediated PDT may lead to mutagenic ef-
fects. PVP-solubilized fullerene was found to be mutagenic for Sa/monella strains
TA102, TA104, and YG3003 in the presence of rat liver microsomes when it was
irradiated by visible light [183]. The mutagenicity was elevated in strain YG3003,
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a repair enzyme-deficient mutant of TA102. The mutation was reduced in the pres-
ence of f-carotene and parabromophenacyl bromide, a scavenger and an inhibitor,
respectively, of phospholipase. The results suggested that singlet oxygen was gen-
erated by irradiating the C, by visible light and that the mutagenicity was due to
oxidized phospholipids in rat liver microsomes. The linoleate fraction isolated by
high-performance liquid chromatography was a major component, and it played an
important role in mutagenicity. The results of electron spin resonance (ESR) spec-
trum analysis suggested generation of radicals at the guanine base but not thymine,
cytosine, and adenine bases and formation of 8-hydroxydeoxyguanosine (8-OH-
dG). The mechanism was proposed to involve indirect action of singlet oxygen due
to lipid peroxidation of linoleate that causes oxidative DNA damage.

A group from India has studied the ability of fullerenes to produce oxidative
damage to lipids in microsomal preparations. Cyclodextrin encapsulated C, added
to rat liver microsomes followed by exposure to UV or visible light produced lipid
peroxidation as assayed by thiobarbituric acid reactive substances, lipid hydroper-
oxides, damage to proteins as assessed by protein carbonyls and loss of the mem-
brane-bound enzymes [184]. Quenchers of singlet oxygen (B-carotene and sodium
azide) inhibited peroxidation, and deuteration of the buffer enhanced peroxidation,
indicating that the photochemical mechanism is predominantly due to Type II ('O,).
In a subsequent study [185], they compared pristine C,, with a polyhydroxylated
derivative C (OH)  and found that the latter produced more pronounced peroxida-
tive damage and the mechanism was different and was mediated primarily by radi-
cal species. Lipid peroxidation was also shown in sarcoma 180 ascites microsomes.
Yang et al. [186] used human erythrocyte membranes (EMs) as a model system to
examine photoinduced lipid peroxidation by a bis(methanophosphonate)fullerene
(BMPF) and four other fullerene derivatives including a mono-methanophosphonic
acid fullerene (MMPF), a DMAC,,, a TMAC, and a polyhydroxylated fullerene
(fullerenol). Lipid peroxidation was assessed as the malondialdehyde (MDA) level
measured by the thiobarbituric acid assay. It was observed that BMPF increased the
MDA level of EMs after irradiation in both time- and dose-dependent manners. The
photoinduced activity became very significant (p< 0.01) under the conditions of
either the concentration of 10 pM and irradiation time of 30 min or the concentra-
tion of 5.0 uM and irradiation time of 60 min. Involvement of ROS in the activity
was also examined by specific inhibitors of singlet oxygen, superoxide anions, and
hydroxyl radicals, respectively. While all three kinds were found responsible for the
activity, the former two might play more important roles than the last one.

5.13 1In Vivo PDT of Tumors and Third-Degree Burn
Infections

Fullerenes should have a photodynamic effect on tumors, if (a) the compound is
accumulated in the tumor tissue, (b) a reasonably efficient way to administer the
compound to tumor-bearing animals is found, and (c) enough excitation light can
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be delivered to the photosensitized tumors. The first report of fullerenes being used
to carry out PDT of actual tumors was by Tabata [76] in 1997. They chemically
modified the water-insoluble C, with PEG, not only to make it soluble in water but
also to enlarge its molecular size. When injected intravenously into mice carrying
a subcutaneous tumor on the back, the C,~PEG conjugate exhibited higher accu-
mulation and more prolonged retention in the tumor tissue than in normal tissue.
The conjugate was excreted without being accumulated in any specific organ. Fol-
lowing intravenous injection of C,,~PEG conjugate or Photofrin (a recognized PS)
to tumor-bearing mice, coupled with exposure of the tumor site to visible light, the
volume increase of the tumor mass was suppressed and the C, conjugate exhibited
a stronger suppressive effect than Photofrin. Histological examination revealed that
conjugate injection plus light irradiation strongly induced tumor necrosis without
any damage to the overlying normal skin. The antitumor effect of the conjugate
increased with increasing fluence delivered and C dose, and cures were achieved
by treatment with a low dose of 424 ng/kg at a (very high) fluence of 107 J/cm?.
Liu and others [75] conjugated PEG to C,, (C,~PEG), and diethylenetriaminepen-
taacetic acid (DTPA) was subsequently introduced to the terminal group of PEG to
prepare C —PEG-DTPA that was mixed with gadolinium acetate solution to ob-
tain Gd**-chelated C,,~PEG-DTPA-Gd. Following intravenous injection of C,—
PEG-DTPA-Gd into tumor-bearing mice, the PDT antitumor effect and MRI tumor
imaging were evaluated. Similar generation of superoxide upon illumination was
observed with or without Gd** chelation. Intravenous injection of C,,~PEG-DTPA—
Gd into tumor-bearing mice plus light (400-500 nm, 53.5 J/cm?) showed significant
antitumor PDT effect and the effect depended on the timing of light irradiation that
correlated with tumor accumulation as detected by the enhanced intensity of MRI
signal.

