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Abstract: The aim of this review is to introduce the reader to the potential clinical utility for the delivery of chemotherapy
in the context of nanoparticles. We will present traditional methods of hyperthermia and then focus on the clinical tech-
nique for using intraperitoneal hyperthermic chemoperfusion for the treatment of peritoneal surface dissemination of colo-
rectal cancer. Cellular mechanisms of hyperthermia as well as clinically effective chemotherapeutic agents are discussed.
In the past decade carbon and metal nanoparticles have been explored for their ability to induce hyperthermia; however,
many of these studies examine nanoparticles for tumor ablation at high temperatures. There are currently few studies that
evaluate mild hyperthermia (below 43°C) generated by nanoparticles to enhance the delivery of chemotherapeutic agents.
The fundamentals for generation of hyperthermia from carbon and metal nanoparticles is discussed as are the limitations
and benefits of specific nanoparticles with chemotherapeutic agents. This review will show that there is significant poten-
tial for the use of nanoparticles to induce hyperthermia and increase the delivery of chemotherapeutic agents for treatment

of colorectal cancer and other peritoneal disease.
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CLINICAL BACKGROUND

Cancer is the second leading cause of death in the United
States [1]. Current treatments include surgical removal,
chemotherapy, radiation, and ablation therapies. Statistics
from the International Agency for Research on Cancer cite
that 10.9 million cases of cancer are diagnosed every year,
with a 61.9% incidence of death [1]. Unfortunately, the more
underdeveloped regions of the world suffer mortality rates as
high as 77.9%, whereas societies with more economic re-
sources have mortality rates around 40% [2]. Approximately
150,000 cases of colorectal cancer are diagnosed in the
United States every year and approximately one third of the
patients will die from metastatic disease [3]. Refinements in
treatment regimes are made according to clinical response.
Although intravenous chemotherapy delivery is beneficial
for many tumor types, systemically delivered agents often do
not reach peritoneal metastases in high enough concentra-
tions to be very effective; therefore regional delivery is pre-
ferred for the treatment of peritoneal metastasis [4].

Traditional Methods for Use of Hyperthermia and Che-
motherapy

Clinical hyperthermia can be delivered to the whole
body, regionally (limbs) or locally (tissues) by methods such
as warming blankets, electrically resistive implants, micro-
waves, radio waves, perfusion of warm fluids, ultrasound,
infrared light, application of alternating magnetic fields to
ferrofluids, or stimulation carbon, metal, or metal oxide
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nanoparticles. For example, whole body hyperthermia, al-
though rarely used, can benefit patients who present with
widely disseminated diseases such as malignant melanoma
or sarcomas. Regional hyperthermia is often delivered to the
abdomen or limbs and can benefit patients with regional me-
tastasis of cervical, ovarian, bladder, prostate, lung, mesothe-
lioma, appendicial and colorectal cancers. Local hyperther-
mia is optimal for small tumors <3cm [4, 5]. One of the main
challenges of local and regional hyperthermia is develop-
ment of a homogeneous temperature distribution throughout
the tissue. A measure of the tissue distribution of hyperther-
mia is cumulative equivalent minutes (CEM). For example,
CEM 43°C T90 refers to the time for the temperature of
43°C to be reached in 90% of the target tissue [5]. Based on
plots of temperature-dependent cell survival, temperature
increases of 1°C over the threshold of 43°C leads to doubling
of cell death (Fig. 1) [5]. Hyperthermia can increase drug
transport across membranes and accelerate the damage of
proteins and DNA as well as generation of free oxygen radi-
cals [5,6]. Although it is most beneficial to deliver hyper-
thermia and chemotherapy simultaneously, delivery of some
chemotherapeutic agents prior to delivery of hyperthermia
allows for drug metabolism and cytotoxic effects to be en-
hanced with the onset of hyperthermia [5]. Hyperthermia
also offers some potential for overcoming drug resistance by
manipulating heat shock proteins HSP27, HSP70, and
HSP90, which are associated with drug resistance, particu-
larly platinum drugs [7].

