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Abstract

Thermal tumor ablation therapies are being developed with a variety of nanomaterials, including
single-and multiwalled carbon nanotubes. Carbon nanotubes (CNTSs) have attracted interest due to
their potential for simultaneous imaging and therapy. In this review, we highlight in vivo
applications of carbon nanotube-mediated thermal therapy (CNMTT) and examine the rationale
for use of this treatment in recurrent tumors or those resistant to conventional cancer therapies.
Additionally, we discuss strategies to localize and enhance the cancer selectivity of this treatment
and briefly examine issues relating the toxicity and long term fate of CNTSs.
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Introduction

Carbon nanotubes (CNTSs) consist of one or more seamless, cylindrical graphitic sheets of
sp2 carbon atoms bonded together in an edgeless, hexagonal network [1]. Their combination
of electrical, thermal and spectroscopic properties has evoked great interest; biomedical
researchers are using CNTSs to develop new technologies for the detection, monitoring and
therapy of diseases including cancer [2-6]. CNTSs can be internalized easily by cells [7-9]
and act as delivery vehicles for drugs, nucleic acids, and imaging agents [7, 10-23]. Their
unique optical, thermal and cancer selective properties afford the possibility to engineer
multiple diagnostic and therapeutic functions into a single particle [2, 24]. This makes CNTs
extremely suitable for further biomedical development [25].

Minimally invasive, rapidly administered, and highly selective nanotechnology-based
thermal tumor ablation therapies are being developed with a variety of nanomaterials
(reviewed in [26]). These include single walled carbon nanotubes (SWCNTSs) [27],
multiwalled carbon nanotubes (MWCNTS) [28], graphene [29], iron oxide nanoparticles
[30], gold nanorods [31] and gold nanoshells [32, 33]. Heat-based cancer therapy requires
elevation of malignant tissues to supraphysiologic temperatures [34-39]. Exposure to high
temperature for a sufficient amount of time causes physical damage such as protein
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denaturation and membrane lysis and can increase oxidative stress [34, 35, 40, 41]. These
effects may be cytotoxic on their own, causing coagulative necrosis or apoptosis[37, 39].
Additionally, hyperthermic treatments that increase temperatures more modestly may
enhance the anti-cancer efficacy of ionizing radiation or systemic chemotherapy regimens
[40, 42, 43].

Dose limiting toxicities resulting from diffuse heating of non-tumor tissues and the relative
invasiveness of thermal ablative instrumentation have limited wider clinical use of thermal
ablation for cancer therapy [44]. However, with recent refinements in technology, the role of
such therapies should increase in the near future [26, 45, 46], and nanotechnology is playing
a key role in these advances. Human clinical trials are ongoing for a gold nanoshell based
photothermal cancer therapy (Id: NCT00848042 on ClinicalTrials.gov) and for iron oxide
nanoparticle-based magnetic thermotherapy [47, 48]. Although the results of these studies
are promising, there remains significant room to improve upon both the generation and
localization of heat for thermal therapy.

In this arena, CNTs have emerged as promising, next generation agents for thermotherapy of
cancer. Currently, significant efforts are being applied to develop CNT-based, clinical
treatments. In this review, we will specifically high-light in vivo applications of CNT-
mediated thermal therapy (CNMTT) and examine the rationale for use of this treatment in
recurrent tumors or those resistant to conventional cancer therapies. Additionally, we will
identify strategies to localize and enhance the cancer selectivity of this treatment, and briefly
examine issues relating the toxicity and long term fate of CNTs.

1. CNT-mediated thermal therapy: rationale and current status

Carbon nanotubes offer an exceptional combination of attributes for the development of the
next generation of photothermal agents; chief among these is their ability to efficiently
convert near infrared radiation (NIR) into heat [49]. Compared to other wavelengths of light,
the transmission of NIR through the body is poorly attenuated by biological systems [50,
51]. Penetration of light through tissue is fundamental to photothermal applications of
nanomaterials for the treatment of non-superficial cancerous lesions in vivo [28]. Following
exposure to NIR, CNTSs enter an excited state and release vibrational energy that is
transformed into heat, which can induce cell death [27, 52].

CNTs possess an extremely broad electromagnetic absorbance spectrum, covering the full
spectras of both the NIR I and Il windows [53], which correspond to the “optical
transmission window” of biological tissues [50, 51], and the radio frequency and microwave
bands as well [54]. Further tuning of the photophysical properties of CNTs can be achieved
by tailoring the wall number, diameter, and length of the nanotubes according to the “nano-
attenna” effect [52]. Critically, NIR absorption and energy transduction efficiency remains
high across a wide frequency range [53], which allows for flexibility in the choice of both
material characteristics (diameters from <2 nm - >30 nm; lengths from <100 nm to > 1 um)
and excitation wavelengths. This provides great versatility to tailor size, shape, and surface
properties to optimize the tissue distribution of CNTs without a significant loss in thermal
conversion efficiency. The broad electromagnetic absorbance spectrum of CNTSs also offers
a significant advantage over plasmonically heated nanomaterials (such as gold nanoshells
and nanorods) for which the excitation spectra are highly dependent upon the size and shape
of the particles [2]. While direct comparisons are difficult to make, some estimates indicate
that CNTs can achieve thermal destruction of tumors at 10-fold-lower doses and 3-fold-
lower power than is needed for gold nanorods [53]. However, in contrast to gold
nanoparticles, which can be synthesized with great uniformity and have already been tested
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in human clinical trials, production of uniform, well-characterized CNTs remains a
significant hurdle for clinical translation.

CNTs exhibit both advantages and limitations in thermal therapy when compared to iron
oxide nanoparticles. The magnetic field used to excite iron oxide nanoparticles as a means of
generating heat offers superior depth of energy penetration as compared to NIR, but the
slower rate of heating induced by this technique leads to significant thermal diffusion away
from the targeted area (discussed in section 2.3), potentially increasing collateral damage to
neighboring healthy tissue [55]. A second drawback of this technique is that it also requires
the removal of all metallic materials within the magnetic field covering the treatment area
including dental fillings, crowns and implants. On the other hand, iron oxide nanoparticles,
like gold nanoparticles, share a significant advantage over CNTs because uniform
preparations of iron-based nanoparticles can be synthesized and have already been tested in
human clinical trials.

In most cases, the clinical model for the use of CNTSs as heat transduction agents is based
upon laser-induced thermotherapy (LITT) [33, 39], a photothermal ablation technique in
which an NIR laser is used to heat a target tissue, such as a tumor, above the thermal
ablation temperature threshold of approximately 55°C [33, 56]. A major limitation of LITT
has been an inability to consistently achieve thermoablative temperatures throughout the
target lesion and to confine treatment exclusively to the tumor [57, 58]. Therefore, to be of
clinical benefit, CNTs must greatly improve the deposition of heat following NIR exposure
without causing any significant toxicity on their own.

1.1. In vivo anticancer efficacy of CNT-mediated thermal therapy

The efficacy of CNMTT for the treatment of locoregional tumors in vivo has been
demonstrated using syngeneic models of cancer in mice [53, 59], rabbits [54], and in human
xenografts grown in mice (reviewed in [49]. In most cases, CNTSs are injected systemically
or directly into the tumor, which is then exposed to an external NIR (typically a YAG or
diode laser) or microwave source. As highlighted in table 1, CNMTT has proven effective
for the treatment of a wide variety of cancer types both in vitro and in vivo. In this review,
we will focus our discussion upon recent developments in CNMTT treatment of human
cancer xenografts in animal models.

Initial in vivo studies of CNMTT focused on the use of SWCNTS, and the results were
mixed. Moon et al demonstrated that following intratumoral injection of SWCNTS into mice
bearing flank xenografts of human mouth carcinoma cells and NIR irradiation (3 W/cm?; 3
min), the tumors were completely destroyed [60]. Normal tissue adjacent to the treated area
was spared; however, the irradiation procedure itself resulted in significant burning of the
heated area even in the absence of SWCNTSs. Significantly, no indication of tumor
recurrence or apparent side effects of treatment were observed during several months of
follow-up [60]. Huang et al achieved more modest results following a similar treatment [59].
Using mice bearing syngeneic murine squamous cell tumors, the researchers intratumorally
injected SWCNTSs and irradiated the tumor with a low power (200 mW/cm?) NIR laser for
10 minutes. They observed that treatment resulted in a maximum tumor temperature of
approximately 55°C, indicating that the thermal ablation threshold was reached. However,
while a reduction in tumor growth and a modest survival advantage were documented, this
treatment failed to achieve a durable cancer remission. In contrast to Moon et al [60],
necrotic normal tissue was present adjacent to the treatment site, indicating significant heat
transfer away from the targeted site and into the surrounding non-tumor region. As
discussed in more detail in section 2.3, recent work by Xie et al [61] modeling the effects of
energy deposition rate on the efficacy of CNMTT suggest that the slower rate of energy
deposition used by Huang et al [59] as compared to Moon et al [60] may have resulted in

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singh and Torti

Page 4

greater heat diffusion leading to lesser treatment efficacy and more collateral damage to
surrounding tissue.