A preliminary in vivo study PDT using hydrophilic nanovesicles formed from
hexa(sulfo-n-butyl)-C,, (FC,S, Fig. 5.6) was performed by Chiang and his cowork-
ers [41, 187]. The median lethal dose (LD50) of FC,S was defined as approximately
600 mg/kg in acute toxicity studies. No adverse effects were noted in the animals
when the FC,S was administered orally [188]. This study was performed in imprint-
ing control region (ICR) mice bearing sarcoma 180 subcutaneous tumors. They
were given either intraperitoneal or intravenous injection of water-soluble FC,S
in PBS (5.0 mg/kg body weight). The tumor site was subsequently irradiated with
an argon ion laser beam at a wavelength of 515 or an argon-pumped dye laser at
633 nm with the beam focused to a diameter of 7-8 mm with the total light dose ad-
justed to a level of 100 J/cm? in each experiment. Consistently, inhibition of tumor
growth was found more effective using the low wavelength, that is, in case of better-
absorbed 515-nm laser than the 633-nm laser. Administration of FC,S to mice by
the IP method had slightly better inhibition effectiveness than the IV method. These
data summarized above not only suggest that PDT with fullerenes is possible in
animal tumor models but also demonstrate the potential use of these compounds as
PS for PDT of cancer.

Because cancer cells endocytose glucose more effectively than normal cells due
to upregulation of glucose receptors, Otake and colleagues prepared a set of C—
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glucose conjugates that also served the purpose of solubilizing the fullerene [189].
The glycoconjugated C, compounds produced selective phototoxicity (after irra-
diation with UVA1) towards cancer cells compared to normal fibroblasts showing
the importance of targeting glucose receptors. Inhibition by sodium azide showed
the involvement of singlet oxygen in the cell killing. In order to investigate the ef-
fect of PDT in vivo, human-melanoma (COLO679)-xenograft-bearing mice were
injected intratumorally with C— (Glc), (0.1 or 0.2 mg/tumor) and irradiated with
10 J/em* UVAL after a 4-h drug-light interval. PDT with C— (Glc), was reported
to suppress the tumor growth with the higher dose performing better than the lower
dose. We have recently shown [190] that intraperitoneal PDT with a fullerene and
white light was able to demonstrate significant therapeutic effects in a challenging
mouse model of disseminated abdominal cancer. In humans, this form of cancer is
characterized as a thin covering of tumor nodules on intestines, and other abdominal
organs and responds poorly to standard treatment such as surgery or chemotherapy.
In this study, we formulated the monocationic BF4 in micelles composed of Cremo-
phor EL to treat intraperitoneally disseminated colorectal cancer in a mouse model.
We used a colon adenocarcinoma cell line (CT26) expressing firefly luciferase to al-
low monitoring of IP tumor burden by noninvasive optical imaging. IP injection of a
preparation of BF4 formulated in micelles (5.0 mg/kg), followed by white light illu-
mination (100 J/cm?) delivered through the peritoneal wall produced a statistically
significant reduction in bioluminescence and a survival advantage in mice. White
light was more effective than green light, while red light produced unacceptable
toxicity to the mice due to excessive tissue penetration of the light into abdominal
organs. A drug-light interval of 24 h was more effective than a 3-h drug-light inter-
val showing the importance of allowing enough time for the fullerene to be taken up
into the cancer cells. The IP tumors were destroyed by the process of necrosis rather
than the more usual apoptosis.

In the case of third-degree burns, they are particularly susceptible to bacterial
infection as the barrier function of the skin is destroyed, the dead tissue is devoid
of host-defense elements, and a systemic immune suppression is a worrying con-
sequence of serious burns [191]. Furthermore, the lack of perfusion of the burned
tissue means that systemic antibiotics are generally ineffective [192]. Although ex-
cision and skin grafting is now standard treatment for third-degree burns [193],
superimposed infection is still a major problem. Patients with gram-negative burn
infections have a higher likelihood of developing sepsis than gram-positive infec-
tions [194]. Topical antimicrobials are the mainstay of therapy for burn infections
and PDT may have a major role to play in the management of this disease [195].

We tested the in vivo PDT activity of some fullerenes in a mouse model of a
third-degree burn infected with gram-negative bioluminescent bacterial species. We
initially used the pathogenic variant of E. coli (enteropathogenic E. coli, EPEC)
and inoculated the burns with 1.5%10(8) colony-forming unit (CFU). UVA light
appeared to be the most effective in killing all the tested species. After considerable
experimentation we settled on an 80-uM solution of fullerenes in PBS containing
8% v/v DMA. The DMA solvent is important in keeping the fullerene in solution
and encouraging penetration of the PS into the infected tissue of the burn. The
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Fig. 5.15 Representative bioluminescence images from mice with E. coli burn infections and
treated with successive fluences of PDT or UVA light alone. a UVA control. b LC17+UVA light.
¢ LC18+UVA light

