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REVIEW

Therapeutic applications of low-toxicity spherical
nanocarbon materials

Jing Wang!"2, Zhongbo Hu?, Jianxun Xu! and Yuliang Zhao!

Nanocarbon materials have received considerable attention due to their unique structure and properties, which make them
promising candidate materials for use in biomedical applications. In this review, we discuss the therapeutic applications of
spherical nanocarbon materials, including fullerene nanoparticles, carbon nanohorn aggregates, nanodiamonds and porous
carbon nanospheres, and their toxicology in biological systems. We put special emphasis on the antitumor effects of these
multifunctional nanoparticles, which operate via novel mechanisms in a highly efficient manner. The low toxicities of these

spherical nanocarbon materials as well as the possible effects of shape on toxicity are discussed.
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INTRODUCTION

In recent years, there has been tremendous development in the field of
nano-biomedical research, particularly in the use of engineered
nanomaterials in biomedical applications.!> These novel materials,
which exhibit unique structures and properties, have been useful
in many biosystems as diagnostic probes, nanocarriers and
biomarkers.*” Owing to their small size, it is possible to use
nanomaterials to probe, adjust and control biological processes at
the cellular and subcellular level. In particular, manufactured
nanocarbon materials, including fullerenes, carbon nanotubes,
carbon nanohorns and graphene, have been shown to be extremely
useful in various biology-related applications such as nanomedicine,
drug delivery and biolabeling.3"!2 For example, Nakamura et al.!>!*
recently described how functionalized fullerenes could be used to
deliver the green fluorescent protein gene in vitro and in vivo; higher
gene expression was found in the liver and spleen. This research
points toward the possible application of fullerenes as novel agents for
gene therapy. Carbon nanotubes and carbon nanohorns were both
demonstrated to be promising candidates for drug delivery and
controlled release, showing high drug-loading capacity and extended
blood circulation times.®!> Additionally, nanodiamonds have recently
emerged as a novel platform for drug delivery, imaging and sensing,
showing enhanced therapeutic efficacy, photostable fluorescence and
high biocompatibility.!®!8 As a relatively new member of the
nanocarbon materials family, graphene also exhibits possible
applications in biomedical schemes, such as drug delivery and
regenerative medicine.!®? There are already many reports that
discuss the properties and biomedical applications of carbon
nanotubes, graphene and even amorphous carbon nanoparticles.?!=24

In this review, we focus on the therapeutic applications
(nanomedicine and drug delivery) of spherical nanocarbon
materials, mainly fullerene nanoparticles, carbon nanohorn
aggregates, nanodiamonds and porous carbon nanospheres

(Figure 1). These nanocarbon materials have distinct structures,
comprising SP? or SP? hybridized carbons. All of these nanocarbon
materials exist as round nanoparticles in the aqueous phase with
diameters ranging from tens of nanometers to hundreds of nan-
ometers, in contrast to both cylindrical carbon nanotubes, which have
a high aspect ratio and two-dimensional planar graphene. In addition,
we compare the toxicities of these spherical nanocarbon materials.
The possible effect of shape on the biological properties and toxicity
of these materials are described based on literature reports.

FULLERENES AND METALLOFULLERENES

Pristine fullerenes, including Cg, C70, Cg and so on, are a family of
cage-like molecules consisting of 12 pentagonal carbon rings isolated
and fused by six-membered carbon rings. They can be produced by
laser ablation or arc discharge using high-purity graphite as the
carbon source. When a metal atom or cluster is encapsulated inside a
fullerene cage (mainly a Group III transition element or lanthanide),
the structure is called an endohedral metallofullerene. Examples of
such structures include Li@Cgqp, ScsN@Cgy, Gd@Cg, and so on.?
Endohedral metallofullerenes are synthesized by arc discharge in a
specific atmosphere (for example, helium or nitrogen) using a
mixture of graphite and a metal alloy powder as the discharge
anode. In addition, exohedral additions of various molecules to the
outer surface of the cage also can produce a variety of fullerene
derivatives. Endohedral and exohedral modifications dramatically
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Figure 1 The structures of the four types of spherical nanocarbon materials
discussed in this review: (a) fullerene, (b) carbon nanohorn, (c)
nanodiamond and (d) amorphous carbon nanoparticle. Fullerenes form
spherical nanoparticles tens of nanometers in size in aqueous solution.
Carbon nanohorns produced by laser ablation or arc discharge also exist as
robust spherical aggregates containing thousands of individual structures.

change the chemical and physical properties of fullerenes, increasing
the functionality of these materials and making them useful in
different applications. All of these structures will be referred to as
fullerenes throughout this review.

Shortly after its discovery, it was proposed that Cgy could inhibit
the activity of human immunodeficiency virus (HIV) protease
because Cgo has the appropriate size to fit into the hydrophobic
cavity of the enzyme.?®?” Since then, there have been many reports on
the biological effects of fullerenes, including photodynamic therapy
and magnetic resonance imaging (MRI).2 However, what is more
interesting and widely investigated is the capability of fullerenes to act
as ‘radical sponges’ in various schemes.?