Direct Effects of Hyperthermia on Cancer

Hyperthermia is a superior adjunct for drug delivery as it
aids in drug delivery by multiple mechanisms. Hyperthermia
leads to increased blood flow; thus higher concentrations of
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drugs will be localized to a tumor in the context of hyper-
thermia. On a cellular level, hyperthermia increases perme-
ability of cell membranes, thus allowing higher intracellular
concentrations of chemotherapy [6]. In addition, hyperther-
mia enhances DNA damage, and the mitochondrial machin-
ery will be more susceptible to disruption by drugs targeting
mitochondria.
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Fig. (1). Effect of various hyperthermic temperatures on colorectal
cancer cells. Temperatures above 42°C are the most effective for
cell killing. Reproduced from [8].

Temperatures above 45°C which produce irreversible cell
damage are referred to as thermal ablation techniques. Ther-
mal ablation treatments have a specific region of cell kill
bordered by regions suffering less intense hyperthermia
which may not be sufficient for cell kill and may instead
upregulate HSPs. The induction of HSPs around the area of
thermal ablation may lead to more aggressive tumor recur-
rence [8]. Monitoring upregulation of HSPs according to
hyperthermia and/or drug treatments can be used to evaluate
the most effective treatment parameters. For example, it is
expected that mild hyperthermia at 42°C, which is clinically
used for HIPEC therapies, will not increase HSP expression
compared to treatment at 37°C.

Synergistic Effects of Hyperthermia with Chemotherapy

Heated Intraperitoneal Chemotherapy (HIPEC) delivers
drugs at temperatures between 40-43°C, up to 3mm into the
peritoneal tissue to target micrometastic lesions of the peri-
toneal surfaces [9]. Delivery of certain chemotherapeutic
agents, including doxorubicin, melphalan, mitomycin C
(MMC), mitoxantrone, gemcitabine, etoposide, and the
platinum-based agents carboplatin, cisplatin and oxaliplatin
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can be potentiated with hyperthermia. Although survival
rates have dramatically improved using HIPEC in combina-
tion with surgical resection, the drawbacks to the procedure
include long operative times and large quantities of drug
perfusate (2L) [9].

Hyperthermia has been shown to influence apoptosis by a
well-understood signaling cascade. Upon ligation of a death
receptor by its naturally occurring ligand cells propagate
through the apoptotic cascade (Fig. 2). Cells undergoing
apoptosis sustain profound changes, including the develop-
ment of blebs on the cell membrane, volume contraction,
nuclear condensation (pyknosis), and activation of an endo-
nuclease that cleaves the DNA. Some of the genes associated
with apoptosis include bcl-2, p53, Bax, Bak, myc, and abl. In
addition, there are many growth factors that influence cell
death in both normal and neoplastic cells. Since apoptosis is
genetically controlled, defects in the control pathway or
overexpression of proteins that suppress apoptosis may con-
tribute to development of cancer. Cancer cells that are resis-
tant to conventional therapies often over-express anti-
apoptotic proteins such as bcl-2. Manipulating proapoptotic
proteins such as Bax or antiapoptotic proteins such as Bcl-2
are being explored as optional anti-cancer treatments. Hyper-
thermia in combination with other therapies results in the
induction of apoptosis via activation of caspase 8 (Type 1) or
disruption of mitochondrial function (Type 2) [10,11]. For
example, Tu et al. showed that caspase 2 and RAIDD are
key elements in hyperthermia-induced apoptosis and Pagliari
et al. showed that hyperthermia activates Bax and Bak, to
induce type 2 apoptosis via mitochondrial pathways [12].
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Fig. (2). Apoptotic cascade leading to cell death.

Hyperthermic ranges used with drugs are critical for
maximizing treatment effectiveness; appropriate ranges are
between 40-43°C [4,9]. Temperatures above 45°C result in
the coagulation of proteins and irreversible cell damage [6].