light-dose-dependent reduction of bioluminescent signal is shown in Fig. 5.15 [196].
As shown in Fig. 5.15a that UVA plus PBS containing 8 % DMA (no fullerene) as a
light alone control gave only a slight reduction in bioluminescent signal even after
72 J/em? of light had been delivered. When LC17 was used (Fig. 5.15b) there was
a significant reduction in bioluminescence signal apparent at 48 J/cm? and only a
trace remaining after 72 J/cm?. When LC18 was used (Fig. 5.15¢) it can be seen
there was a noticeable drop in signal after only 12 J/cm? had been delivered, and
by the time 72 J/cm? had been delivered the signal had been effectively eliminated.
Both PDT groups were significantly lower than the UVA control at all fluences,
and LC18 was significantly lower than LC17 at 12, 24, and 48 J/cm?. Because we
observed recurrence of the E. coli in the mouse burn in the days following the PDT
treatment, we asked whether a therapeutically useful single PDT treatment could
be demonstrated. We formed the hypothesis that the recurrence observed with PDT
of E. coli was due to a combination of factors. Firstly, that a few remaining viable
bacteria were left in the burn even after disappearance of the luminescence signal.
Secondly, that the virulence of the bacteria was an important factor. To overcome
these adverse factors we changed several parameters in the experiment. Firstly, we
changed to Acinetobacter baumannii, which although is clinically problematic due
to high antibiotic resistance, appears to be less virulent in this mouse model, and
we used a lower inoculum [5 % 10(7) compared to 1.5 x 10(8)]. Secondly, we raised
the concentration of fullerene from 80 to 300 uM. Thirdly, we raised the concen-
tration of DMA from 8 to 15%. Figure 5.16 shows the bioluminescence signals of
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Fig. 5.16 Representative bioluminescence images from mice with 4. baumannii burn infections
and treated with PDT, UVA light alone, or absolute control, captured day 0 (before PDT) and
then daily for six days. a Absolute control. b UVA control+15% DMA. ¢ LC17+15% DMA. d
LCI18+15% DMA. e LC17+15% DMA+UVA light. f LC18+15% DMA+UVA light

representative mice captured daily from days 0 (before PDT) to day 6 post PDT. It
can be seen that the absolute control (Fig. 5.16a, no light, no fullerene, no DMA)
showed a continuing infection in the burn that lasted for 6 days. All other groups
(B—F) showed a loss of bioluminescence signal on day 1 (the day after PDT). How-
ever, in the three control groups, UVA alone (Fig. 5.16b), LC17 in dark (Fig. 5.16¢),
and LC18 alone (Fig. 5.16d) there were significant recurrence of bioluminescence
on day 2 that lasted until day 6. In the LC17 PDT group (Fig. 5.16e), there was
only a tiny recurrence visible at day 4 that remained tiny on days 5 and 6. In the
LC18 PDT group, there was no recurrence of bioluminescence visible on any day
of follow-up. Accordingly, we obtained good light-dose-dependent loss of biolumi-
nescence signal in the mouse model of E. coli burn infection, and LC18 was more
effective than LC17 in mediating PDT under UVA illumination, consistent with the
in vitro results. However, despite this success, recurrence of bioluminescence was
observed in the succeeding days. While it is entirely possible that the PDT treatment
could be repeated each day until the infection was defeated, we considered that it
would be preferable if a single PDT treatment could be shown to be effective in
eliminating the bacteria from the burn. This goal was achieved with an A. bauman-
nii model, which is of high clinical relevance as this species has been found to be the
most prevalent in a military burns hospital [197] and is notorious for its antibiotic
resistance [198]. Again LC18 was found to be superior to LC17 in this application
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of PDT for burn infection. Lu et al. [107] reported an in vivo study where a trica-
tionic C fullerene excited by white light was used to treat a mouse model of exci-
sional wound infection by the gram-negative P. aeruginosa or P. mirabilis. This is
a highly invasive infection model and fullerene mediated PDT was able to save the
lives of mice infected with P. mirabilis, and, in the case of P. aeruginosa, when used
in combination with subtherapeutic doses of antibiotics (tobramycin).

Furthermore, due to the aforementioned limitation of being nonfluorescent, not
much has been studied about the in vivo pharmacokinetic characteristics of fuller-
enes such as the biodistribution and the organ/target specific binding. It is consider-
ably challenging to get good biodistribution data of fullerenes. The approaches that
can be applied for studying the biodistribution would be by radiolabeling fullerene
by 1'% or by C'*. In one of the study fullerenes were labeled with I'?* and biodis-
tribution studies were carried out. It was shown that after injection in the tumor-
bearing mice C,,—~PEG conjugate disappeared gradually from the blood circulation
and 78% was excreted from the body within 24 h. This conjugate did not show
any marked accumulate in any of the organ though the accumulation in the liver
increased up to 24 h but decreased with time and was undetectable at 144 h after
injection. The fullerene accumulated in the carcass and the gastrointestinal tract
in the early period but was eliminated thereafter in the same manner as liver. This
fullerene accumulated in the tumor tissue to a significantly higher extent than in the
skin and the muscles, and it was also retained in the tumor tissue for a longer period
than the normal tissue [76]. Liu and others conjugated PEG to C, (C,~PEG), and
DTPA was subsequently introduced to the terminal group of PEG to prepare C—
PEG-DTPA that was mixed with gadolinium acetate solution to obtain Gd**-chelat-
ed C,,~PEG-DTPA-Gd. Following intravenous injection of C ~PEG-DTPA-Gd
into tumor-bearing mice, they observed tumor accumulation by enhanced intensity
of MRI signal [75].

5.14 Conclusions

At the end of this chapter, we must ask ourselves whether in all reality it is likely that
fullerenes will ever be accepted as viable PS for PDT of any disease. As discussed
previously, these compounds have certain unique features that could make them
favorable candidates and, at the same time, other unique features that would argue
against them as PS for PDT. The most important favorable property is their rather
unusual photochemical mechanism. As shown by us and by others, in aqueous solu-
tions and particularly in the presence of reducing agents, these compounds produce
a substantial amount of superoxide anion in a Type I photochemical process involv-
ing electron transfer from the excited triplet to molecular oxygen. Although many
workers in the PDT field think that the product of the Type II photochemical pro-
cess, singlet oxygen, is the major cytotoxic species operating in PDT-induced cell
killing, there have been reports that Type I mechanisms may be equally effective
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or even more effective than Type II. This is because hydroxyl radicals are the most
reactive and potentially the most cytotoxic of all ROS. It is assumed that hydroxyl
radicals are formed from hydrogen peroxide by Fenton chemistry reactions cata-
lyzed by Fe?*or Cu*ions, and that the hydrogen peroxide is produced by dismuta-
tion of superoxide anion either by enzyme catalysis or naturally. Another possible
mechanism of cytotoxicity is the diffusion-controlled reaction between superoxide
and nitric oxide to form the highly toxic species, peroxynitrite. Elevated levels of
nitric oxide are present in both cancers and infections thus giving the possibility of
additional levels of selectivity for target-specific damage.