Following synthesis, SWCNTSs are a mixture of metallic and semiconducting SWCNTSs.
Differences in the density of state at the Fermi level of metallic SWCNTSs (which have a
finite value # 0) and semiconducting SWCNTSs (which have a value of zero) imply that
metallic SWNTs more efficiently absorb and convert NIR into heat, and this was recently
confirmed by Murakami et al [62]. Consistent with the concept that CNTs with a more
metallic nature possess enhanced NIR thermal conversion efficiency, both Burke et al [28]
and Ghosh et al [63] reported that MWCNTS, which are inherently more metallic than
unpurified SWCNTSs, were 20-100 fold more efficient than bulk SWCNTSs at conversion of
NIR into heat. As shown in figure 1, in vivo studies demonstrated durable remission and
long-term survival (> 6 months post-treatment) after intratumoral injection of MWCNTSs
into tumors implanted in the flanks of nude mice combined with exposure to NIR (3 W/cm?;
30 sec) [28]. Significantly, this result was achieved using one-sixth of the energy Moon et al
[60]required to achieve a similar result using SWCNTSs. Because of this, laser treatment in
the absence of MWCNTS resulted in only minimal superficial burning [28]. In the same
study, electron microscopy studies revealed that at least a portion of MWCNTS remained
intact at the injection site, but no toxicity was detected [28]. Ghosh et al observed similar
results for in vivo treatment of tumors using MWCNTSs and NIR [63]. Moreover, they
confirmed the importance of CNT dispersion on the efficacy of such therapy. By self-
assembly, they encased MWCNTSs in DNA, which disentangled the tubes. Compared to
dispersions of MWCNTS prepared in the absence of DNA, well dispersed DNA encased
MWCNTSs were more efficient at converting NIR into heat, which led to more effective
tumor treatment in mice [63].

As previously noted, CNTSs can be heated by externally delivered microwave radiation.
Therefore, CNTs may be capable of non-invasively treating tumors in any part of the body, a
capability currently not shared by NIR laser-based treatments. In the first study to
investigate cancer treatment using an external (non-contacting) microwave source to heat
intratumoral SWCNTSs, treatment of VX2 hepatocellular carcinoma xenografts in rabbits
resulted in complete thermal necrosis of the tumor. No toxicity was seen but there was a 2-5
mm zone of thermal injury to the surrounding liver [54]. To date, studies on microwave or
radiofrequency heating of CNTs for cancer therapy are extremely limited and more research
will be needed to determine if this promising strategy is clinically viable.

1.2 Selective delivery of CNTs to tumors for CNT-mediated thermal therapy

Fueled by the promise demonstrated by these early studies, researchers are now evaluating
strategies to selectively deliver CNTs to tumor sites following systemic administration. One
such strategy, known as the enhanced permeation and retention effect (EPR), proposes that
increases in tumor accumulation can be achieved by nanoparticles that remain in circulation
for long periods due to the nanoparticles' ability to extravasate through the leaky vasculature
surrounding the tumor and enter the tumor site [64]. Like many nanoparticles, the blood
circulation half-life and tumor accumulation of CNTs can be increased in mice by coating
nanoparticles with steric stabilizers such as polyethylene glycol (PEG), which inhibit
nanoparticle blood clearance by macrophages and other components of the mononuclear
phagocyte system [10, 65-68].

Recently, a significant step toward the development of tumor selective, systemically
delivered CNTSs for photothermal ablation was achieved by Robinson et al [53]. The
researchers coated, short (140 nm) SWCNTs with a PEG-funtionalized phospholipid by self-
assembly and then injected the CNTSs into mice bearing 4T1 murine breast tumors at a dose
of 3.6 mg/kg via the tail vein. Three days later, the inherent NIR photoluminescence of the
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SWCNTSs was quantified using an optical imaging system to confirm the accumulation of
SWCNTSs at the tumor site. Following exposure to NIR (0.6 W/cm?; 5 min), complete tumor
ablation was observed on mice previously administered SWCNTSs. These mice survived
without recurrence for the duration of the six month study and no toxicity was seen [53].

In another study, Liu et al systematically evaluated the relationship between the length and
density of PEGylation on the SWCNT surface and the biodistribution, tumor accumulation
and photothermal ablation efficacy of PEG-functionalized SWCNTSs injected intravenously
into mice [69]. They observed long blood circulation half-lives (16-21 hrs) for heavily
PEGylated SWCNTs and high tumor uptake. However, this came at the cost of extensive
accumulation of SWCNTSs in the mouse skin dermis. They found that by controlling the
degree of PEGylation to achieve a blood circulation half-life of 12-13 hrs, they were able to
balance high tumor uptake of the SWCNTSs with low skin retention. Two days after
intravenous injection of the SWCNTSs into tumor bearing mice, the researchers exposed the
tumors to NIR, achieving a surface temperature of over 50°C. In contrast, the temperature
rise in tumors treated with NIR in the absence of SWCNT injection was only 1-2°C.
Significant reduction in tumor growth was observed in the SWCNTSs and NIR treated mice,
and three of the seven mice treated exhibited complete regression for the two week study
[69]. This study suggests that fine tuning the surface properties of CNTSs is critical to
enhancing their passive tumor targeting capabilities.

Notably, the intravenously injected nanotubes used by Robinson [53] or Liu [69] were not
modified to display a specific targeting ligand, nor is it known if they were they internalized
by the cancer cells themselves. Attachment of ligands with an enhanced binding affinity for
cancer specific biological moieties is one strategy which may allow for more selective
therapy. This can be accomplished by conjugation of peptides, proteins or antibodies to the
surface of CNTs, and has been shown to increase the specificity of CNT tumor targeting
following intravenous injection in mice [27, 68, 70, 71]. Targeting CNTSs to cancer cells in
vitro using agents including folic acid [72-74], the breast cancer associated receptor Her2
[75, 76], and anti-GD2, a monoclonal antibody targeting a carbohydrate antigen
overexpressed in neuroblastomas [77] has been shown to increase the specificity and
efficacy of CNMTT as compared to non-targeted tubes. Additionally, CNTs can effectively
display more than one targeting ligand on their surface which is a strategy that can be used
to expand both the tropism and specificity of cancer-targeted CNTs. For example, SWCNTs
conjugated to antibodies targeting Her2 and insulin-like growth factor 1 receptor (IGF1R)
attached to SWCNTSs [78] were shown to be effective at targeting CNMTT to cells
expressing one or both of the targeted receptors.

The benefits of actively targeting nanoparticles to tumors in vivo remain the subject of much
debate [79], and more research is needed to determine if active targeting will offer an
additional benefit for delivery of CNTSs. The underlying mechanisms by which CNTs are
taken up by cells are still under investigation with both energy-dependent internalization
mechanisms (e.g. phagocytosis; clatherin or caveolae mediated endocytosis) and passive
diffusion through the plasma membrane (e.g. “nanoneedle” effects) apparently playing a role
[9]. As noted above, comparative studies between actively targeted and non-targeted CNTs
generally indicate that targeted CNTs are taken up to a greater degree than untargeted tubes.
Give the many non-specific mechanisms through which CNTSs can bind to and enter cells,
precisely how targeting increases the binding and/or uptake of actively targeted CNTs
remains to be determined. It is conceivable that the PEG coating commonly used to
functionalize the CNT surface may reduce the interaction of coated CNTs with cells;
introduction of a binding moiety to the PEGylated CNT would then greatly increase the
targeting specificity. To date, direct comparisons of the binding and uptake of PEGylated
and uncoated CNTSs have not been conducted. Comparative studies of nanoparticle binding
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kinetics are complicated because the physical properties that influence cellular interactions
of nanoparticles also affect their solution dynamics [80]. Nanoparticles diffuse, settle and
agglomerate in cell culture media as a function of systemic and particle properties (e.g.
media density and viscosity, particle size, shape and density). Therefore the delivered dose
of nanoparticles in cell culture is a function not only of cell binding and uptake pathways,
but of the rate of transport in solution as well. To date, most studies using targeted CNTSs fail
to account for changes in solution dynamics induced by structural alterations in the CNTs
caused by the addition of targeting ligands, and further research will be needed to
thoroughly understand how such alterations influence binding specificity. Nevertheless,
there is strong evidence that internalization of CNTSs prior to exposure to NIR can improve
the treatment efficacy of CNMTT [75]. For example, Zhou et al demonstrated SWCNTSs
coated with a phospholipid-PEG conjugate selectively accumulate intracellularly at the
mitochondrial membrane [81]. Their proximity to mitochodria allowed for selective
destruction of these organelles following NIR exposure, inducing mitochondrial
depolarization, cytochrome c release, and caspase 3 activation. Treatment of murine breast
cancer tumors in vivo with these modified SWCNTs reduced tumor growth and induced
complete tumor regression in some mice [82].