ROS-scavenging property of fullerenes
Researchers have published contradictory reports on the radical-
scavenging properties of pristine fullerenes (for example, Cqo, C70).
Some studies have shown that pristine fullerenes produce reactive
oxygen species (ROS), suggesting that fullerenes could be used in
photodynamic therapy. Others have reported that in rats, Cgy can
prevent radical formation and liver and kidney damage caused by
carbon tetrachloride.’%31 Meanwhile, it is recognized that fullerene
derivatives possess a high capacity to intercept ROS and various
radicals.?73¢

As a versatile scavenger of ROS and free radicals, fullerene
derivatives are reported to be promising as novel antioxidants in
many important biological applications.’’° For example,
polyhydroxylated fullerene, Cgo(OH),, was found to have cellular
protective properties, preventing neuronal cell damage and death
from radicals generated from compounds such as @3-
morpholinosydnonimine  and  hydrogen  peroxide.*%*!  Cg
functionalized with 18 carboxylic groups has been shown to protect
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zebrafish embryos by scavenging the radicals that are formed by
ionizing radiation.*? In another interesting study, tris-malonyl Cg
was shown to penetrate the blood-brain barrier and suppress the
mitochondrial damage caused by superoxide radicals. The mice
treated with this fullerene compound had a longer life span and
increased learning and memory capacity compared with untreated
mice.*?

In addition, fullerene nanoparticles physically modified with
surfactants, such as cyclodextrin or polymers, have shown ROS-
scavenging ability. In these cases, the fullerenes can be regarded as
‘pristine’ to some extent. Cgy nanoparticles modified with sodium
dodecyl sulfate, cyclodextrin or a co-polymer (that is, ethylene vinyl
acetate-ethylene vinyl versatate) by mechanical milling were found to
protect cells from nitric oxide-induced apoptosis. It was stated that
the nanoparticles protected the nitric oxide-treated cells by neutraliz-
ing the superoxide radicals produced by the mitochondria.** Colloidal
Cgo-polymer complexes, such as poly N-vinyl pyrrolidone or poly 2-
alkyl-2-oxazoline, prepared by the so-called thin film hydration
method also act as antioxidants against ultraviolet rays or
superoxide radicals induced by angiotensin II in human skin
keratinocytes and CATH.a neurons, respectively.*>*® These studies
showed that pristine fullerenes, as well as fullerene derivatives, can
also scavenge ROS in many cases.

ROS-scavenging capability of various fullerenes and their possible
mechanisms of action

Although many fullerenes have been proven to intercept ROS, the
extent of their scavenging ability depends largely on their structure
and surface modifications. The ROS-scavenging capacities of three
different types of water-soluble fullerenes (that is, Cgo(C(COOH),),
(carboxyfullerene), Cyo(OH),, (fullerenol) and Gd@Cg,(OH),,) were
compared in a recent study.*’ It was demonstrated that these fullerene
derivatives reduce hydrogen peroxide-induced cytotoxicity, free
radical formation and mitochondrial damage. For each system, the
cell viability was evaluated and the intracellular ROS level was
determined. It is concluded that the Gd@Cg,(OH),, nanoparticles
exhibited the greatest cellular protective effects against hydrogen
peroxide-induced  cytotoxicity, followed by the fullerenol
nanoparticles; the carboxyfullerene nanoparticles provided the least
protection.

Oxidative stress is a major factor in many acute and chronic
diseases. It can be triggered by ROS, mainly including superoxide
radical anions (O, ~), hydroxyl radicals (HO "), singlet oxygen ('O,)
and hydrogen peroxide species.*®3% As fullerenes have been shown to
scavenge radicals, they may be valuable protective and therapeutic
agents for many diseases. Thus, it is of the utmost importance to
understand the molecular mechanism by which fullerenes scavenge
ROS. The mechanism of O, = quenching is similar to that of the
quenching of superoxide dismutase.’'> The radical easily binds to
the electron-deficient area of the fullerene surface, resulting in
electron transfer to the fullerene cage. Then, the binding of a
second superoxide radical anion to an adjacent electron-deficient
position induces the destruction of O,  ~, production of hydrogen
peroxide and regeneration of the original fullerene. In the initial step
of the deactivation process, the singlet oxygen (1O,) associates to the
fullerene and a charge-transfer complex is formed.>* The scavenging
of more reactive radicals, such as HO", is likely simpler from a
mechanistic standpoint, involving stoichiometric addition of the
radical to the electron-deficient surface of the fullerenes.”>>°

It has been determined that cancer cells are under increased
oxidative stress associated with higher levels of ROS. These higher



ROS levels result in the stimulation of cellular proliferation, muta-
tions and genetic instabilities. Thus, fullerenes, which can intercept
ROS, may be extremely useful in biomedicine as cancer therapies as
well as agents for helping to maintain general health. In recent studies,
researchers found that Gd@Cg,(OH),, nanoparticles showed anti-
neoplastic activity; these structures exhibited high efficiency and low
toxicity (described in the next section).

Antitumor effects and the indirect mechanism of action

of Gd@Cg,(OH),, nanoparticles

Early studies often employed endohedral metallofullerenes in biolo-
gical applications as radiotracers or MRI contrast agents.”’ ! A
holmium-encapsulated water-soluble metallofullerene derivative was
adopted as a tracer to investigate its in vivo biological behaviors and
distribution. Studies using Gd@Cg(OH), mainly focused on
application as a new generation of MRI contrast agents that were
both highly efficient and low in toxicity. Recent work looking at the
pharmaceutical effects of Gd@Cg,(OH), revealed the antitumor
properties of this popular fullerene material.®>-% The weights and
volumes of tumors in tumor-bearing mice were reduced significantly
when they were treated with a GA@Cg,(OH),; solution. This solution
exhibited a tumor-inhibitory capability comparable with that of one
current clinical antineoplastic agent (CTX) taken at a much higher
dosage (1000 times higher).