The chief disadvantage of fullerenes is likely to be their optical absorption prop-
erties. The absorption spectrum of fullerenes is highest in the UVA and blue regions
of the spectrum where the tissue penetration depth of illumination is shortest due
to a combination of light absorption by cellular chromophores and light scattering
by cellular structures. However, the molar absorption coefficients of fullerenes are
relatively high and the tail of absorption does stretch out into the red regions of the
visible spectrum. Fullerenes are not the most amenable molecules for drug delivery,
and choosing appropriate formulations may be difficult. Nevertheless, the poly-
cationic modifications described in this chapter demonstrate that with the correct
functionalities present on the fullerene cage, these difficulties may be overcome.

5.15 Future Perspectives

Fullerenes have been widely studied in recent years as potential PS that could medi-
ate PDT of diverse diseases. Most of these reports have been confined to in vitro
studies where viruses, bacteria, fungi, or cancer cells have been incubated with a
diverse array of functionalized or solubilized fullerene compounds followed by il-
lumination with light that is usually UVA, blue, green, or white because the absorp-
tion spectrum of fullerenes is biased towards lower wavelengths. Since in vivo PDT
usually uses red light for its improved tissue-penetrating properties, it was unclear
whether fullerenes would mediate effective PDT in vivo. This question can now
be answered in the affirmative. In fact, the report in which mice suffered toxicity
after fullerene PDT with red light but exhibited a beneficial therapeutic effect after
white light illumination suggests that this supposed drawback may actually be an
advantage instead. Future studies will include synthesis of new fullerene derivatives
particularly those with light-harvesting antennae to broaden the range of activating
light that can be used, hence increasing the light penetration depth into tissue. More
experiments should be designed to increase the understanding of the mechanisms
that govern the balance between Type I and Type II ROS. These studies will estab-
lish whether fullerenes can compete with more traditional PS in clinical applica-
tions of PDT.
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Chapter 6

Carbon Nanotube Field-Emission X-Ray-Based
Micro-computed Tomography for Biomedical
Imaging

Laurel M. Burk, Yueh Z. Lee, Jianping Lu and Otto Zhou

6.1 Biomedical X-Ray Imaging

X-rays are used today for a variety of applications, but their most widely recognized
application is in transmission contrast imaging. When an object is placed between
an X-ray source and a photo plate or detector, photon—matter interactions such as
Compton and Raleigh scattering and the photoelectric effect cause absorption or
deflection of some photons from their direct path, creating a shadow cast on the
detector. This shadow offers information about the internal structures of the object
under investigation. For some applications, a simple 2-D planar image generated
by X-ray provides sufficient detail, but the overlapping of out-of-plane structures
can obscure features of interest. In these cases, systematically acquiring many X-
ray projections over multiple viewing angles, through computed tomography (CT),
results in full spatial information about the interiors of objects.

Both 2-D and 3-D X-ray imaging modalities are commonly used in industrial
applications and for security screening at checkpoints and in airports, but the most
familiar application of X-ray is medical imaging. In addition to the simple 2-D
radiograph, X-rays are used for fluoroscopy, angiography, breast cancer screening
(mammography and digital breast tomosynthesis), and CT.
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6.2 Conventional X-Ray Source Design

The fundamental design of the X-ray source has changed very little since the devel-
opments made by William Coolidge a century ago. In a conventional X-ray tube, the
source of electrons is a cathode filament of tungsten wire or a similar material which
is heated via electrical resistance so that electrons are released through thermionic
emission. The anode within the X-ray tube is set at a high positive voltage with re-
spect to the other tube components so that the electron beam is strongly accelerated,
gaining kinetic energy which will be imparted to the X-ray beam. When the target is
bombarded by electrons, X-rays are generated through Bremsstrahlung and charac-
teristic radiation. The spatial resolution of an X-ray source is determined by the size
of this focal spot on the anode, and the intensity of X-rays generated is proportional
to the current of electrons generated by the cathode and by the square of the accel-
eration voltage applied to the anode. However, since a large amount of heat is gen-
erated within the anode along with X-ray production, heat dissipation constraints
are the primary limitation of the total intensity of X-rays able to be generated from
the source. Thus, increasing the transmission of heat away from the anode is a major
design concern. Most commercial X-ray sources require a complex rotating anode
rather than the simple stationary option in order to spread the heat load over a much
larger volume of material in order to address this limitation.

Because of these heat dissipation concerns, it becomes impractical to pack con-
ventional X-ray sources closely together, so that X-ray devices are largely restricted
to a single-pixel design. Therefore, for applications such as CT where X-ray acqui-
sitions are required over many angles, physical rotation of the imaging object or the
source and detector are required, which can increase acquisition time and introduce
motion blur.

Thermionic electron emission also creates practical limitations to the temporal
resolution of a system, since thermionic electron emission cannot be switched rap-
idly with a filament cathode. Instead, external mechanical shuttering must be used
to create temporally narrow pulses. In general, this leads to a poor response time
and difficultly in generating uniform and nonperiodic pulses, both of which are
necessary for gated imaging to reduce the blur in moving objects.