Heat shock proteins (HSP) are important protective
mechanisms that inhibit cell apoptosis pathways. Heat shock
proteins (HSP) are induced at hyperthermic temperatures,
especially above 45°C and HSPs can modify the induction of
cell death [6]. Elevated levels of HSP are found when cells
are subjected to elevated temperatures, drugs, UV irradia-
tion, glucose deprivation, cytoskeletal perturbation, hypoxia
or other stress [13-21]. Upregulation of HSPs protects cells
and makes them more resistant to chemotherapy, hyperther-
mia and radiation treatments [6]. HSP’s are classified ac-
cording to their molecular weights and help mediate cell
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damage by initiating mechanisms for repair of misfolded
proteins that have been damaged or they can inhibit caspase
activation and thus prevent apoptosis [18, 20-22]. HSPs 70,
90, and 27 can also promote cell survival mechanisms [13].
For example, HSP70 can suppress caspase- 8 activation
which in turn can suppress apoptosis [13]. There is also a
possible synergistic effect dietary flavonoids can exert on
heat shock proteins leading to a decrease in resistance to
chemotherapy of cancer cells. Flavonoids are pigments
found in many brightly-colored plants. The common dietary
flavonoid, quercetin has been shown to down-regulate the
expression of heat shock proteins, HSP90, HSP70, and
HSP27. The benefits have been shown in multiple types of
cancer including head and neck, colorectal, cervical and
prostate [23-27]. In addition, the pre-incubation of cervical
cancer cells with quercetin prior to treatment with cisplatin
activates caspase-3 as well as inhibits HSP72 [24]. There
may be a unique opportunity to further combine flavonoids
with hyperthermic chemoperfusion, either with or without
nanoparticles, for the treatment of cancer to aid in overcom-
ing drug or heat resistance by tumor cells.

Clinical Application of Hyperthermia- Intraperitoneal
Hyperthermic Chemotherapy

Dissemination of tumor micrometastasis often occurs
with intra-abdominal malignancies and is usually restricted
to the parietal and visceral peritoneum. Without treatment
peritoneal malignancies can progress to bowel obstruction
and/or to an overwhelming number of malignant ascites, as
shown in Fig. (3). The mechanism of intraperitoneal tumor
spread seems to follow three patterns. The first pattern is that
of direct extension, the second involves distribution of tumor
cells via peritoneal fluid, and the third is by surgical manipu-
lation/trauma. Exfoliated tumor cells are thought to become
entrapped in avascular scar tissue- and hence can become
resistant to intravenous chemotherapy [28-30]. Surgical cy-
toreduction alone or combined with radiation or systemic

Fig. (3). Massive peritoneal surface dissemination from a gastroin-
testinal primary tumor.
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chemotherapy are not often efficient treatments for perito-
neal surface disease. Our group has added HIPEC to tumor
debulking in an effort to improve survival in this group of
patients. A schematic of the perfusion set-up is shown in Fig.
(4). The main course of treatment is aggressive surgical cy-
toreduction as even the most ambitious perfusion strategies
penetrate but a few millimeters. Removal of bulk disease is
imperative so that only small tumor volumes and microme-
tastasis remain thus allowing adequate perfusion treatment.
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Fig. (4). Schematic clinically used of HIPEC circuit diagram.