Researchers proposed a novel mechanism by which these
Gd@Cg,(OH),, nanoparticles acted against cancer, which may
provide inspiration to others looking to design and construct novel
antitumor pharmaceutical agents. The antitumor effect of a pharma-
ceutical is usually based on its ability to kill cancer cells, probably in a
selective way. However, Gd@Cg,(OH),, nanoparticles are not cyto-
toxic to certain cells, such as hepatomas and human breast cancer
cells, implying that these nanoparticles likely do not kill cancer cells
directly.9%%5 In addition, a study of the biodistribution of
Gd@Cg,(OH),, in vivo indicates that only a small amount of the
administered dose reaches the tumor tissue.’® Therefore, these
particles are thought to kill tumor cells via an ‘indirect) rather than
a direct, antitumor mechanism.

As described above, GA@Cg,(OH),, nanoparticles are outstanding
antioxidants, and they can intercept various types of ROS to inhibit
oxidative stress. Cancer cells are under increased oxidative stress
compared with normal cells.”%® Thus, GA@Cg,(OH),, nanoparticles
may improve the microenvironment of the neighboring cells, suppress
the proliferation of cancer cells and prevent the mutation of
surrounding normal cells by regulating the oxidative defense system.

In addition to their ROS-scavenging ability, Gd@Cg,(OH),,
nanoparticles show a strong capacity to improve immunity and
interfere with a tumor’s invasion into normal tissues in vivo. It was
found that Gd@Cg,(OH),, nanoparticles function as strong immu-
nomodulators, inducing the maturation of dendritic cells, which are
important in the immune defense system, and activating Thl
immune responses.®® Additionally, strong immune responses were
observed in the tumor tissues of Gd@Cg,(OH),, nanoparticle-treated
tumor-bearing mice, but not in the control groups (Figure 2).5%
Envelopes surrounding the neoplastic tissues, which are composed
primarily of capillary vessels, fibroses and lymphadenoid tissues, were
formed. These envelopes can suppress the growth and invasion of
tumor cells.

In addition to preventing the transplantation of tumors by
enveloping the invaded tumor cells, Gd@Cg,(OH),, nanoparticles
also prevent tumor metastasis by suppressing the expression and
activity of key enzymes, matrix metalloproteinases (MMPs).”® The
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expression levels of MMP-2 and MMP-9 were found to be
significantly lower in the Gd@Cg,(OH),, nanoparticle-treated
tumor tissues of nude mice than those of the mice in the control
groups; suppressed angiogenesis and inhibited tumor growth were
also observed. Large-scale molecular-dynamic simulations suggest
that Gd@Cgy(OH),, nanoparticles inhibit MMP-9 by indirectly
interfering with incoming substrate by binding to critical regions,
such as the ligand specificity loop S1’, instead of directly blocking the
zinc-coordinated catalytic site (Figure 3). This mechanism of action
differs from that of single-walled carbon nanotubes, which destroy the
hydrophobic core and tertiary structure of the protein using strong
hydrophobic and aromatic stacking interactions.”"”?

Another biological effect of Gd@Cg,(OH),, nanoparticles is also
noteworthy when considering to use it for antitumor therapies. Many
chemotherapeutic agents kill cancer cells effectively, but because of
their high toxicity and the susceptibility of cancer cells to develop
resistance to them, successful treatment options are often limited.
Gd@Cg,(OH),, nanoparticles can reduce tumor resistance to cisplatin
(a major chemotherapeutic agent) in vitro and in vivo.> After
pretreatment with these particles, the viability of cisplatin-resistive
cancer cells was diminished and the growth of tumors was more
effectively suppressed. It is known that tumors become resistant to
cisplatin, partially because cisplatin uptake is reduced as a result of
faulty formation of the endocytic recycling compartment. This result
suggests that Gd@Cgy(OH),, nanoparticles can restore the
endocytosis of cisplatin, reducing the drug resistance of the cells
and enhancing the antitumor effect.

In conclusion, Gd@Cg,(OH),, nanoparticles are highly efficient,
low toxicity antitumor agents, which function as antioxidants,
enhance immunity, suppress metastasis and reduce drug resistance
(Figure 4). They are incredibly useful antitumor therapies. However,
the main challenge for developing these materials as novel nano-
medicines in practical applications is their comparatively low syn-
thetic yield. It is also costly and time-consuming to separate identical
fullerene species from raw soot. Currently, people are developing
large-scale production methods and facile separation processes to
obtain high-purity fullerenes at low cost so that Gd@Cg,(OH),,
nanoparticles can be used in clinical applications.”+7