Moreover, physical shuttering is inefficient from an anode heat load perspective,
because bombardment of the target by electrons occurs at all times and not just
when X-ray pulses are required. This further limits the overall tube flux. Finally,
thermionic electron emission is spatially isotropic, so a negatively biased focusing
cup is necessary to bend the electron trajectory into a more focused beam, and the
emitted electrons have a very wide energy distribution.

6.3 Carbon Nanotube Field-Emission X-Ray Source

To avoid the drawbacks of thermionic emission, an alternative mechanism for the
generation of electrons for X-ray production is the well-understood process of
quantum tunneling. In field emission, the effective work function of a material is
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lowered through the application of a high electric field over its surface so that elec-
trons nearest the Fermi level are able to tunnel through to the vacuum level [1].
Field emission has clear benefits for electron emission when compared with therm-
ionic emission: The only heat generated is that created through anode bombardment
for X-ray generation, and the switching speed of the source is limited only by the
simple modulation of an electric field over the cathode surface. Electron flow is
shut off at moments when there is no X-ray flux, reducing the anode heat load when
the source is operated at duty cycles less than 100 %.

The current generated from a material by field emission is expressed with the
Fowler-Nordheim equation, /=aV, exp(=b 3/2/fV), where I, V] ¢, and j are the
emission current, the applied voltage, the emitter material’s work function, and a
geometric field enhancement factor, respectively [1]. Choice of a low-work func-
tion emitter material is necessary, but even metals with typical work functions on
the order of 100 V/um require impractically high voltages to achieve enough field
emission for significant X-ray generation. Another crucial consideration is opti-
mization of the field enhancement factor B, which is maximized by creating an
emitter surface with an extremely sharp tip or profusion [2]. An optimal geometry
maximizes the electric field at the emitter tip for easier electron tunneling without
the application of high voltages.

Some of the first explored field-emission electron sources for X-ray generation
used sharp metal tips as cathodes [3, 4]. Later efforts involved other materials as
field emitters, such as Spindt tips and diamond [5, 6], but these X-ray sources
could only achieve currents on the order of a microampere [6]. Because of their
extremely high aspect ratios (~ 10%), strength, high electrical and thermal conduc-
tivity, and resistance to oxidation, carbon nanotubes are an excellent choice of field
emitter material for electron emission and have been considered for this applica-
tion as early as 1995 [7]. In the two decades that have followed, this carbon nano-
tube (CNT) field emission has been used for many different applications includ-
ing X-ray sources [8—12], field-emission display [13], and liquid crystal backlight
display [14].

6.3.1 Benefits of Field Emission for X-ray

Compared with conventional thermionic X-ray sources, a CNT field-emission X-ray
tube is preferable for many reasons. Because field emission is controlled through
the application of an electric field, the source has an inherently fast response time
and is easily operated electronically. Due to the elimination of heat and focusing
concerns at the cathode, emitter arrays can be built compactly with individually
controllable pixels that each creates its own focal spot on the anode, generating
an array of X-ray sources. Such X-ray sources allow rapid tomographic imaging
without introducing motion blur, by switching sources in series rather than rotating
or translating a single source [15]. In addition to reducing scan times, source arrays
allow the possibility of multiplexing [16].
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6.3.2 CNT Field-Emission X-ray Source

While field emission from a single nanotube is theoretically straightforward, and
currents of up to 1 pA may be obtained from an individual CNT [17], the cur-
rent obtained from a macroscopic cathode of numerous emitters does not scale up
linearly. Limits in emission current and functional lifetime arise from the electri-
cal screening effect and nonuniformity in dimensions of individual emitters within
the cathode. Adhesion of nanotubes to the substrate is another important factor, as
poorly adhered CNTs may become dislodged under high voltages, causing arcing
and accelerated degradation of the X-ray source. Thus, optimization of fabrication
techniques is essential for the fabrication of high-quality field-emission cathodes.
Many methods have been proposed for fabrication of field emission cathodes,
including surface chemical vapor deposition and screen printing. Our chosen pro-
cess is liquid-phase room-temperature electrophoretic deposition (EPD) combined
with photolithography [18], which we describe in greater detail in the next section.

6.3.2.1 CNT Cathode Fabrication

Multiwalled CNTs with small diameters created through thermal CVD were puri-
fied and then dispersed in alcohol with an MgCl, charger. Glass frits were added to
the EPD ink as well to improve adhesion to the selected glass substrates with Ag
contact lines [19]. Under a direct current (DC) electrical field, charged CNTs and
binders are driven and deposited onto the substrate surface in a film. The density
of CNT emitters is controlled by adjusting the initial concentration of CNTs in the
EPD ink, and the film thickness is controlled by the applied voltage and the deposi-
tion time. The bond between CNTs and substrate was strong enough to withstand
photoresist liftoff, with one end of each randomly oriented CNT embedded into the
matrix.

6.3.2.2 Cathode Performance and Lifetime

Through careful optimization of the growth process, improved adhesion, density,
and emitter orientation have led to high stability at voltages necessary for X-ray
generation over a long operating lifetime. Due to these advancements in cathode
manufacture, film thicknesses are uniform with only 10% variation, and current
densities of over 1500 mA/cm? are obtained [19, 20].