Cyto-reductive surgery and HIPEC for patients with co-
lorectal cancer and its peritoneal disseminations results in
median survival time of 13-60 months, compared to surgical
resection and reduction alone (0.7 to 6 months) or systemic
chemotherapy (24 months) [31]. Long term survival for
HIPEC-treated patients with peritoneal surface malignancy is
about 25% with a median survival time of 22.3 months com-
pared to only 12.6 months for surgical resection and sys-
temic chemotherapy [32]. A peritoneal-plasma partition ex-
ists which limits the entry of systemic chemotherapy into the
peritoneum. Clinical data has shown that clearance is in-
versely proportional to the square root of its molecular
weight of the delivered agent [33-35]. Therefore, drugs with
high molecular weights have optimal pharmacokinetic pro-
files for intraperitoneal application. The pharmacokinetic
advantage of intraperitoneal perfusion can be expressed by
area under the curve (AUC) ratios of peritoneal fluid to
plasma as shown in Table 1 [36-42]. In our own phase I trial
of oxaliplatin for HIPEC, we saw a significant pharmacoki-
netic advantage to intraperitoneal delivery of oxaliplatin rela-
tive to systemic delivery, as shown in Table 2. Indications
for combined use of cytoreductive surgery and HIPEC in-
clude presentation of malignant disease confined to the pa-
rietal peritoneum that is completely resectable or can be sig-
nificantly reduced. In addition, patients must have normal
organ function defined as serum creatinine < 2mg/dL, alka-
line phosphatase and serum aspartate transaminase or alanine
transaminase < 3 times the upper limits, white blood cell
count > 4000/mm’, and platelet count >100,000/mm’ [4].
Lastly, patients must be medically fit enough to undergo the
rigors of cytoreductive surgery and HIPEC which can range
from 4-18 hours and averages 9 hours [4]. Peritoneal lesions
are best discovered preoperatively using computer tomogra-
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phy (CT) or magnetic resonance imaging (MRI), with MRI
being more sensitive for detecting low-volume disease with
84-100% confidence [4].

Table1. Molecular Weights and Peritoneal to Plasma Area
Under the Curve (AUC) for Drugs Commonly Used
for Intraperitoneal Chemotherapy. Reproduced
from [50]

Drug Molecular Weight AUC ratios of peritoneal
(Daltons) fluid to plasma
MMC 334 75:1 [38].
5FU 130 300:1 [39].
FUDR 246 2000:1 [40].
Doxorubicin 544 975:1 [37].
Cisplatin 300 20:1 [36].
Paclitaxel 808 1000:1 [41].
Oxaliplatin 397 14:1 [42].
Table2. Amount of Oxaliplatin in Fluid and Tissues Follow-

ing Standard HIPEC Treatment. Reproduced from
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HIPEC not only exposes tumor cells to chemotherapy,
but it may also overcome the drug resistance associated with
systemic delivery. Previous studies have shown that mild
hyperthermia enhances the anti-tumor effects of mitomycin
C, and cisplatin. Our own research further demonstrates that
hyperthermia sensitizes colorectal cancer cell lines to the
cytopathic affects of oxaliplatin [43]. HCT 116 colorectal
cancer cells at 37°C had a half maximal inhibitory concentra-
tion (ICsg) of 144 uM of oxaliplatin. There was a dramatic
hyperthermia-mediated sensitization to oxaliplatin with an
IC5¢ value of 57 uM at 40°C. An alternate cell line, RKO
colorectal cancer cells, were also sensitized by hyperthermia
with a reduction in the oxaliplatin ICsy values from 89 puM at
37°C to 59 uM at 40°C. (See Fig. 5) Hyperthermia increased
the cellular uptake of oxaliplatin in both HCT 116 and RKO
cell lines as determined by atomic absorption analysis. After
a 2 hour incubation in 300 uM of oxaliplatin at 37°C, the
intracellular concentration of platinum in HCT 116 cells was
837+16.2 ppb while that of RKO cells was 345.5+£16 parts
per billion (ppb). Hyperthermia at 42°C increased the intra-
cellular platinum concentration in HCT116 to 1016.4+18.3
ppb while hyperthermia at 40°C increased the intracellular
platinum concentration in RKO cells to 511.2+23.2 ppb. This
set of data clearly demonstrates the beneficial effects of hy-
perthermic chemotherapy.