1.3 Efficacy of CNMTT for treatment of resistant or recurrent cancers

Thermal ablation therapies based upon CNTSs are being tested for the treatment of cancers
that are highly resistant to current therapies, including stem-cell like cancer sub-populations
[83, 84]. In many types of tumors, cancer stem cells (CSCs) have been putatively identified
as self-renewing, therapy-resistant populations [85].

In glioblastomas and other brain tumors, the CD133 receptor appears to be a CSC marker
associated with malignancy, tumor recurrence, and poor survival. [86-88]. CD133+
subpopulations in glioblastoma are enriched following radiotherapy, are radio and
chemotherapy resistant, and may be responsible for tumor recurrence following treatment
[86, 89, 90]. Treatment strategies based on targeting this subpopulation may prevent the
development of resistance to therapy. To test this hypothesis, Wang et al conjugated a
monoclonal antibody directed against CD133 to MWCNTS [83]. They observed specific
internalization of these targeted MWCNTS in primary clinical isolates of glioblastoma that
expressed CD133, but not in cells which did not. To determine the in vivo efficacy of this
treatment, CD133 expressing glioblastoma cells were pre-treated with targeted MWCNTS
before inoculation into mice. The cells took up the MWCNTS, and xenograft growth was
abolished after NIR exposure. This key study demonstrated the potential for CNTSs to treat
glioblastomas and other currently untreatable cancers.

Another recent report describes a novel application of the CNMTT technique to target
invasive CSCs in systemic blood circulation [91]. In this study, Galanzha, et al. used the
photoacoustic (PA) and photothermal (PT) properties of CNTSs for the detection and
elimination of circulating CSCs, which are thought to be the primary drivers of metastatic
tumor spread [91]. The development of technology to purge these cells from the vasculature
of cancer patients could reduce the incidence of metastatic disease. To accomplish this, the
researchers constructed NIR-absorbing, gold plated SWCNTs and conjugated them to anti-
human CD44 antibodies. These particles selectively labeled circulating human breast CSCs
(which overexpress CD44 [92]) in the blood stream. Rare CD44* circulating cancer stem
cells binding nanoparticles were identified in the vasculature of nude mice which bore
human breast cancer xenografts by detection of photoacoustic waves generated by excitation
of the nanoparticle-labeled cancer cells using a low powered laser [91]. Furthermore, these
cells could be ablated following more extended irradiance with NIR [91].
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Importantly, CNTs may be superior to other heat delivery modalities in ablating cancer stem
cells. Burke and co-authors compared the response of breast cancer stem cells (BCSCs) to
both conventional hyperthermia and CNMTT to determine the relative therapeutic efficacy
of each approach for the treatment of these cancer cells [84]. Key results of this study are
shown in figure 2. Notably, BCSCs exhibited high basal expression levels of heat shock
protein 90 (HSP 90) which contributed to their ability to tolerate conventional hyperthermia
treatments (modeled by water bath heating) that were lethal to non-stem breast cancer cells
[84]. BCSCs were found to be resistant to hyperthermia across a range of temperatures, and
heat treatments did not reduce the long-term proliferative capacity of these cells. A
significant enrichment of BCSCs was detected in the surviving fraction of a mixed
population of stem and non-stem breast cancer cells treated with conventional hyperthermia.
In contrast, the researchers were able to overcome the resistance to hyperthermia observed
in BCSCs through the use of CNMTT. Furthermore, BCSCs that survived CNMTT did not
retain long-term proliferative capabilities. The researchers generated precise temperature
increases in mixed or isolated populations of BCSCs and non-stem breast cancer cells by
exposing the cells to MWCNTSs followed by NIR irradiation, which resulted in cell death
that was proportional to laser exposure time. In vivo treatment by CNMTT induced
complete regression of BCSC-driven tumors in mice for the duration of the 30 day study. In
contrast, control groups exhibited >80% mortality at identical time points. Based on these
findings, CNMTT may represent a rapid, minimally invasive approach for the simultaneous
elimination of both the bulk breast tumor and the BCSC components of tumors and
represents a significant therapeutic advance for the treatment of refractory, stem cell-driven
cancers [84].

Flow cytometric characterization of the cells following treatment indicated that CNMTT,
but not conventional hyperthermia, led to rapid membrane permeabilization and necrotic
death in treated cancer cells [84]. The high surface temperature of NIR-stimulated
MWCNTSs [93] may irreversibly permeabilize cell membranes [94, 95], leading to the rapid
cytolysis observed in CNMT T-treated cells. Therapies that preferentially cause necrotic
death may be therapeutically advantageous by bypassing resistance mechanisms to apoptotic
cell death because they do not provide selective pressure toward the emergence of treatment
resistant cancer cell clones [96, 97]. The significance of this for CNMTT is exemplified by
the fact that elevated HSP90 in BCSCs conferred at least partial protection to classical
hyperthermic cell death, but did not protect BCSCs from nanotube-mediated hyperthermic
death [84]. Fisher et al also indicated that CNMTT leads to a necrotic rather than apoptotic
cell death mechanism [98]. Nevertheless, necrosis has not been universally observed
following treatment with NIR and MWCNTSs [99], and to date, extensive research has not
been conducted to determine factors that may influence the mechanism(s) of cell death
induced by CNMTT.

1.4. Enhancement of conventional cancer therapy by CNMTT

Hyperthermia synergistically enhances tumor cell cytotoxicity when combined with
chemotherapy or radiotherapy, in part by increasing the permeability of tumor vasculature,
which can enhance the delivery of drugs into tumors [41]. Thus, in addition to ablation of
cancer cells, the thermal effects generated by CNMTT may enhance the efficacy of other
therapies. Such strategies may enable the development of therapeutic agents with increased
cancer selectivity, reduce the dose necessary for efficacy, decrease the toxicity of such
treatments, and thus increase their therapeutic index.

For example, NIR irradiation of MWCNTS to sublethally heat cancer cells increased the
uptake of co-delivered chemotherapeutic drugs and enhanced cancer cell death both in vitro
and in vivo in a murine ascites tumor model [100]. Excitation of CNTs by exposure to an
appropriately tuned radio frequency field has been shown to permeabilize cell membranes to
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allow cell uptake of normally impermeable drugs or gene expression vectors both in in vitro
and in vivo in brain tissue [101]. Similarly, treatment of cancer cells or tumor bearing mice
using SWNTSs chemically conjugated with platinum-based chemotherapeutics [102] or
loaded with doxorubicin by hydrophobic interactions [103] and combined with NIR
mediated photothermal heating were significantly more effective than either therapy alone.
Dual mode carbon nanomaterials have been developed to allow excitation by a single
wavelength of light to initiate both photothermal and photodynamic events, allowing for
simultaneous generation of therapeutic heat and reactive oxygen species [62, 104].