The results of a study investigating current strength from different dimensions
of elliptical CNT cathodes are displayed in Fig. 6.1a, and lifetime performance of a
2x15-mm CNT cathode is shown in Fig. 6.1b (data courtesy of Xintek, Inc.). The
cathodes were operated in 10-ms pulses at a rate of 1 Hz with an anode—cathode
gap of 150 um. One-hundred hours of operation were recorded for the 2 x 15-mm
cathode, over which a stable emission current of 1 A was achieved [20]. The 1-A
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Fig. 6.1 a The field-emission current density versus applied electrical field from different size
cathodes. The voltage was applied to the anode in 10-ms pulses at a 1-Hz rate. b A pulsed emission
current of 1 A (10 ms pulse width) at 0.1 % duty cycle from a 2 x 15-mm CNT cathode measured in
the diode mode with a fixed extraction voltage. (Figure reproduced from Zhou and Calderon 2010)

value is significant for the clinical future of CNT X-ray imaging devices, as this is
the output power of commercial CT scanners.

6.3.2.3 X-Ray Source Design

In our current generation of X-ray tube based on field emission, a CNT cathode and
a stationary metal anode are contained inside of a vacuum enclosure along with a
2-D grid gate electrode and electrostatic focusing structures. A bias voltage is ap-
plied to the gate electrode to extract electrons from the tips of the CNT emitters in
the cathode, the stationary anode both accelerates the electron beam and acts as a
target, and the static Einzel-type focusing electrodes are held at appropriate voltages
to minimize the focal spot size on the anode while maintaining high transmission
rates. Figure 6.2 shows the interior design of a compact, CNT-based microfocus
X-ray source developed at the University of North Carolina, including the cathode,
gate mesh, focusing, and stationary anode [21]. The simulated electron beam paths
are indicated through multicolored vectors, demonstrating the effectiveness of the
static focusing at maintaining a small focal spot on the anode.

6.3.3 Applications of CNT X-Ray Sources

Since our laboratory first introduced its CNT cathode field-emission X-ray setup
capable of biological imaging in 2002, this technology has been implemented in
stationary source tomography devices [22], radiation therapy applications [23], and
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Fig. 6.2 Schematic of a CNT-based field-emission X-ray source. The first inset highlights in the
extraction of electrons via application of a bias voltage on the gate mesh. Second inset provides a
close-up view of the CNT cathode surface. (Reproduced from Shabana et al SPIE Medical Imag-
ing 7622 76225G)

small-animal micro-CT imaging. X-ray sources based on field emission can be built
compactly because of the lack of heat considerations from the cathode, and the CNT
cathodes have been built into arrays so that emitted beams can be conformed into
various shapes [23]. For micro-CT applications, a particularly crucial advantage of
field-emission X-ray technology is the rapid source modulation enabled by electric
field switching at the cathode surface, rather than physical shuttering of a therm-
ionic filament.

In this chapter, we focus specifically on the application of CNT field-emission
X-ray sources for live small-animal imaging, pictured in Figs. 6.3 and 6.4. A de-
scription of the specific challenges of in vivo small-animal imaging follows, along
with a detailed description of a micro-CT device capable of such imaging, and fi-
nally an overview of several biomedical research applications of this device.

Mouse
Positioning  Detector

|

Fig. 6.3 a The CNT microfocus tube and b the main hardware components of the CNT micro-CT
scanner. CNT carbon nanotube, HV high voltage. (Reproduced from Cao et al. Med Phys)
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Fig. 6.4 a CNT micro-CT scanner as a CAD drawing and b the finished construction, housed
inside the fitted lead shielding. End-user devices are in operation at the biomedical research imag-
ing center at the University of North Carolina and at the University of lowa

6.4 Pre-clinical High-Resolution CT (Micro-CT)

Due to the success and ubiquity of CT in human-scale and clinical imaging, CT has
also been extended to nonclinical imaging applications such as tissue samples, bi-
opsies, and living small animals. Micro-computed tomography (micro-CT or p-CT)
is the small-scale high-resolution counterpart to the CT scanners used in hospitals.
In particular, use of in vivo small-animal imaging has recently increased to meet
the demands of researchers studying models of human disease in genetically en-
gineered mouse models (GEMMs) or other small animals and rodents such as rats
and rabbits. Mice in particular are highly desired as subjects for biomedical stud-
ies of disease because of a widely known murine genome, fast reproduction, and
inexpensive housing requirements. Researchers studying disease in mice require
the same tools of diagnosis and disease monitoring as are available in the clinic,
including optical and fluorescence imaging, ultrasound, magnetic resonance, and
of course CT.

6.5 In Vivo Micro-CT

Live small-animal micro-CT is in many ways analogous to clinical CT for human
patients. High spatial resolution is necessary, but compromise is also required be-
cause radiation dose and scanning time must be minimized. Especially in longitudi-
nal imaging studies, radiation dose must be kept well below the maximum tolerable
dose to avoid negative health consequences. At the same time, imaging duration is a
crucial consideration, both because physiological processes of interest may evolve
over the span of seconds or minutes, and also because rapid respiration and cardiac
rates of mice (~ 120 and ~ 500 bpm, respectively) can introduce significant motion
blur in images if not accounted for.
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6.5.1 Respiratory-Gated In Vivo Micro-CT

The use of in vivo micro-CT has been recently demonstrated for a variety of preclin-
ical murine abdominal, cardiac, and pulmonary imaging applications [24, 25]. The
high contrast between air and soft tissue makes micro-CT particularly useful for
studies of diseases such as lung carcinoma and emphysema [26], while iodine-based
blood pool contrast agents provide enhanced contrast against soft tissue to permit
studies of the heart [27-30] and vascular systems. However, as a consequence of an
animal’s rapid respiration rates, clinical breath-hold imaging techniques, where en-
tire scans occur within a single phase of respiration, are not feasible. Some method
of respiratory and/or cardiac gating must be employed to reduce motion blur of the
thorax when performing in vivo imaging of the heart and lungs. In a method known
as physiological gating, projection X-ray images to be used in reconstruction are
matched to a particular phase of the respiratory or cardiac cycles (or both), depend-
ing upon the imaging application.