NANOPARTICLES AND HYPERTHERMIA

The new era of hyperthermic medical treatments not only
includes the use of nanoparticles for delivery of hyperther-
mia for ablation of tissues, but it also includes evaluations of
effective delivery of chemotherapeutic agents to cancer cells.
Carbon nanotubes and nanohorns, gold nanoshells, solid
gold nanoparticles and iron oxide nanoparticles are all capa-
ble of producing hyperthermia. The premise for generation
of heat using incident radiation like infrared light is plasmon
resonance of the nanoparticles. Small dimension nanoparti-
cles have begun to be exploited in medicine to increase cir-
culation times and tumor targeting. Nano-sized particles
avoid immune system clearance and have the potential to
localize readily in tumor architectures via tumor vasculature.
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Fig. (5). Response of RKO and HCT 116 colorectal cancer cells to combined treatment of hyperthermia and oxaliplatin. Reproduced from

[55].
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The vascular supply of developing tumors has larger gaps
between endothelial cells than fully developed vasculature of
normal organ tissue, which makes tumors susceptible to
nanoparticle infiltration. The small size permits nanoparti-
cles to be transported through organs perhaps more easily
than larger molecule drugs. The fundamental concept of
nanoparticles’ enhanced permeability and retention (EPR) is
an important characteristic that can be exploited, for applica-
tions in oncology as well as in other areas of drug delivery
[44-47].

Properties of Nanoparticles Useful for Hyperthermia

Prior to the discovery of the fullerene in 1986 by Smal-
ley, Curl and Kroto graphite and diamond were the known
carbon allotropes [48]. Although pyrolitic, or glassy carbon
has been used in medical applications for coating implanted
devices, the use of carbon for drug delivery has only in the
past decade begun to be explored [49,50]. Fullerenes are
classified in two forms: the more spherically shaped mole-
cules are called fullerenes or bucky balls (Cg) and the more
tubular shaped molecules called carbon nanotubes. Some of
the original work on fullerenes in medicine was the explora-
tion of Cg for inducing free radical species upon stimulation
with light. This principle has evolved into the use of carbon
nanotubes for this purpose. However, the majority of litera-
ture employs Cgp and nanotubes for drug delivery and nano-
tubes for hyperthermia.

Carbon nanotubes with one sidewall are referred to as
single-walled tubes, whereas tubes with two or more side-
walls are referred to as double-walled, or multi-walled nano-
tubes (SWNT, DWNT, or MWNT). Single wall nanotubes
(SWNT) are about Inm in diameter, and hundreds of
nanometers long, whereas multi-walled nanotubes (MWNT)
have diameters up to about 20-30nm and lengths into the
multiple micron range. MWNT can also have diameters up
to hundreds of nanometers, if grown through templating
methods. This can often be exploited to aid in filling of the
nanotubes with therapeutic agents for loco-regional delivery
at a localized site. The small size of nanotubes confines the
electrons to the length of the nanotube rather than around the
circumference; this can alter the quantum mechanically al-
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lowed modes of the system [51]. When a metal catalyst is
used for growth, the ends of the nanotubes contain a metal
seed and are often capped; this can further add mass to the
tubes and influence thermal generation when the nanotube is
stimulated. Nanotubes doped with atoms such as nitrogen
and boron along the lattice sidewalls are being explored for
medicinal applications since they may have reduced toxicity
compared to undoped nanotubes [52-55]. Small- scale di-
mension affords the carbon nanotubes with special proper-
ties; Carbon Nanotubes not only have high electrical conduc-
tivity but they also high thermal conductivity, heat capacity,
excellent mechanical strength along the tube axis, and are
resilient to mechanical distortion [51,56-60]. The generation
of hyperthermia using nanotubes can depend upon how the
nanotubes are processed as defects and the length of the
tubes can influence their interactions with incident radiation
[61]. Cleaning by oxidative treatments can remove the caps
at the ends of the tubes so they could be filled with agents,
but this process also shortens the tubes depending upon the
time and strength of the oxidative treatment [62-66].