Conjugation of antigens to the surface of CNTs may enhance immune responses by
increasing the uptake of such antigens by dendritic cells and macrophages [105]. Recently,
the combination of an immunologically modified nanotube and CNMTT was shown to
generate a sustained anti-tumor immune response in mice following treatment [106].
Glycated chitosan (GC), an immunoadjuvant, was used as a surfactant to disperse SWCNTSs.
BALB/c mice bearing syngeneic EMT6 flank tumors were injected intratumorally with GC
coated SWCNTs (SWCNT-GC) then exposed to a 980 nm laser (0.75 W/cm2 for 10 min).
All mice treated with the combination of laser and SWNT-GC survived for at least 100 days
following treatment. In contrast, only 43.75% of mice treated with laser and SWNTs without
GC, 25% of mice treated with laser and GC without SWCNTSs, and 12.5% of mice in the
laser only group survived. Importantly, mice that were successfully treated by the
combination of laser irradiation and SWNT-GC did not develop tumors following
rechallenge with EMT6 cells100 days after the initial tumor inoculation. This study shows
the combination of laser irradiation and immunologically modified nanotubes can induce
systemic antitumor response through a local intervention, with few adverse side effects
[106].

1.5. Beyond cancer therapy: novel applications of photothermal properties of CNTs

Although most studies have focused on anti-tumor applications of CNMTT, additional
applications have also been proposed. Kosuge et al. recently investigated the use of SWNT-
mediated photothermal ablation of inflammatory macrophages in a mouse model of
athlerosclerosis [107]. Following the creation of macrophage-rich atherosclerotic lesions in
the carotid arteries, mice were injected with fluorescently tagged SWNTSs, which
accumulated in the macrophages. Excision of the arteries and ex-vivo illumination with NIR
induced heating and apoptosis selectively in SWNT-containing macrophages, providing a
proof of principle demonstration that the photothermal properties of CNTs may be useful in
treatment of vascular inflammation. Another group used laser excitation of carbon
nanohorns to induce expression of genes driven by a heat shock protein- responsive
promoter in living mice [108]. The use of NIR-activated SWNTS for ‘remote control’ of
gene expression in living animals may represent both a powerful experimental tool and a
new therapeutic venue. Similarly, a recent report indicates that CNTs also may be useful for
the development of implantable bioelectronic devices operated by laser irradiation from
outside the body [109]. In this study, a unique CNT-based photothermal-electrical (PTE)
converter is described. This device is able to convert the thermal energy generated by NIR
irradiated with NIR light and convert it to electrical power. Devices powered by this system
could be implanted beneath the skin and activated by laser irradiation, providing a new
opportunity for biomechanical development or possibly for a remotely activated drug
delivery system.

2. Clinical translation of CNMTT: accomplishments and challenges

As described above, proof of principle studies in animals have established that CNMTT can
address several limitations of contemporary clinical thermal ablation methodologies: (1) the
procedure is minimally-invasive, potentially expanding the type and location of tumors that
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can be treated; (2) because each nanoparticle generates heat in response to stimulation
electromagnetic radiation, a uniform temperature distribution can be generated throughout
the tumor mass; and (3) the heated region is defined by both the location of the CNTs and
the position of the irradiation source, confining treatment to the intended lesion and
diminishing off-target toxicities. However, as described in the following sections, significant
hurdles still must be addressed before CMNTT will be a clinically viable modality.

2.1 Intratumoral dissemination of CNTs

Delivery of CNTs and other engineered nanoparticles across large (> 1cm) tumors
represents a major, under-investigated need for biomedical use of nanomaterials [110-116].
As highlighted in figure 3, multiple inter-related properties influence particle distribution;
these are dependent not only on the characteristics of the particular type of CNT, but also
upon the environment in which the particle is to be used and the strategy by which it will be
delivered. As more information on the use of CNTSs in animal models becomes available, it
is clear that like other nanoparticles, even minor structural or chemical changes to the
particle surface significantly alter the biodistribution of CNTs [117].

The in vivo intratumoral distribution of CNTs largely is related to the physicochemical
properties of the tubes, which include length, diameter, degree of agglomeration, surface
chemistry, and flexibility [25]. The interactions of these properties with the pathophysiology
and anatomy of the target site will dictate the biological interactions of the CNTs [118].
Furthermore, it is important to realize that small molecules and proteins frequently adsorb
onto the surface of nanoparticles, creating an interface at which all further interactions
occur. The environment obviously influences the composition of this interface, and creates
an additional factor that is rarely taken into account when evaluating the efficacy and
distribution of CNT preparations.

Current delivery strategies, which are limited to either intravenous injection or direct
intratumoral injection do not address the issue of limited macromolecular diffusion of CNTs
once they enter the tumor microenvironment. Recent work suggests that this may be an issue
of considerable complexity [119]. Using intravital microscopy, the authors demonstrated
that SWNTSs and spherical particles with similar surface coating, area, and charge
nevertheless exhibit different abilities to extravasate into tumors. Rather remarkably, the
relative penetrance of these particles was dependent on tumor type: spherical particles
preferentially extravasated into LS174T colon tumors, whereas SWNTs accumulated
preferentially into UB7MG gliobastoma tumors; neither particle extravasated into SKOV-3
ovarian adenocarcinoma tumors. The mechanistic basis for this difference remains to be
determined, but these results suggest that biological characteristics of the tumor itself will be
an important determinant in the optimization of therapeutic nanoparticles.

Among the options for enhancing intratumoral dissemination, a dense PEG coating is known
to improve penetration of large nanoparticles in tissue [120], but the role of PEG coating on
CNT diffusion in tumors has not yet been assessed. Furthermore, pressure-driven infusion
techniques such as convection enhanced delivery (CED), which rely on a pressure gradient
rather than diffusion to distribute macromolecules, may be of benefit. CED of nanomaterials
is an area of current research [121] but has not yet been tested for the delivery of CNTSs.
Positive indications for use of CED for CNTs include: (1) CNTSs can be synthesized with
diameters (<30 nm) far smaller than the estimated pore size in the extracellular matrix
(ECM) of many tumors [112, 122, 123]; (2) CNTs tend to align parallel to the direction of
fluid flow [124]; and (3) their diffusion can be enhanced by selectively tuning their surfaces
to the physical properties of porous media [119, 125-128] like the ECM.
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More research is needed to identify specific properties or strategies that will enhance
intratumoral transport of CNTs both during and after infusion. It will be particularly
important to these studies that CNTs for use in biomedical applications have well-defined
preparation chemistries combined with rigorous physicochemical characterization, and, as
discussed below, that their in vivo performance can be tracked by non-invasive imaging
techniques.

2.2 Monitoring intratumoral distribution of CNTs

For the clinical application of CNMTT for cancer treatment, CNTs must be specifically
engineered to be compatible with an imaging modality to spatially define the margins of the
target lesion, assess the distribution of injected CNTs within the tumor, and to allow for
placement of the electromagnetic radiation source. The versatility of CNTSs as a platform
technology has seen the development of CNT-based imaging agents for use as magnetic
resonance imaging (MRI) contrast enhancers[22, 129-132], positron and single photon
emission correlation spectroscopy (PET/SPECT) [19, 70, 133, 134], fluorescence imaging
[71, 129, 135] and photoaccoustic and Raman imaging [136]. Carbon nanotubes offer
several advantages for targeted molecular imaging techniques, including their ability to
deliver large numbers of imaging agents per each targeted molecular recognition, which can
improve the sensitivity of imaging, and their ability to simultaneously display several
different types of agents to perform multimodality imaging.

A unique feature of SWCNTSs is that they possess an intrinsic fluorescence in the second
near-infrared window (NIR 11, 1.1-1.4 pm) upon excitation by laser emission in the
traditional near-infrared region (NIR I, 0.75-0.9 um) [137]. Compared to the NIR | window,
the longer wavelength emission in NIR |1 offers great promise for the development of
SWCNT imaging agents due to minimal autofluorescence and tissue scattering, which
allows for deeper anatomical penetration and greater spatial resolution than is currently
available for traditional NIR imaging agents [137]. Studies by Welsher et al indicate the
SWCNT-based fluorophores can be imaged deep inside mice following excitation with a
modest laser power [135]. Similarly, injection of SWCNTSs into the blood allows for
quantifications of blood velocity and mapping of small vessels which an accuracy that is far
beyond the capabilities of ultrasonography [137]. Initial studies show that intravenously
injected SWNTSs could be used as as photoluminescent agents for in vivo tumor imaging in
the 1.0-1.4 pm emission region and as NIR absorbers and heaters at 808 nm for
photothermal cancer therapy [53]. Additional clinical applications of these tubes potentially
could include contrast enhancement for delineation of tumors/metastasis, or for mapping
intratumoral vasculature.