When using retrospective respiratory gating, X-ray projection images are ac-
quired and each projection is sorted into a bin corresponding to a different phase of
the respiratory cycle. Then during reconstruction, only projections corresponding to
a single phase of respiration are used to generate the 3-D CT image. To guarantee
full angular coverage in the phase of interest, multiple rotations of the gantry are
necessary [31, 32]. Retrospective gating techniques have the benefit of easy imple-
mentation and fast scan times, but they result in an increased radiation dose to the
subject due to the necessary oversampling. The increased radiation dose can be
especially significant in small animals where the imaging dose is a large fraction of
the 50 % lethal dose [33].

Another technique, prospective respiratory gating, circumvents this problem by
synchronizing X-ray exposure with the physiological phase of interest. One possible
method of prospective gating involves intubating subjects and directly manipulat-
ing airway pressure through a ventilator, controlling the amplitude and periodicity
of the respiratory motion so that it matches X-ray exposure windows [34—36]. This
protocol eliminates the wasted radiation dose of retrospective gating, but it requires
advanced animal handling techniques to prevent damage to the trachea and vocal
chords. In addition, the process of mechanical ventilation has been shown to induce
lung injury in otherwise previously healthy specimens [37—40]. Due to these risks,
forced breathing and breath-hold gating methods are not ideal for longitudinal stud-
ies, particularly for sensitive disease models. Also, external manipulation of lung
pressure and volume can result in measures of tidal lung volumes and related values
which are not accurate or physiologically relevant to the study.

Prospective gating can be performed less invasively if the mice can be permitted
to breathe freely, instead tracking the natural abdominal motion through either a
pressure sensor or charged-coupled device (CCD) camera and synchronizing X-
ray pulses with a desired phase in the respiration cycle [41]. Although breathing
is not directly controlled, a healthy adult mouse under anesthesia and temperature
control generally exhibits a stable, reproducible, quasi-periodic respiratory motion
allowing blur-free abdominal imaging to be performed easily [41]. Free-breathing
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prospective gating leads to an increase in scan time but a reduction in delivered
radiation dose, avoiding the risks of intubation. To achieve the best results, a rapid-
response X-ray source with good temporal resolution (100 ms or less) to achieve
blur-free respiration images [42] is needed.

6.5.2 Cardiac-Gated In Vivo Micro-CT

CT imaging of murine cardiac disease presents a set of unique challenges [43]. For
human cardiac imaging, acquisition times of 75.5 ms or less per slice are required
to eliminate in-plane arterial motion blur in a typical patient [44]. Replicating the
clinical imaging technique with a murine subject requires imaging in less than 10—
15 ms. Thus, a cardiac imaging protocol requires that a single X-ray exposure must
last no more than 15 ms in order to capture the diastolic phase without blur. Given
flux and gantry speed limitations of commercial micro-CT systems, a full CT scan
cannot be acquired in less than 15 ms, and so either prospective or retrospective gat-
ing techniques must be applied. The general concept and implications are the same
as for respiratory-gated imaging. One additional concern is that respiratory blur will
obscure the heart unless it is controlled for as well, so cardiac-gated imaging is by
definition the gating of both lungs and heart simultaneously.

For successful prospective physiologically gated in vivo small-animal micro-CT
imaging, the scanner’s X-ray source must have a small focal spot size, be capable of
high flux for short pulse generation, yet also be capable of generating these pulses
nonperiodically with almost instantaneous response time. Fortunately, these very
high demands are met by an X-ray source based on carbon nanotube field-emission
technology.

6.6 CNT Micro-CT System Components
and Characteristics

The CNT micro-CT is a tabletop device consisting of a compact, high-flux X-ray
source (Fig. 6.3a), a flat panel detector, and power supplies and other electrical
components which are mounted on a rotating gantry [45]. The system design was
chosen to mimic clinical scanners, allowing the imaging subject to be naturally ori-
ented horizontally along the axis of rotation. An image of the system and all of its
major components is shown in Fig. 6.2b.

The X-ray source used in the CNT micro-CT system is the tube described in
Sect. 4.2. The interior components were shown in Fig. 6.2. The CNT cathode is
shaped into a 2.35 x 0.5-mm ellipse, corresponding to an optimal focal spot size for
micro-CT. Optimal voltages were experimentally determined for the static focusing
structure to optimize the focal spot size, which for the selected parameters resulted
ina 117 x117-um focal spot [45]. The exit window of the X-ray chamber consists
of 200 pm of beryllium, and an additional 0.5 mm of aluminum in filter material
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is placed over the X-ray exit window in order to reduce low-energy photons and
beam-hardening effects. X-ray pulses as short as 15 ms can be generated with this
X-ray source while still providing sufficient flux for a high contrast-to-noise ratio
in the images [45, 46].

The flat panel detector used to capture X-ray projections is a high-speed model
with a Csl scintillator deposited on an array of photodiodes (C7940DK-02, Ham-
amatsu). The active area contains 2400 x 2400 pixels, with each pixel measuring
50% 50 um (total active area of 12 cm x 12 cm), but only the central one fourth of
its area is used. Both this detector and the compact CNT X-ray source are mounted
on a small-bore goniometer (Huber 430, Germany) on opposite sides of the rotating
gantry [46]. A small plastic animal bed is positioned horizontally along the gantry’s
axis of rotation, allowing the mouse to lie comfortably in the prone position during
image acquisition. An automated control program was written in LabVIEW (Na-
tional Instruments, Austin, TX, USA) to rotate the goniometer in a step-and-shoot
mode during image acquisition.