Depending on how the nanotube sidewall is rolled
(chirality) nanotubes can be classified as metallic or semi-
conducting which influences their electrical and thermal
properties [51]. Fig. (6a) shows the two dimensional graphite
lattice and the chiral vector, C=na;+ma,, which describes
how the nanotube rolls. Values in parenthesis are integral
values, denoted (n, m), and are the chiral coefficients that
can be used to describe the electronic structure of the nano-
tube. For example, m=n, armchair; m, n=0, zig-zag; m#n,
chiral (Fig. 6b), and whether the folded points will produce a
metallic or semi-conducting nanotube [67-69].

Transitions between the first and second van Hove singu-
larities (electronic transitions) permit carbon nanotubes to
absorb electromagnetic radiation, with peaks in absorption in
the infrared range, as shown in the absorption spectra in Fig.
(7) [61,70-73]. Nanotubes generate heat by absorbing inci-
dent light which induces phonon and plasmon resonances
along the tube length [74-76]. Both metallic and semi-
conducting nanotubes are able to absorb infrared radiation
strongly and in turn generate heat due to phonon resonance
[74]. Plasmon and phonon resonances are associated with
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nanotube geometry and can be observed in peaks in the ab-
sorption spectra from the nanotubes. Absorption is depend-
ent more on the length of the nanotube than the diameter;
therefore the length of the nanotubes can be modified by
oxidative treatments to efficiently couple to a specific fre-
quency of light [74]. Based on antenna theory, the length of
the nanotube predicts the wavelength the nanotube will most
specifically absorb. Nanotube absorption will be most effi-
cient when the nanotube length is a multiple of half the
wavelength of the incident light [77-80]. The spectral region
where water, and hemoglobin exhibit absorption minima is
between 700-900nm and near 1100nm (see Fig. 8) [81,82].
Cosmetic procedures such as dermal resurfacing often use
1064nm (Nd:YAGQG) lasers. For the clinically relevant lasers
operating at 800nm and 1064nm, maximum absorption
should occur for nanotubes longer than 400nm or 532nm.
Furthermore, MWNT might be more efficient than SWNT
due to their additional mass and interaction of nanotube
sidewall resonance, which aid in heat transfer from nano-
tubes [83,84].
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Fig. (7). Carbon nanotubes have an absorption peak between 1000
and 1500nm as defined by line a in this figure. A decrease in ab-
sorption is seen in lines b and ¢ due to wrapping of polysaccharides
around the tubes for water solubilization. Reproduced from [84].

Tight bundles of nanotubes termed 'manobombs' have
been shown to generate powerful microscopic explosions
when excited by infrared radiation [85,86]. The ‘bomb’ ef-
fect occurs due to the rapid heating of the nanotube bundles,
and the air trapped within the bundle. The air heats rapidly
and expands, causing the burst of heat and cavitation. The
miniscule explosions may be beneficial for eradication of
tumor cells, but the effect can also result in the regional
spread of cells from the primary tumor mass, leading to in
transit metastasis. Although it is unknown how much heat is
generated at the surface of nanotubes, previous studies have
used both SWNT and MWNT to rapidly heat above 45°C,
leading to thermal ablation and cell death, as shown in Fig.
(9) [62,63]. As shown in Fig. (10), both SWNT and MWNT
generate significant increases in the temperature of a bulk
solution when stimulated by 1064nm light. However,
MWNT are more efficient generators of hyperthermia as
lower concentrations of MWNT generate significantly more
heat than SWNT.
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Fig. (10). Well- dispersed MWNT generate a greater temperature
than well-dispersed SWNT for all concentrations up to 2 mg/ml.
Reproduced from [100].