Several additional studies have examined dual modality CNTSs for both imaging and
photothermal applications. In one study, Ding et al constructed MWCNTS containing
increasing amounts of ferrocene, an iron-based catalyst used in the production of CNTs [22].
These iron-containing MWCNTSs were studied for their potential use as dual modality agents
for both MR contrast enhancement and photothermal energy transduction. The researchers
demonstrated that iron-containing MWCNTS were effective MR contrast agents. In vivo MR
imaging provided a clear indication of intratumoral distribution of the CNTSs, allowing for
image guided intervention. Following multiple rounds of NIR exposure, the contrast
enhancing and heating properties of the MWCNTS did not change, even after reaching
thermal ablative temperatures [22]. When injected into tumor bearing mice, the iron-
containing MWCNTSs could be detected at the injection site before and during heating, and
until the end of the study one week later [22]. An additional advantage conferred by this
imaging strategy was the ability to monitor temperature in real time using MR thermometry
(see section 2.3). Conceptually, this demonstrates that multiple or fractionated laser
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treatments could be targeted to the tumor without the need for additional injections, and the
distribution of the MWCNTS could be monitored over time.

In addition to MR imaging, photoacoustic molecular imaging using CNTs has shown some
early promise [138]. Photoaccoustic imaging relies upon detection of the shock wave that is
generated following heating of the CNTs by an external NIR source. Recent studies by Zhou
and colleagues indicate that CNTSs targeted to avf3 integrin could be designed to possess
both high photoaccoustic contrast and and efficient targeting of avp3 integrin positive U87
human glioblastoma tumors in mice, suggesting that photoacoustic molecular imaging with
targeted SWNTSs has the potential for use as a tumor diagnostic method [138]. In another
study, Zarov and colleagues developed golden carbon nanotubes (GNTS) consisting of
SWCNTSs encased in gold layers [139]. The gold coating not only enhanced the
photothermal transduction efficiency of the tubes, it introduced a high plasmon resonance at
850-900 nm, indicating the the GNTs could be used for both non-invasive photoaccoustic
(PA) imaging and photothermal cancer therapy [140]. Moreover, cancer diagnosis and
therapy applications using these tubes could be performed with the same laser in real time
using a unique in vivo flow cytometry based imaging system [139]. Using anti-CD44
labeled GNTSs, the researchers were able to detect single CD44+ circulating breast cancer
stem cells in the blood stream of tumor bearing mice following NIR irradiation. They
postulate that these cells could be eliminated by increasing the laser power [139].

From these studies, it is clear that CNTs can be developed for both cancer imaging and
effective photothermal therapy and are compatible with current imaging technologies.
Future developments of such agents would have a dramatic effect on non-invasive cancer
diagnosis, targeted therapies, selection of patient specific treatments, and monitoring of
cancer progression or recurrence.

2.3 Optimizing heat localization and treatment efficacy of CNMTT

Heat delivery for photothermal applications is dependent upon the total laser energy incident
upon the target and the efficiency of the target at converting that energy into heat.
Temperature elevation by CNMTT is limited by the maximum laser output, penetration of
the light, the CNT concentration in the tumor target, and heat dissipation away from the
tumor target. Heat dissipation away from the tumor target is a complex process that is
dependent upon environmental factors including proximity to heat absorbers (i.e. blood
vessels and neighboring normal tissue), solvent, and the substrate (tissue type) into which
the CNTs are dispersed. This process is dynamic, making it essential to develop strategies to
reproducibly control the spatial and temporal distribution of heat used to ablate tumors
[141].

To reduce off-target damage due to thermal diffusion, the total energy deposited into the
tissue should be minimized such that only the amount of heat needed for treatment is
delivered to the targeted area. To accomplish this, it is necessary to monitor in real-time
spatio-temporal changes in temperature resulting from CNMTT using infrared cameras [59,
141] or magnetic resonance imaging (MRI)-based methods[28, 61]. Infrared cameras are
useful for optimizing both CNT concentration and NIR irradiation parameters in model
tissue and in tumor bearing mice, but cannot accurately map temperature deep within tissue.
However, a more clinically relevant method of non-invasive temperature mapping is a MRI-
based thermometry method known as proton resonance frequency (PRF) MR temperature
mapping (reviewed in [142]). This technique allows for superposition of both temperature
information and anatomical images at any depth, and is currently used clinically to monitor
the efficacy of thermal ablation techniques. By relating the treatment temperature to actual
thermal tissue damage, PRF MR temperature mapping can be useful in predicting the
treatment outcome [61].
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Extensive work by Torti and colleagues has demonstrated the compatibility of PRF MR
temperature mapping with CNMTT [22, 28, 61]. For example, Burke et al used PRF MR
temperature maps to measure the temperature increase in kidney tumor xenografts following
CNMTT [28]. Use of MRI contrast enhancing CNTs allows for monitoring of nanomaterial
distribution [22] in the tumor and can aid in placement of the NIR source [143]. Ding et al
showed that iron-containing MWCNTSs act as dual mode MRI T2 contrast agents and
photothermal mediators [22]. However, a potential limitation of iron-containing MWCNTS
is their propensity to attenuate MR signals, which can interfere with temperature mapping
by PRF MR thermometry [22].

Though dependent upon tumor type and location, generation of sufficiently high
temperatures to ablate large (>3 cm) tumors while minimizing damage to healthy tissue
surrounding the tumor due to heat delocalization is the major limitation to all current
approaches to thermal ablation therapy [144]. Experimental use of nanosecond pulsed lasers
has been successfully applied to localize heat on the cancer cell level in the presence or
absence of CNTs [144-147]. However, use of continuous irradiation for tenths of seconds or
longer (rather than nanosecond pulses) to heat a large number of nanoparticles dispersed
throughout a tumor produces an overall temperature rise several orders of magnitude larger
than the localized (nanoscale) temperature rise near each particle [141, 148]. Recently, Xie
et al used a combination of experimental data in tissue phantoms and diffusive heat
modeling to determine the thermal distribution CNT-bearing tumors during and following
NIR irradiation and used clinically relevant damage predicting algorithms to quantify the
likely efficacy of CNMTT following treatment with different laser pulse strengths and
durations (summarized in figure 4). Fitting of the data to diffusive heat models indicates that
it may be possible to achieve thermally ablative temperatures within in sharply defined
regions (<1 mm margins) in as little as 2 seconds using clinically available continuous NIR
lasers in combination with modest CNT concentrations [61]. In this short time scale, heat
deposition is more rapid than thermal diffusion and convective cooling, which will simplify
treatment planning and reduce heat diffusion to surrounding normal tissue as compared to
current clinical thermal ablation techniques which require tissue to be heated for up to
several minutes to achieve ablative temperatures.

More extended NIR treatment exposure may be necessary for treating bulky tumors because
the generated heat can effectively spread over centimeter size regions [61, 141]. Moreover,
modeling and experimental data in breast cancer tissue phantoms have shown that the
presence of CNTs can extend the effective treatment volume for a fixed NIR energy input
[149, 150]. Burke et al made similar observations in vivo using the induction of heat shock
proteins (HSPs) 27, 70, and 90 as endogenous cellular markers of thermal stress for indirect
measurement of heat generation in full-depth tissue sections taken from tumors of mice after
NIR exposure [28]. In tumors treated with NIR plus MWCNTSs, HSPs were seen at deeper
tissue levels than in mice treated only with NIR, confirming that CNTs combined with NIR
can be used to extend the effective volume of thermal therapy.

There remain several areas, summarized in figure 5, for further study. The temperature
distribution following CNMTT is determined by the rate of energy input and efficiency of
NIR conversion to heat, which is influenced by concentration [28], aggregation [63], length
[52] and wall number of the CNTs [63]. Therefore, careful matching of both CNT type and
distribution with NIR irradiation parameters can more effectively treat targeted cell
populations. It is not clear how intratumoral distribution of CNTs will affect the efficacy of
CNMTT. A homogeneous distribution of CNTs throughout the tumor mass may allow
generation of a more predictable and uniform temperature in the targeted area following
laser irradiation. However, the effective tissue penetration depth of NIR may be far smaller
than the tumor volume to be treated, and thus a more modest distribution of CNTs may be

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singh and Torti

Page 13

needed. Additionally, a better understanding of the contribution of heat dissipation caused
by the presence of blood and body fluids will be required to determine both the optimal
concentration of CNTs and NIR irradiation parameters required for clinical applications.
Finally, a greater understanding of how different cancer cell populations respond to CNMTT
-- including heat resistant stem-like cells and tumor cells that have received prior treatment
-- may greatly assist in the development of new therapeutic strategies for non-resectable
tumors that are resistant to current therapeutic modalities.