CARBON NANOHORNS FOR DRUG DELIVERY

Single-wall carbon nanohorns (SWNHs) are another type of nano-
carbon material that has the potential to be useful in nano-medicine.
SWNH has a horn-tipped, tubular single-walled graphite structure
and is between 2 and 5 nm in diameter and between 40 and 50 nm in
length. Usually, thousands of SWNHs assemble to form a robust
spherical aggregate with a narrow diameter between 80 and 100 nm.
Herein, we use the term ‘SWNH aggregate’ to refer to the assembled
structure and ‘SWNHS’ to refer to the various forms of single-carbon
nanohorns. SWNHs are produced by laser ablation without any
metallic catalyst that is usually required to synthesize carbon
nanotubes. This process can be used to produce high-purity SWNHs
(>90%) in high yield (at a lab scale of kilograms per day). Thus,
enough material can be produced so that these structures could be
used in practical applications. Moreover, they have a high surface area
and effective volume; their surface area and effective volume can be
further increased by introducing nano-sized holes in their side walls
so that their internal spaces can also be accessed. These properties
make SWNHs promising as supports in catalytic schemes, compo-
nents in gas storage designs, fuel cells and lithium batteries, probes in
biosensing and imaging approaches and agents for drug delivery.”’-8
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Figure 2 Hematoxylin and eosin (HE) staining of the tumor tissues from the control (a, b), Gd@Cgy(OH),o-treated (c, d), and CTX-treated (e and f) mice.
Envelopes form around the tumor tissue, which is composed of lymphadenoid and fibrosis tissues associated with lymphopoiesis and aggregated (c, arrow)
necroses of tumors (d), in the Gd@Cg,(OH),o-treated group. Numerous necroses of tumor tissue (e) and visible tumor infiltration to muscle cells (f) are
observed. (Original magnification: a, ¢ and e x 40; b and d x 400, f x 200). Reproduced with permission. Copyright 2005 from reference.62
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Figure 3 Possible binding modes and binding pathway of Gd@Cg,(OH),, nanoparticles to MMP-9. (Left) Representative binding mode showing that
Gd@Cgy(OH),, (a solid ball) binds between the S1’ ligand-specificity loop (green ribbon) and the SC loop (purple ribbon), leading to the ligand binding
groove. An alternative mode (with a gray ball) shows that Gd@Cg,(OH),, can bind at the back entrance of the S1’ cavity leading into the active site (ball
and stick for active sites and orange ball for the catalytic Zn?+). (Right) Possible binding pathway, which depends on major driving forces and time (only
the first 100 ns is shown). The binding dynamics are characterized by three different phases (I, Il, IIl). See reference Kang et al.’% for more details.
Reproduced with permission. Copyright 2012 from reference.’®
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The high surface area and abundant internal/interstitial spaces of
SWNH aggregates are also excellent platforms for drug loading. For
example, after incubation at room temperature overnight, dexametha-
sone (an anti-inflammatory and immunosuppressant) attached onto
the hydrophobic surfaces of oxidized SWNH (SWNHox) aggregates.®
Cisplatin, a representative water-soluble small-molecule drug, can also
be effectively deposited on and inside of SWNHox aggregates

Inhibition of MMP enzymes

ROS-scavenging

Suppressed angiogenesis
and metastasis
of tumors

Improved cellular micro-environment

Indirect mechanism of the anti-tumor effect

Drug-resistance reduction

Restore defective
endocytosis of
cisplatin

Immunlty enhancement

Induce mamratlon of dendrmc cells
Actlv e immune responses

Figure 4 lllustration of the indirect mechanism of antitumor action of
Gd@Cg»(0OH)»» nanoparticles.
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(Figure 5). Further, it has been shown that when cisplatin was
released from these aggregates, it remarkably reduces the viability of
cancer cells.” In another study, SWNH aggregates were used as a drug
reservoir for the controlled release of vancomycin (an antibiotic
agent).”! These early studies showed the potential of using SWNHs as
nano-therapeutic drug carriers. In addition, the absence of metallic
catalyst impurities in samples of pristine SWNHs eliminates this
possible cause of toxicity. A recent toxicological assessment of
SWNHs in which histological observations were made on mice
tissues revealed that intravenously administered SWNHs did not
cause obvious toxic responses after 26 weeks.”> Their outstanding
drug-loading capacity and low toxicity make SWNHs a promising
candidate for drug delivery applications.!>3

Surface modifications for biocompatibility and multi-
functionalization

SWNHs have hydrophobic graphite surfaces. It is crucial to physically
or chemically modify the surfaces of SWNHs with functional groups
to increase their hydrophilicity, improve their biocompatibility,
impart upon them a stealthy behavior and enable them to perform
targeted delivery. The functional group most commonly used for this
purpose is the carboxylic acid group, which can be introduced onto
the surface by various oxidative processes. SWNHs have more defect
sites and are more fragile than carbon nanotubes; they cannot survive
treatment with strong acids. However, a softer oxidant, such as
hydrogen peroxide, can be reacted with defect sites on SWNHs to
generate carboxylic groups.®»* The obtained SWNHox aggregates
possess carboxylic groups at the edges of nano-sized holes in their
structure. These groups could be used for further chemical reactions
with other moieties, such as the protein bovine serum albumin (BSA).
The obtained BAS-modified SWNH aggregates were well dispersed in
phosphate-buffered saline and were efficiently taken up by
mammalian cells through an endocytotic pathway.”*

Figure 5 (a, b) HRTEM images of SWNHox (scale bar 10 and 2 nm, respectively). (c) Z-contrast image of SWNHox aggregates (10 nm). (d,

e) HRTEM

images of cisplatin-loaded SWNHox aggregates (10 and 2nm, the black spots are cisplatin clusters). (f) Z-contrast image of cisplatin-loaded SWNHox
aggregates (the bright spots are cisplatin clusters, 10 nm). Reproduced with permission. Copyright 2005 from reference Ajima et a/.?°