Scanner geometry is optimized for maximum tube flux by reducing the object-
to-detector distance as much as possible while still keeping the bore diameter suffi-
ciently wide for subject clearance. The source-to-object distance was set for the best
compromise between large magnification and low overall distance for maximum
flux full coverage of the detector active area by the cone beam angle (20°) without
photon drop-off from anode heel effect. The final geometric configuration included
a source-to-object distance of 120 mm and an object-to-detector distance of 40 mm
(minimum for subject clearance). This results in a magnification factor of 1.3 at the
detector [45]. The overall effective field of view of the scanner is 46x 46 mm. Sys-
tem modulation transfer function (MTF) has been measured at 6.2 Ip/mm for 10 %
MTF and 7.3 lIp/mm for 5% MTF (corresponding to resolutions of 81 and 68 um,
respectively) [45].

The angular range was chosen to span 180° plus the cone beam angle opening of
20°. The detector frame rate is fixed at 1 Hz, but total scan times for a prospectively
gated protocol ranged from 5 to 20 min depending upon the rate of physiological
motion and the type of gating chosen for a particular application [45, 46].

Because of the fast response time and uniform output of the CNT X-ray source,
dynamic prospective respiratory gating is possible with this micro-CT scanner.
With the period of respiration for a sedated mouse in the range of 80—150 bpm, the
system temporal resolution of 10 ms allows the acquisition of blur-free images dur-
ing the low-motion portions of both the peak inhalation and full exhalation phases
of respiration, as well as the diastolic and systolic phases of the cardiac cycle.

6.6.1 Animal Handling Protocol

All of the animal studies described in this chapter were performed under the direc-
tion of the Institutional Animal Care and Use Committee at the University of North
Carolina in approved protocols. During live small-animal imaging, subjects were
anesthetized with approximately 1.5% vaporized isoflurane anesthesia in medical
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grade oxygen at a flow rate of 1.5-2 L per minute, which is delivered through a nose
cone attached to the animal bed. Precise isoflurane dosage is adjusted as necessary
throughout the study to maintain steady respiration rates between 80 and 120 bpm.
Subjects are placed in prone position on the imaging bed with their abdomens rest-
ing atop a pneumatic pillow pressure sensor which records abdominal respiratory
motion. The sensor is attached to a pressure transducer, and the signal is monitored
using a commercial physiological monitoring system (BioVet, m2m Imaging Corp,
Cleveland, OH, USA). A small piece of stretchable medical bandage (Coban, 3 M
Medical, St. Paul, MN) is used to lightly restrain subjects around the abdomen. Ani-
mals are not intubated; instead, they freely breathe the anesthesia/oxygen mixture
throughout imaging. During cardiac imaging protocols, an ECG signal is obtained
by affixing three neonatal electrodes to both of the mouse’s forepaws and one hind
paw. The signals from these electrodes are also read into the BioVet software for
monitoring and gating.

For cardiac imaging and other applications where the blood pool and vessels
must be distinguished from the surrounding soft tissue, an iodinated contrast agent
is necessary. For most such applications, a blood-pool contrast agent (Fenestra VC,
50 mg I/mL, Advanced Research Technologies, Inc., Montreal, Canada) is admin-
istered immediately before imaging in a single bolus via tail-vein injection at the
manufacturer-recommended dosage of 0.02 mL per gram animal body weight. This
contrast agent has a demonstrated retention time in the blood pool of up to 2 h [47],
providing contrast enhancement with respect to the surrounding soft tissue.

6.6.2 Physiological Gating Protocol

The timing circuit for prospective respiratory micro-CT imaging in step-and-shoot
mode can be seen in Fig. 6.5 [45]. The camera readout time is 470 ms, and the
acceptable exposure window for X-ray synchronization is defined as the time win-
dow between the end of the previous frame’s readout and the beginning of the next
frame readout, minus the temporal width of the X-ray pulse (Fig. 6.5a). This is
defined such that X-ray pulses could only fire during the camera exposure window
(preventing misfires and wasted dose). X-ray exposures are synchronized with the
physiological trigger signal from Biovet. Dynamic physiological gating resulted
from the logic AND operation between the detector exposure window and the phys-
iological trigger from Biovet.

The physiological trigger generated by Biovet can be set to output for either pure
respiratory gating or simultaneous cardiac and respiratory gating. For respiratory
gating protocols, a TTL high signal was produced from the Biovet program when
the signal from the respiratory pressure sensor coincided with the preset level cor-
responding to the desired phase of the respiratory cycle. For cardiac/respiratory gat-
ing, also referred to simply as cardiac gating, the physiological trigger was gener-
ated when the preselected levels in the cardiac and respiration signals were achieved
within the same acquisition window (Fig. 6.5b).
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Fig. 6.5 a The timing schematic for X-ray acquisition, incorporating synchronization of the cam-
era exposure, physiological trigger, and X-ray pulse generation. b In a simultaneous cardiac- and
respiratory-gated protocol, the physiological trigger is generated when the selected respiration and
cardiac phases occur within the same acquisition window. (Reproduced from Cao et al Medical
Physics)

For the respiratory signal, a threshold level is manually selected in to correspond
with the point of maximum inhalation. When the end-exhalation phase is preferred,
a user-defined delay ranging from 150 to 200 ms elapses before the trigger signal
occurs [46]. Similarly, for the cardiac ECG signal, the threshold level is manually
set on the R wave for diastole, and a delay of 55 ms was inserted before the trigger
output for systole [45].

In order to evaluate lung function as quantified by tidal lung volume, two sets of
CT images are acquired for each animal in lung imaging protocols: one during peak
inspiration and one during f