2.4. CNT toxicity and long-term fate

Progress towards the clinical use of CNTSs has been limited in part due to the lack of a
comprehensive understanding of the basic determinants of CNT toxicity and clearance from
the human body. Fear of exposure to CNTs has been exacerbated because CNTSs can act as
‘nano-needles’, easily piercing cell membranes [8, 9], traversing to the nucleus [23] and
potentially inducing genotoxicity [151]. One preliminary study on the toxicity of CNTs
indicated that when they are injected into the abdominal cavity or lungs of mice, they can
induce inflammatory responses and granuloma formation similar to those associated with
asbestos exposure [152, 153]; a more recent study further demonstrated mesothelial cell
injury and formation of mesotheliomas following peritoneal injection of pristine CNTs
[154]. In contrast, a two year study on the potential carcinogenic nature of CNTSs injected
into the peritoneal cavity of rats found no evidence of CNTSs causing cancer [155]. In light of
these conflicting results, the future outlook for biomedical application of CNTs continues to
be met with scepticism. Fears over CNT exposure increased due to the perception that they
were not degraded in the body, though now it is known that some types of CNTs can be
degraded in biological systems by oxidative enzymes [156, 157]. The persistence of these
concerns indicates that for biomedical use of CNTSs to progress, the toxicity, and therefore
the potential risk—benefit balance for these materials, must be resolved.

Use of CNTs in cancer therapy requires bypassing the body's natural defenses, generating
concern that toxicities not previously observed might be induced. However, many strategies
have evolved to reduce the toxic effects of CNTs by altering lengths, diameters, or
chemically modifying their surfaces [158]. Biomedical use of CNTs requires modification of
the highly hydrophobic surface of the tubes to render them hydrophilic [159], but not all
chemical treatments alleviate the toxicity risks associated with CNTSs. It is essential to
identify which characteristics CNTs should possess to be “safe-for-use”. It is becoming clear
that modifications that render carbon nanotubes short (<1000 nm), flexible and permit stable
suspension in biological fluids are necessary to ameliorate the risks identified for exposure
to pristine (unmodified) CNTs [160].

For example, work by Donaldson and colleagues established that the inflammation and
fibrosis induced by CNTs introduced into the pleural cavity of mice could be reduced by
shortening the length of CNTs [161]. Shorter tubes (<1000 nm) were not retained in the
pleural cavity and eventually were excreted. In another related study, Ali-Boucetta et al
described two different chemical modifications to CNT surfaces and asked if either could
reduce the inflammatory toxicity of the CNTSs following intraperitoneal injection of the
tubes [160]. They found that CNTs functionalized using the 1,3-dipolar cycloaddition of
azomethine ylides first described by Prato and colleagues [23] to introduce pyrrolidine rings
bearing an ammonium-terminated tri(ethylene glycol) chain to the side wall of CNTs do not
induce inflammation. In contrast, CNTs functionalized using the method of Billups et al
[162] to introduce an octyl chain on the side walls induce an inflammatory response
comparable to that observed for long, pristine CNTs [163]. Functionalization of CNTs using
the 1,3-dipolar cycloaddition method shortened and debundled the tubes following aqueous
dispersion while CNTSs functionalized by the Billups method remained aggregated in
aqueous suspension [160]. The authors suggest that not all chemical treatments will alleviate
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the toxicity risks associated with CNTSs; only chemical reactions to CNT surfaces that lead
to CNT shortening and aid in disentangling/debundling of CNTSs following aqueous
dispersion will reduce the risks [160].

In addition to length and dispersibility in agueous solvents, a third critical factor which
determines the potential of CNTSs to cause cell injury appears to be CNT diameter. In a
recent study, pristine MWCNTS of differing thickness were suspended in saline solution
containing albumin, and their uptake by mesothelial cells was compared to that of ashestos
fibers [154]. Mesothelial cells were shown to take up MWCNTS and asbestos by two distinct
mechanisms: MWCNTSs directly pierced mesothelial plasma and nuclear membranes,
whereas asbestos fibers were internalized by endocytosis. Consistent with the observation
that the force needed to penetrate cell membranes is proportional to CNT diameter [164],
thick MWCNTSs (150 nm diameter) were less likely to pierce mesothelial cells than thin
MWCNTSs (50 nm diameter) [154] . In contrast, asbestos fibers, even those thicker than 150
nm, were easily internalized by the cells because they do not necessarily enter mesothelial
cells in the same way as CNTSs. This work suggests that not only should CNT toxicology be
evaluated differently than asbestos toxicology, but also that control of the diameter of
MWCNTSs could reduce the potential for mesothelial injury and other hazards caused by
CNTs.

The potential risks due to inflammatory responses caused by chronic exposure to CNTs in
different tissue are compounded by the possibility of acute risks associated with blood-borne
delivery of CNTs [165-168]. Despite the fact that no long-term, or chronic toxicity has been
exhibited by mice injected with CNTs that have been chemically functionalized to improve
aqueous dispersion [6, 67, 133, 169-171], concerns have persisted regarding the potential
thrombogenic nature of CNTSs. In this regard, several groups have shown that CNTs have a
high propensity to activate elements of the coagulation cascade in vitro [166, 167, 172].
However, in an extensive study comparing the role played by chemical functionalization of
CNTs on blood toxicity in vitro to indicators of thrombosis following intravenous injection
into mice (platelet counts; D-dimer levels; murine Von Willebrand factor; histology), Burke
et al found that in vitro analysis of CNT induced coagulation was a poor predictor of actual
in vivo outcomes [173]. Specifically, the researchers found that pristine MWCNTS appeared
to be less thrombogenic than chemically functionalized MWCNT (acid oxidized; acid
oxidized then amidated) in vitro as indicated by activation of the coagulation cascade,
coagulation time, and platelet activation, which is consistent with other recent reports [174].
However, following intravenous injection in mice, pristine MWCNTSs were found to rapidly
deplete platelets, and induce elevated D-dimer and VVon Willebrand factor levels, indicating
severe thrombosis, disseminated intravascular coagulation, and endothelial cell injury [173].
At a dose of 250 pg, pristine MWCNT were acutely lethal, inducing blockage of the
pulmonary vasculature. In contrast, the sole measurable effect of an equivalent dose of the
two types of functionalized MWCNTSs was a transient depletion of platelets [173]. Although
more detailed studies must be undertaken before the toxicity profile of CNTs is fully
understood, these results support the hypothesis that CNTs can be designed to be suitable for
systemic delivery.

Importantly, chemical functionalization of CNTSs is also known to greatly influence their
blood clearance profile. Following early debates regarding whether the primary clearance
route for intravenously administered CNTs was via renal or biliary pathways [133, 175,
176], it is now known that the type and degree of chemical functionalization, degree of
agglomeration, and length of the tubes determine the tissue distribution and excretion of
CNTs [177-179]. Renal clearance of CNTSs in particular has caused much debate as many
believe that 5 nm is the maximum diameter that permits for clearance of nanoparticles via
the urine [180]. However, several groups have shown that intact CNTs as long as 500 nm
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with diameters of up to 25-30 nms can exit the blood stream and be excreted in urine by
orienting themselves along their smaller axis to pass through the fenestrated endothelium of
the glomerular capillary wall, across the glomerular basement membrane, and through the
filtration slits [133, 134, 179, 181] despite these openings being approximately 43 nm in
diameter [182]. A more recent study by Kostarelos et al convincingly confirms these
previous works, showing: 1) individualization of CNTs resulting from a high degree of
chemical functionalization to introduce hydrophilic groups to the CNT surface aids in rapid
renal clearance and low tissue retention; 2) shorter CNTs exhibit greater renal clearance than
longer CNTs; and 3) in general, increasing hydrophilic chemically functionalization is
associated with renal clearance while decreasing functionalization favors clearance by the
mononuclear phagocyte system [177].

Combined, the studies described above indicate that it should be possible to engineer CNTs
suitable for future use in humans. New strategies to synthesize and modify CNTSs in a highly
controlled manner continue to evolve and show tremendous potential for designing CNTs
with optimal in vivo characteristics. As more research evaluating the relationship between
CNT characteristics and in vivo kinetics, excretion, and toxicity emerges, the clinical use of
CNTs is becoming more and more feasible.