(6]

NPG Asia Materials



The biological potential of spherical nanocarbon materials
Wang et al

(&)

Polyethylene glycol (PEG)-based amphiphilic molecules can be
used to readily disperse hydrophobic materials in aqueous systems of
high ionic strength and effectively prevent protein adsorption to their
surfaces. Therefore, these molecules have been used to physically
modify the surfaces of SWNHs, thereby reducing non-specific binding
onto SWNH aggregates.”®’ Different types of PEG-based
macromolecules showed different dispersion abilities with the
SWNH aggregates.”® When PEG-doxorubicin was used to disperse
SWNH aggregates, the as-obtained conjugates induced the apoptosis
of cancer cells due to the anticancer pharmacodynamics of
doxorubicin.”?  Cisplatin-loaded SWNH aggregates were also
successfully modified with a dispersant comprising a peptide
aptamer and a PEG chain.!'® The dispersibility of the SWNH
aggregates was further improved when a comb-shaped PEG branch
was used, which resulted in a higher density of PEG chains covering
the hydrophobic surface.!0!

Antitumor effect of drug-loaded SWNH aggregates

SWNH aggregates are versatile drug carriers that can be utilized to
deliver various types of pharmaceutical agents, including hydrophilic
and hydrophobic drug molecules with different molecular sizes and
structures. For example, the anti-inflammatory agents vancomycin
and prednisolone were both able to be adsorbed onto and inside of
SWNH aggregates and released in a controlled manner.’>192 Anti-
inflammatory effects were observed in the tarsal joints of rats with
collagen-induced arthritis after the direct injection of prednisolone-
loaded SWNH aggregates.

More importantly, SWNH aggregates have been proven to be
suitable platforms for carrying different types of anticancer drug
molecules. The hydrophilic small-molecule drug cisplatin has been
encapsulated by SWNH aggregates and shown to kill cancer cells
upon its release.”® After the surface modification of cisplatin-
encapsulated SWNHs with conjugates composed of peptide
aptamers and PEG chains, the nanostructures exhibited cancer
suppression capabilities in mice.!%%1%1 Some other hydrophobic
molecules, such as dexamethasone and doxorubicin, were also
deposited on SWNH aggregates, and the resulting conjugates
showed antitumor capacity in vitro and in vivo.8°>10% SWNH
aggregates also were able to carry macromolecules (polyamidoamine
dendrimers) useful in gene therapy and release genetic material
capable of diminishing the level of a protein directly involved in
prostate cancer development.!%4

One exciting finding is that SWNH aggregates are able to function
as a combined photodynamic and photohyperthermic agent when
zinc phthalocyanine (ZnPc) is incorporated in their structure.'%> The
protein bovine serum albumin (BSA) was used to disperse these
materials and, in related cell experiments, ZnPc-loaded SWNHs
suppressed the proliferation of the cancer cells when irradiation was
also used; the cell viability also decreased (to ~34%). Meanwhile, the
cell viability decreased to 59 or 68% when ZnPc alone or SWNHs
without ZnPc, respectively, was used under the same irradiation
conditions. Similar results were observed in tumor-bearing mice when
5RP7 cells were transplanted into both the left and right flanks. The
results showed that without irradiation the tumors expanded quickly
regardless of the substance injected into the tumors. In contrast,
ZnPc-loaded SWNHs decreased the tumor volume markedly when
laser irradiation was used. The tumor volumes of the control groups
(ZnPc and SWNHs without ZnPc) were less suppressed even under
irradiation (Figure 6).

The photodynamic effect of the ZnPc-loaded SWNHs was initi-
alized by the charge separation state formed by electron transfer from
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Figure 6 Photodynamic and hyperthermic destruction of tumors in vivo.
(a) A mouse with large tumors on its left and right flanks 7 days after tumor
cell transplantation (day 7). The tumor on the left flank is being irradiated
with a 670 nm laser. (b) A mouse after 10 days of treatment (day 17) with
ZnPc-SWNHox-BSA and laser irradiation of the tumor on its left flank.
(c) Relative volumes of tumors on the left flanks. Phosphate buffer saline
(PBS, black line), PBS dispersions of ZnPc (magenta line), SWNHox-BSA
(blue line), or ZnPc-SWNHox-BSA (red line) were intratumorally injected
and treated with a 670nm laser. (d) Relative volumes of tumors on the
right flanks that were injected with PBS (black line), PBS dispersions of
ZnPc (magenta line), SWNHox-BSA (blue line), or ZnPc-SWNHox-BSA (red
line), but not subjected to laser irradiation. Reproduced with permission.
Copyright 2008 from reference Zhang et al.195

the optically excited ZnPc to the SWNH. When the complex is
excited, the nearby oxygen molecules can take electrons from the
complex in the charge-separated state, generating ROS that can cause
cancer cell death. The photohyperthermic effect of the SWNHs was
also confirmed by monitoring the temperature of a solution of
complexes in phosphate buffer saline. A similar temperature increase
was observed when ZnPc-loaded SWNHs and SWNHs without ZnPc



were irradiated, implying that the hyperthermic effect could be
attributed to the SWNHs.