Benefits and Limitations

Many cancer types express specific markers on their cell
surface that can be used for targeting nanoparticles to cancer
cells. For example, many cancers, express more folic acid
receptors on their surfaces than normal cells do. So, nano-
tubes with functionalized sidewalls that display folic acid
will bind to the folic acid receptors on cancer cell mem-
branes. See Fig. (11) [63]. As a future challenge, the nano-
tubes with functional groups attached to their sidewalls can
lose their functional molecules due breakage of the bonds
during hyperthermia. This is expected to be more problem-
atic for higher ablation temperatures and less so for mild
hyperthermia that should be used to enhance drug delivery.

Although infrared radiation has the potential to excite
nanotubes and hence generate heat, it can only pass through
less than 2cm of tissue for 1064nm light. However, for der-
mal applications or malignancies that can be accessed using
endoscopy or during open surgical technique, light stimula-
tion of nanotubes is very promising.

An alternative to inducing hyperthermia via infrared in-
timidation of carbon nanotubes is the use of radiofrequency.
The treatment of radiofrequency ablation is commonly em-
ployed for kidney, bone, liver, and pancreatic cancers. Gen-
eration of hyperthermia using SWNT coupled with radiofre-
quency was attributed to the electrical resistance in nano-
tubes with high aspect ratios [87]. A recent report used
SWNT in an applied radiofrequency field for thermal abla-
tion of hepatic and pancreatic tumors. SWNT generated hy-
perthermic temperatures rapidly via stimulation with radiof-
requency at 13 MHz, 600W for two minutes. The authors
noted substantial cell death in the in vitro study and signifi-
cant reduction in tumor volumes in the in vivo studies [87].
Results of the study further indicate the importance of the
length of nanotubes has upon interaction with the incident
electromagnetic field to generate heat. Hyperthermia gener-
ated using SWNT with RF is shown in Fig. (12). However,
the radio frequency experiments in the literature used a high
quantity of SWNT, 500mg/ml, in in vivo experiments,
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whereas other authors, Torti ef al., Levi-Polyachenko et al.,
and Burke ef al., used 100mg/ml MWNT, and Kam ef al.,
used 5Smg/ml folic acid ligand targeted SWNT to achieve
sufficient heating [62, 63, 88, 89]. Thus, although the use of
radiofrequency to generate hyperthermia from SWNT is pos-
sible, for clinical use it would be optimal to reduce the quan-
tity of nanotubes towards the lower doses used with other
nanotube hyperthermia treatments.

a o

O - -
\/\/\/\/\/\/\/\/\Ir 0_/( ! N C'(O CH CH)—N H-R
'
Phospholipid (PL) PEG Ligand

R = folic acid (FA) or fluorescent tag (FITC)
~* = PL.PEG-FA

D e e
S
o~ Y SR SN Y hv
FR+ Q Normal
> el e\’ cell %

Fig. (11). Folic acid can be conjugated onto nanotubes fluorescently
labeled nanotubes to target cells expressing folic acid receptors
(a,b,c). Nanotubes conjugated with folic acid display a fluorescent
signature indicating that nanotubes are internalized by cells ex-
pressing folic acid receptors (d). Without the folic acid conjugate,
there is very little distribution of nanotubes within the cells as at-
tributed by the lack of fluorescent signature in (e). Reproduced
from [74].

Although SWNT and MWNT are potentially very useful
for inducing hyperthermia there may be some toxicity issues
that need to be overcome prior to their clinical use. High
aspect ratio nanoparticles, such as nanotubes, may be diffi-
cult for clearance by the immune system. The biopersistence
of nanotubes will most likely depend upon the length. Pro-
vided that the appropriate aspect ratio for macrophage and
neutrophil phagocytosis is chosen, this toxicity could be
avoided. Biopersistence can also lead to fibrosis in the areas
of nanotube deposition. This is an unknown avenue that
needs to be explored, since there is currently no information
on clearance of nanotubes prior to localized thermal treat-
ments of tumors. A final point that must be addressed is ag-
gregation of the nanotubes in vivo. Although nanotubes can
be readily functionalized to minimize aggregation, once hy-
perthermia is induced, the nanotubes can lose their func-



Clinical Relevance of Nanoparticle Induced Hyperthermia

tional molecules due to bond breakage from the heat. There-
fore, the tubes could aggregate and potentially cause un-
wanted micro-thromboses and a failure of immune system
clearance.
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Fig. (12). Hyperthermia generated by SWNT in aqueous suspension
stimulated with radiofrequency (600W). Black circles indicate no
SWNT, red triangles indicate SWNT at a concentration of 50mg/L,
and green squares indicate SWNT at a concentration of 250mg/L.
[98].