3. Conclusions

The translation of carbon nanotubes from an interesting nanomaterial to an effective cancer
therapeutic agent is an actively evolving field [25]. As discussed in section 1 of this review,
CNTs offer enormous possibilities for the development of the next generation of cancer
therapeutic and diagnostic agents. Their desirable features include the following: 1) they
efficiently convert incident NIR into heat for use in cancer thermal ablation or imaging; 2)
they can be used for additional therapeutic applications including chemotherapeutic drug or
gene delivery; 3) their high surface area to volume ratio per particle allows for incorporation
of a high density of imaging agents which can improve the sensitivity of imaging; 4) they
can simultaneously deliver several different types of agents to perform multimodality
imaging and cancer therapy; 5) they easily cross cell membranes and can be engineered to
be exhibit a positive biocompatibility profile.

As research in this field has advanced, a number of issues in the use of CNTs for CNMTT,
identified in section 2 in this review, remain to be addressed. Size of the tumor is one
consideration. Many cancers do not present until tumors are significantly larger than one or
several centimeters in diameter, which is larger than most tumors treated in animal models
to date. Delivery of both CNTs and therapeutic heat across these larger tumors represents a
major challenge in the pre-clinical development of CNMTT. Most applications to date have
relied on NIR, which has a finite range of tissue penetration. Although biological tissues are
relatively transparent to NIR, treatment of deep-seated tumors may require either the use of
RF or longer wavelength electromagnetic radiation; such strategies are being actively
pursued [54, 183]. Alternatively, the development of companion technology, such as fiber
optic probes that can deliver NIR to the target site, may enable the utilization of NIR for
thermal activation of CNTSs in even deep-seated tumors. Additionally, strategies must be
developed to monitor both the distribution of the CNTs and the deposition, localization, and
efficacy of heat treatment.

Conversely, it is also desirable to treat small micrometastases. Currently, CNMTT relies on
conventional clinical imaging to detect and localize tumors prior to treatment, and tumors
that are too small to be visualized by such methodology will remain untreated. Use of
targeted nanoparticles conjugated to imaging moieties may overcome this limitation by
allowing the detection and treatment of such small tumors. Targeted nanotubes may also
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permit dose reduction, since each nanotube would have a higher probability of associating
with its tumor target. Of particular interest would be the development of CNT-based PET
agents, which would allow for extremely high detection sensitivity and depth of penetration.
Because the risk of nanoparticle toxicity will go down with decreased exposure, the use of
PET as an imaging modality may further push the envelope on clinical development of
CNT-based therapeutic and diagnostic agents. A number of potential agents have been tested
in mice [19, 70, 133, 134], but their utility in cancer diagnosis has yet to be evaluated.

Most importantly, the long term fate and toxicity of CNTs must be determined. It has
become clear that specifics matter: that each change in particle design creates an entirely
new particle with novel toxicological, pharmacological and therapeutic properties. This
necessitates that both the biomedical and toxicological investigations of these materials take
place simultaneously. The debate over toxicity of CNTs continues despite research showing
that appropriate design can ameliorate many unwanted effects of CNTs; thus, overcoming
the perceived and real potential toxicities of nanotubes may represent the largest hurdle
towards their clinical application. Based upon the current evidence, a series of guidelines for
future development of CNT-based therapeutics has been proposed by Kostarelos and
colleagues [183]. Briefly summarized, these recommendations are: (1) use aqueous
preparations of small, hydrophilic, well dispersed CNTs that can easily be internalized by
target cells and that macrophages can efficiently take-up and clear after the therapeutic
effect is achieved; (2) use colloidal dispersions of CNTs that are stable under physiologic
pH and salinity to minimize aggregation in vivo; and (3) use easily excreted or chemically-
modified CNTSs that are readily degraded in vivo.

The promise of CNTSs in photothermal cancer therapy still remains; realization of this
potential will depend on production of well-characterized, biocompatible, homogeneous
materials and well-designed efficacy and toxicology studies.
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Figurel.

Treatment of tumor bearing mice by CNMTT reduces tumor growth and increases long term
survival. Nu/nu mice were implanted s.c. with RENCA tumors and divided into groups of
10. Mice were either left untreated, treated with MWCNT alone, treated with laser alone, or
treated with the combination of MWCNT and laser (3 W/cm?; 30 s). (A) Photographs at day
21 post-treatment of representative mice from groups treated with laser only, untreated
controls, or mice treated with 100 pg of MWCNT plus laser. (B) Mice treated with the
combination of MWCNTSs and laser were injected with a range of MWCNT doses. Tumor
sizes were measured every 2 days. Means and standard errors are shown. Control groups
(untreated, treated with MWCNTS alone, or treated with laser alone) were statistically
identical. There is a dose-dependent attenuation in tumor growth after 30 s of NIR laser
treatment of MWCNT-loaded tumors (P < 0.0001). (C) MWCNT-based photothermal
therapy increases long-term survival of tumor-bearing mice. Survival of mice treated as
described in (C) was assessed for 10 months after treatment. Kaplan—Meier curves
demonstrate a significant increase in survival in mice treated with all doses of MWCNTSs
plus laser (P < 0.0001 vs all controls). Survival curves for control groups were statistically
identical (P > 0.775). Adapted and reproduced with permission from Burke et al. PNAS 106
(2009) 12897-12902.
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Figure2.

Breast cancer stem cells are resistant to conventional hyperthermic cell death but sensitive to
CNMTT. (A) Relative viability of cancer cells 24 h after water bath heat treatment as a
model of conventional hyperthermia. Stem cell-like breast cancer cells (BCSCs) or bulk
breast cancer (non-stem) cells were heated in a water bath at 47 °C for 0-60 min. MTT
absorbance values were normalized to the untreated condition (*0” minutes heat shock). The
results clearly show that BSCC subpopulations are more resistant to heat than breast cancer
cells as a whole. (B) Sub-lethal hyperthermia enriches for the BCSC phenotype in bulk
breast cancer cells. Changes in the CD44M3h/CD2410W stem cell fraction of surviving bulk
breast cancer cells 24 h after water bath heat shock at 43°C, 45°C or 47°C were determined
by flow cytometry. Shown are mean percent changes in the CD44M3"/CD24!oW cel| fraction
normalized to the Untreated condition (which is set as 1.0, i.e. “0 percent change”). Dashed
lines indicate the 95% C.I. for the Untreated condition. All heat treatments led to significant
increases in the stem cell fraction (p < 0.0001) relative to Untreated. (C) In contrast, of
BCSC and non-stem breast cancer cells are equally sensitive to CNMTT. Cancer cells were
heat treated to specific temperatures by the combination of MWCNTSs and NIR laser
irradiation and the relative viability of BCSC and non-stem breast cancer cells was
determined by MTT 24 h later and normalized to the “Untreated” conditions. “CNT Only”
describes samples that were mixed with MWCNTS but were not laser treated. “CNT+ Laser
describes samples that were heat shocked to the indicated final temperatures by the
combination of 50 mg/mL MWCNTSs and 3W laser radiation. In contrast to the water bath
heating results, no significant difference between the sensitivity of stem-like and non-stem
breast cancer cells was observed, and (D) no enrichment of the stem cell phenotype
(quantified as in (B)) in viable cells 24 h after CNMTT was detected. Adapted and
reproduced with permission from Burke et al. Biomaterials 33 (2012) 2961-2970.
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Figure 3.