In conclusion, SWNHs are promising as versatile drug carriers in
anticancer therapies due to their high surface area, abundant interior
spaces and low toxicity. In addition to their high drug-loading
capacity, SWNHs can be used to controllably release drugs by taking
advantage of the possible limitation of nano-sized SWNH tubules and
the interactions between adsorbed drug molecules and their surfaces.
It is possible to construct multi-functional drug delivery systems that
have increased blood circulation times, high accumulation ratios in
tumor tissues and enhanced biocompatibility using the rich chemistry
of the graphite surfaces of SWNHs. It is also likely that the size and
shape of SWNH aggregates allow them to leak through the broken
blood vessels of tumors and accumulate at a high local concentration
(known as the enhanced permeability and retention (EPR) effect).!%
Moreover, the photothermal properties of SWNHs allow them to be
used in hyperthermia treatments in selective areas under long
wavelength irradiation, which has a high tissue transmission ability.
Owing to their unique structure and properties, SWNHs are
outstanding candidate materials in several nanotherapeutic schemes.
A major limitation to the use of SWNHSs in practical biological
applications is their high retention ratioo SWNHs do not easily
degrade.!?”108  Smaller sized SWNH aggregates, which can be
obtained by adjusting the conditions of synthesis or applying post-
synthetic separation techniques, could possibly be used to overcome
these problems.!0%110

NANODIAMONDS AND POROUS CARBON NANOSPHERES FOR
DRUG DELIVERY

Nanodiamonds for anticancer drug delivery

Nanodiamonds were first produced decades ago, but they did not gain
attention as novel agents for biological applications, such as drug
delivery, biolabeling and sensing, until recently.!®!7 As this review
focuses on nano-therapeutic applications, we will only discuss studies
that apply nanodiamonds for the cellular delivery of various
therapeutic agents.

Nanodiamonds can be produced by detonation or other high-
pressure, high-temperature methods. After deagglomeration by
mechanical milling or strong acid treatment, nano-scale diamond
particles (as small as several nanometers in size) can be obtained.
Owing to the harsh synthetic and post-synthetic conditions used,
various oxygen-containing functional groups are present on the
surface of diamond nanoparticles. The pristine diamond surface is
less active as these oxygen-containing surface groups facilitate the
surface modification of nanodiamonds primarily using dipole—dipole
interactions, hydrogen bonding and covalent functionalization stra-
tegies.!” Many bioactive molecules, such as luciferase, cytochrome ¢
and protein lysozyme, can be immobilized onto the surface of
nanodiamonds such that their chemical and biological activities are
maintained.! 1113

Different therapeutic agents have been attached onto activated
nanodiamond surfaces and delivered into cells. Cisplatin, a widely
used water-soluble chemotherapeutic agent, was attached to nano-
diamonds and then released using pH.'!# The interaction between the
cisplatin and the carboxyl groups on the nanodiamonds enabled its
controlled release. On the other hand, several hydrophobic anti-
cancer drugs were also loaded on the surface of nanodiamonds; the
conjugates were able to be used in drug delivery, exhibiting an
enhanced therapeutic efficiency.!’> For example, a nanodiamond—
doxorubicin conjugate was found to induce apoptosis in various
cancer cell lines and suppress tumor growth in mouse models of liver
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and mammary cancer.!'®!'7 By loading this drug on the

nanodiamonds, its side effects were diminished and its release was
delayed. In one very recent example, a multifunctional platform based
on nanodiamonds was constructed, which could be used for selective
targeting, imaging and therapy.'!'® The diamond nanoparticles were
firstly functionalized with a crosslinker, sulfosuccinimidyl 6-(3'-[2-
pyridyldithio]propionamido)hexanoate, for the subsequent attachment
of thiol-containing biomolecules. A chemotherapeutic, paclitaxel, was
linked to a thiolated and fluorescently labeled oligonucleotide and a
thiolated antibody was then coupled onto these structures. This
conjugate showed an enhanced cellular internalization rate and
therapeutic efficiency compared with paclitaxel alone.

In conclusion, nanodiamonds can be produced by different
methods, possibly at an industrial scale. They can be used as
multifunctional platforms to transport various types of bioactive
molecules into cells. Moreover, it is possible to generate stable and
bright fluorescent nanodiamonds that are useful in many biological
processes by introducing nitrogen vacancies into their crystal
lattice.!!® The main challenge in using nanodiamonds in practical
drug delivery applications is the isolation of uniform-sized
nanoparticles with similar surface structure and charge during the
deagglomeration step. Nanodiamonds are also limited in their drug-
loading capacity, and there are fewer ways in which their surface can
be functionalized compared with the above-mentioned SWNHs and
the porous carbon nanospheres, which are discussed below.

Porous carbon nanospheres for drug delivery

Carbon nanoparticles, here referring to various amorphous carbon
nanoparticles and porous carbon nanospheres, are regarded as out-
standing fluorescent nanomaterials that are able to be used for
biological purposes such as biolabeling, imaging and sensing.?l!20
However, there are few reports of their application in the cellular
delivery of therapeutic agents. One recent report on this subject
describes the use of hollow permeable carbon nanospheres (several
hundred nanometers in size) that are coated in biodegradable
polymer for the oral delivery of insulin. The polymer coating delays
the release of insulin in acidic environments (for example, in the
stomach), but sustained release can be achieved at near neutral
conditions.'?! In another example, 90-nm-sized mesoporous carbon
nanospheres were used to deliver doxorubicin to HeLa cancer cells in
a pH-responsive way.'?> The pH sensitivity was attributed to the
different interactions between the carbon nanospheres and
doxorubicin, which exists in both nonionized and ionized states.
Thus, the drug may be able to remain inside the mesoporous carbon
nanospheres at physiological pH, but be efficiently released in the
acidic environment of tumors.

Porous carbon nanospheres have the potential to be used as novel
carriers for the cellular delivery of drugs due to their large surface
areas and internal volumes. Moreover, the nano-sized pores in the
outer shell of these nanoparticles can be harnessed to construct
stimuli-responsive nano-valves. These valves could be used to con-
trollably release drugs and enhance the therapeutic efficacy of
treatments. However, there are still many questions that need to be
addressed regarding how to control particle size and surface structure.
The biocompatibility and toxicity of porous carbon nanospheres must
also be assessed before they can be widely used as carriers.

TOXICITY OF SPHERICAL NANOCARBON MATERIALS—ARE
SPHERICAL NANOPARTICLES SAFER?

Spherical nanocarbon materials, specifically fullerenes, SWNHs,
nanodiamonds and carbon nanospheres, are promising as

o)
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nanomedicines and antitumor therapies. However, to make thera-
peutic applications a reality, it is necessary to first assess the toxicity of
these materials.

The toxicity of fullerenes is affected by a variety of parameters,
including cage size and surface functionalization. There are conflicting
reports concerning the toxicity of pristine Cqg, which can generate
ROS and scavenge free radicals at the same time. Some studies have
shown that pristine Cq causes cellular damage and is lethal to cells,
while some people argue that it is a powerful antioxidant and exhibits
no acute and subacute toxicity in vitro or in vivo3b12* Many
parameters, including the preparation method, the purity and
surface modifications of the material and the degree of its
agglomeration can significantly change the outcomes of
toxicological studies. Additionally, the experimental protocols for
each study differ.!24125 Therefore, it is difficult to make an absolute
judgment on the toxicity of pristine Cqy because the toxicity can be
strongly dependent on the applied conditions (for example, light
irradiation, impurity). In general, it is likely that C¢y can function as
an effective, relatively nontoxic pharmaceutical agent under certain
conditions. Fullerenes typically cause little cytotoxicity or acute or
subacute animal toxicity, especially after they are modified to be water
soluble and biocompatible. For example, polyhydroxylated Cgy was
found to be markedly less toxic (several orders lower depending on
the surface modification) than pristine Cgo.!2° The modified
compound caused the formation of a small amount of hydrogen
peroxide but not superoxide. Polyhydroxylated Cgy did not induce
oxidative stress (according to the assessment of cellular thiol levels) or
the upregulation of protective antioxidant responses.!?” After
reviewing the toxicological studies of numerous fullerene
derivatives, it was concluded that fullerenes in general show low
toxicity (for example, acute oral, dermal, airway toxici'[y).128

Gd@Cg,(OH),, nanoparticles also are highly biocompatible in vitro
and in vivo.520>% Cell death was not induced when human (HepG2)
and rat hepatoma cells (RH35) were treated with Gd@Cg,(OH);,
nanoparticles at different concentrations, indicating that this material
is not cytotoxic. In in vivo studies of tumor-bearing mice, various
biochemical parameters were monitored after treatment with
Gd@Cg,(OH),, nanoparticles. The experimental results indicated
that Gd@Cgy(OH);, nanoparticles efficiently  stopped  the
deterioration of hapatocellular function caused by tumor cells in
mice without causing further renal dysfunction after a successive
injection for 20 days. Moreover, the histopathological examinations of
the tissues and organs of the Gd@Cg,(OH),, nanoparticle-treated
mice revealed that the liver, spleen, kidney, heart, brain and lung did
not show abnormal pathological changes. Additionally, the potential
toxicity of Gd@Cg,(OH),, nanoparticles were evaluated using a
C. elegans model. The results showed that the nanoparticles were
generally not toxic to C. elegans. The developmental process,
pharyngeal pumping behavior and reproductive capabilities of
C. elegans were not affected by treatment with Gd@Cgy(OH),,
nanoparticles.'? These results suggest that Gd@Cg,(OH),,
nanoparticles have a very low toxicity in vivo.

The toxicities of pristine SWNHs and SWNHs with different
surface modifications were examined in vitro and in vivo. In cell
viability assessments, negligible cytotoxicity was observed for SWNHs
with various surface modifications.?>*%9394% In further animal tests,
no abnormal body weight or clinical symptoms (including skin and
eye irritation and lung tissue damage) were observed after the
administration of SWNHs.*>!30 Negative mutagenic and clastogenic
results suggest that SWNHs are not carcinogenic. Moreover,
histopathological examinations revealed that SWNHs were retained
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in the liver, lungs and spleen of the tested animals.”>1%7 Abnormal
cellular degeneration and necrosis were not observed, indicating that
SWNHs did not cause tissue damage. Histological
abnormalities, such as granuloma and fibrosis, were not found;
undesired inflammatory responses did not occur. All of these results
suggest that SWNH have low toxicity both in vitro and in vivo.