Effective delivery of CNTSs to the tumor is a central challenge for using CNTSs to treat
cancer. . In spite of the dynamic growth of innovative nanoplatforms, the path from bench to
bedside is still challenging. Barriers within the tumor microenvironment, including vascular
heterogeneity, extracellar matrix pore size, high interstitial pressure, and immune cell
infiltration, limit the uniform penetration of nanotherapeutics, lead to inefficient delivery
and reduce the potential efficacy of many treatments. Currently, there is an insufficient
understanding of how CNTSs interact with the tumor microenvironment. As shown here,
there is a patchwork of inter-related properties that are dependent not just on the
characteristics of the nanoparticle, but also upon the environment in which the particle is to
be used and the strategy by which it will be delivered. These properties influence the
pharmacologic behavior of the CNTSs in vitro and in vivo. Failure to appropriately
characterize CNTs has led to a bottleneck in their clinical translation due to inadequately
designed studies at the pre-clinical level that could bridge cell- culture-to-rodent-to-human
studies. Identification of CNT physicochemical and surface characteristics under specific
infusion parameters and consideration of how the pathophysiology and anatomy of the target
site influence the pharmacologic properties of CNTs will be necessary for the development
of pharmaceutical grade material for clinical use.
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MR thermography combined with damage modeling algorithms can be used to optimize the
delivery of therapeutic heat to tumor targets. (A) Schematic of experimental design. The
entire set-up was placed within the magnet of a 7T MRI. A YAG laser tuned to 1064 nm
served as the laser source and the phantom was exposed to a total fixed radiant energy of
approximately 100 J/cm? using either a high power, short duration pulse (10 W/cm?2; 9.6 s;
refered to as the “short pulse”) or a low power, longer duration pulse (3 W/cm?; 32 s;
referred to as the “long pulse”). (B) Time evolution of the average temperature measured by
MR thermometry achieved in the MWCNT inclusion: Temperature increased approximately
linearly with time in response to both long and short pulse irradiation with a rate of average
temperature increase of 1.89 and 0.38 °C s'1 and for the short and long pulse heating,
respectively. Notably, the ratio of these heating rates is about 5 and is significantly greater
than the ratio of heating powers (3.3), suggesting more heat diffuses away from the heated
region during long pulse heating. (C) Temperature maps calculated by PRF MR
thermometry of a coronal slice across the MWCNT inclusion and surrounding nanotube-free
phantom generated at the time the laser was turned off. A temperature contour for which the
peak temperature reached 43 °C (green curve) is shown. The images clearly show that heat
is more localized following the short pulse treatment. Thermal damage contours calculated
for 100 or 200 cumulative equivalent minutes at 43°C (L00CEM43 (pink curve) and the
240CEM43 thresholds (blue curve)) and contours calculated using the Arrhenius damage
integral are shown. Thermal necrosis is predicted to begin when the Arrhenius integral
equals 1 (light blue curve), which is roughly equivalent to 100CEM43. Ninety-nine percent
of cells are predicted to die when the Arrhenius integral equals 4.6 (dark blue curve), which
is roughly equivalent to 240CEM43. Note that 99% cell death as calculated by the Arrhenius
damage integral was not achieved using long laser pulse heating. Thus, for a fixed radiant
exposure, short pulse heating of CNTSs leads to a higher maximum temperature, a more rapid
rate of temperature increase, more localized heating, and greater therapeutic efficacy.
Adapted and reproduced with permission from Xie et al. Phys. Med. Biol. 57 (2012)
5765-75.
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Figure5.

Summary of important parameters which must be assessed for successful clinical translation
of CNMTT. To maximize treatment efficacy and minimize collateral damage due to heat
spread, laser irradiation parameters (irradiance, duration, duty cycle) must be carefully
matched to the NIR absorptive characteristics and distribution of the CNTs as well as the
thermal properties of the targeted and surrounding tissue. These parameters are highly
interrelated and must be balanced with the underlying biology and biophysics of the tumor
target. An understanding of both the NIR absorptive and thermal dispersive qualities of the
tumor target is needed. Specific issues related to the sensitivity of the tumor and surrounding
tissue to thermal ablation must be identified. Treatment should be compatible with a non-
invasive thermal mapping modality (such as proton resonance frequency shift magnetic
resonance (MR) thermography) to monitor temperature localization.
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Table 1
Preclinical assessment of CNMTT in cancer models
Cancer Type Experimental model Material (effective dose) L aser (wavelength; radiant Reference
exposure)
in vitro; adherent primary SWCNT (2.5 pg/well of 24 808 nm; 600 J/cm? [83]
glioblastoma cells well plate)
in vitro; non-adherent U251 SWCNT (10 pg/ml) 808 nm; 600 J/cm? [184]
glioblastoma cells
Brain (human) in vitro; non-adherent MDA- gold coated SWCNTs 850 nm: 0.5 J/cm? [91]
MB-231 cells (estimated 0.5-1x10*
SWCNTSs per cell)
in vivo murine flank tumor; MWCNT (10 g - ex vivo) 808 nm; 600 J/cm? [83]
primary glioblastoma cells
in vitro; transformed human MWCNT (50 pg/mL) 1064 nm; 90 J/cm? [84]
mammary epithelial cells
in vitro; adherent BT-474 cells SWCNT (5-10 pg/ml) 808 nm; 5130 J/cm? [75]
in vitro; adherent SK-BR-3 cells SWCNT (4 pg/ml) 808 nm; 900 J/cm? [76]
in vitro; non-adherent BT474 SWCNT (100 pg/ml) 800 nm;12 J/cm? [185]
cells
Breast (human)
in vitro; non-adherent MCF-7 SWCNT (not reported) 808 nm; 144 J/cm? [78]
cells
in vivo murine flank tumor; MWCNT (100 pg IT) 1064 nm; 90 J/cm? [22]
MDA-MB-231 cells
in vivo murine flank tumor; MWCNT (100 pg IT) 1064 nm; 90 J/cm? [84]
transformed human mammary
epithelial cells
in vitro; adherent EMTG6 cells SWCNT (3.5 pg/ml) 980 nm; 120 J/cm? [82]
in vitro; adherent EMT®6 cells SWCNT (50 pg/ml) 980 nm; 60-150 J/cm? [106]
in vivo murine flank tumor; 4T1 | SWCNT (70 pg 1V) 808 nm; 180 J/cm? [53]
cells
Breast (murine) in vivo murine flank tumor; 4T1 SWCNT (100 pg 1V) 808 nm; 300 J/cm? [69]
cells
in vivo murine flank tumor; SWCNT (20-25 pg IT) 980 nm; 300 J/cm? [73]
EMT6 cells
in vivo murine flank tumor; SWCNT (1 mg IT) 980 nm; 450 J/cm? [82]
EMT6 cells
in vitro; adherent Hela cells MWCNT (10 pg/ml) 1064 nm; 128 J/cm? [144]
Cervical (human)
in vitro; non-adherent HeLa cells | SWCNT (25 pg/ml) 808 nm; 168 J/cm? [27]
. . . in vitro; non-adherent Erlich MWCNT (100 pg/ml) 780-1400 nm; 315 J/cm2 [186]
Erlich ascites (murine) ascitic carcinoma cells
. in vitro; adherent CRL 1932 cells | Nitrogen-doped MWCNT 1064 nm; 720 J/cm? [52]
Kidney (human) (approx. 83 pg/ml)
in vitro; non-adherent RENCA MWCNT (100 pg/ml) 1064 nm; 135 J/cm? [28]
cells
L ] . 2
Kidney (murine) g;l\llsltro, non-adherent RENCA MWCNT (100 pg/ml) 1064 nm; 4590J/cm [98]
in vivo murine flank tumor; MWQCNT (100 pg IT) 1064 nm; 90 J/cm? [28]
RENCA cells
in vitro; adherent HepG2 or CRL | MWCNT (1-50 pg/ml) 808 nm; 7680 J/cm? [49]

Liver (human)

4020 cells
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Laser (wavelength; radiant

Skin (murine)

SCCVII squamous carcinoma
cells

Cancer Type Experimental model Material (effective dose) exposure) Reference

in vitro; adherent SK-BR-3 cells SWCNT (20 pg/ml) 1064 nm; 4 J/cm? [74]
in vitro; non-adherent Daudi SWCNT (90 pg/ml) 808 nm; 2100 J/cm? [94]

Lymph (human) Burkitt's lymphoma cells
in vivo murine flank tumor; KB SWCNT (12 ug IT) 808 nm; 684 J/cm? [60]

Mouth (human) epidermoid mouth carcinoma
cells

. in vitro; adherent stNB-V1 MWCNT (5-10 pg/ml) 808 nm; 3000 J/cm? [77]
Neuroend ocrine (human) neuroblastoma cells

Prostate (human) in vitro; non-adherent PC-3 cells MWCNT (100 pg/ml) 1064 nm; 4590J/cm? [98]
in vivo murine flank tumor; PC-3 | MWCNT (50 pg IT) 1064 nm; 175 J/cm? [63]
cells
in vivo murine flank tumor; SWCNT (60-100 pg IT) 785 nm; 120 J/cm? [59]

IT = intratumoral injection; IV = intravenous injection
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