Other spherical nanocarbon materials (that is, nanodiamonds and
crystalline and amorphous carbon nanoparticles) were also reported
to be low in toxicity, biocompatible and non-pathogenic.!71$22120,131
Several toxicological studies on nanodiamonds in vitro with various
cell lines showed that they do not cause cytotoxic or detrimental
effects on cellular proliferation.!*>!33  Through comprehensive
bioassays, it was confirmed that nanodiamonds do not induce
inflammation or the production of tumor necrosis factor alpha or
inducible nitric oxide synthase in cells after incubation.'!
Furthermore, by taking advantage of the intrinsic fluorescence of
nanodiamonds, their biodistribution and biocompatibility were
evaluated using a C. elegans and a mouse model. It was concluded
that nanodiamonds with various surface modifications were nontoxic
and highly biocompatible.

To summarize, representative spherical nanocarbon materials, such
as fullerene nanoparticles, SWNH aggregates and nanodiamonds, are
not acutely toxic in a time frame up to several months in length. Even
different types of surface-modified materials showed little toxicity.
Among the various surface modification methods, PEGylation is
known to improve the biocompatibility of nanomaterials by enhan-
cing their dispersion in biological fluids, reducing non-specific
binding and inhibiting immune system recognition. This molecule
also has been widely used to increase the dispersion and blood
circulation times of liposomes and carbon nanotubes.!®-24134
PEGylated carbon nanotubes injected into the bloodstream of mice
were shown to be nontoxic over a time period of 4 months, while
pristine and oxidized carbon nanotubes were shown to affect
mammalian embryonic development, causing extensive vascular
lesions and increased ROS levels.!>!3¢  Consistently, spherical
nanocarbon materials functionalized with PEG have shown high
biocompatibility. Of course, it is still necessary to perform more
rigorous and detailed studies to uncover the mechanism and assess
chronic toxicity and biodegradability, but these encouraging results
are widely accepted by the scientific community (only a few
contradictive reports exist) and reinforce the idea that these
materials have the potential to be used in nanotherapeutic
applications.

With this knowledge in hand, one can ask, ‘Are spherical
nanoparticles safer?” Some people believe that spherical nanoparticles
are an excellent platform for biological applications because their
simple geometry eliminates entanglement and ensures a consistent
effective size and a comparatively uniform surface chemistry. Sphe-
rical nanoparticles, especially those ~50nm in size, are thought to be
taken up by cells efficiently. In contrast, long multi-walled carbon
nanotubes exhibit asbestos-like pathogenic behavior as a result of
their rod-like shape and structure.!®” The long, needle-like shape of
carbon nanotubes cause inflammation and granulomas because some
of them are too long to be completely engulfed by macrophages.'® It
was also found that both single-walled and multi-walled carbon
nanotubes adversely affected embryonic development.’>140 In a
recent study using C. elegans as an animal model, acute toxicity,
including retarded growth, shortened life span and defective
embryogenesis, and accumulated chronic toxicity were observed.'*!
It is proposed that the geometry and agglomeration of carbon
nanotubes, in addition to their metallic impurities, contribute to

severe



their '(0)(ici'[y.142 Still, we should be cautious to believe that spherical
nanoparticles are always safer than tubular structures because the
toxicological properties of nanomaterials are very complicated and
depend on many different factors. Nonetheless, many current studies
on spherical nanocarbon materials support the idea that the spherical
shape may be advantageous in many biological systems.

SUMMARY AND OUTLOOK

One of the most interesting and important biological properties of
fullerenes and fullerene derivatives is their ROS-scavenging capability.
In addition to the many therapeutic applications that are based on
this property, Gd@Cg,(OH),, nanoparticles present novel antitumor
properties via an indirect mechanism that takes into account the
ability of these structures to function as antioxidants, enhance
immunity, suppress metastasis and reduce drug resistance.

SWNHs have the potential to act as highly efficient and low-
toxicity drug carriers in anticancer therapies. In addition to their high
drug-loading capacity, SWNHs can be used to controllably release
drugs by taking advantage of their high surface area and abundant
internal and interstitial spaces. The photothermal behavior of SWNHs
allows them to kill cancer cells in selective areas when they are
irradiated by tissue-transparent, long wavelength light. Moreover, the
nano-sized holes in SWNHox are possible active sites for the
construction of nano-valves that could be used to control the release
of the encapsulated drugs, including reversible dimers (for example,
coumarin compounds) and anchored nanoparticles. These valves
could be located on the edges of these nano-sized holes using the
chemistry of the functional groups located there.'*>144 A similar
strategy can be applied to porous carbon nanospheres to control the
rate of drug release at specific sites in response to external stimuli or
tumor tissue microenvironment (tumors are more acidic and have a
higher temperature than normal tissues).

Spherical nanocarbon materials have properties that make them
promising as nano-medicines and therapeutic agents. The major
limitations of realizing the practical applications of fullerenes are high
cost and low production yield. It will be important to develop a large-
scale method for the synthesis and purification of these structures.
The biggest challenge to the application of SWNHs is their high
retention ratio and inability to degrade in biological systems. These
issues may be overcome by adding appropriate surface modifications
or decreasing the size of the SWNH aggregate by optimizing the
conditions of synthesis or post-synthetic separation. Finally, it is vital
to perform more rigorous and detailed long-term toxicological studies
before using spherical nanocarbon materials in real biomedical
applications.
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