Interestingly the amount of energy required to induce
hyperthermia is dependent on the location of the nanoparticle
in the cell. Recent work by Tong ef al. found this. Ten times
less laser energy is needed to cause hyperthermia when the
nanoparticles reside in the cell membrane compared to
within the cytoplasm [90]. Their results indicate that hyper-
thermia using nanoparticles might be most effective for
modifying cell membranes to facilitate drug transport.

Potential for Clinical Applications

One of the most important uses for nanotube induced
hyperthermia is to facilitate heat generation near cell mem-
branes to enhance membrane permeability and enhance drug
uptake. This has been explored using a comparison of colo-
rectal cancer cells treated with standard HIPEC therapy or
nanotube induced hyperthermia using oxaliplatin. As shown
by Levi-Polyachenko ef al., Figs. (13 and 14), MWNT can
be used to generate rapid hyperthermia to 42°C and can in-
crease cellular uptake of oxaliplatin by colorectal cancer
cells leading to a reduction in cell population similar to the
standard two hour hyperthermia treatment at 42°C [89]. La-
ser stimulation without MWNT had similar results to control
cells treated at 37°C.

In addition to delivering hyperthermia with chemothera-
peutic agents, nanoparticles are routinely explored as drug
delivery vehicles of chemotherapeutic agents directly to cells
and tissues without hyperthermia. For example, Liu et al.,
delivered paclitaxel to breast cancer tumors in mice by at-
taching it to SWNT [91]. The results indicated a ten fold
higher increase of the drug labeled SWNT into the tumors
compared to delivery of the drug, alone due to longer in vivo
circulation times and higher water solubility of the paclitaxel
SWNT complex [92]. This resulted in a significant decrease
in tumor volumes as shown in Fig. (15). In an additional
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Fig. (13). HCT 116 (a) and RKO (b) colorectal cancer cell lines
response to nanotubes (NT), laser application and oxaliplatin (Ox).
Reproduced from [99].

study Zhang et al., used the polymers alginate or chitosan to
attach doxorubicin to SWNT for release at low pH such as
that which occurs in lysosomes [93]. An additional func-
tional group using folic acid aided in targeting the SWNT to
the folic acid receptor expressing HeLa cervical cancer cells.
Although there is some difficulty with complete drug release
(about 50% using chitosan and approximately 30% using
alginate or no polymer), this represents an alternate potential
mechanism for delivery of chemotherapeutic agents using
nanoparticles. DNA can also be attached and delivered using
SWNT. Subsequent stimulation with infrared light can result
in the release of the DNA from the tube. Nanoparticles of
gold and carbon can also be imaged in vivo by labeling them
with radioisotopes for positron emission tomography, mag-
netic materials for magnetic resonance imaging or imaging
ultrasound due to the difference between density of nanopar-
ticles compared to the density of the surrounding tissues.

Magnetic nanoparticles such as iron oxide are routinely
employed to generate hyperthermia in vivo. For example,
Purushotham et al. used iron oxide nanoparticles to generate
hyperthermia, as shown in Fig. (16). A novel aspect of their
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duced from [101].

work was that they functionalized the magnetic nanoparticles
in order to generate hyperthermia and subsequent release of

Levi-Polyachenko and Stewart

the chemotherapeutic agent, doxorubicin from a polymer
coating on the nanoparticles [94].
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Fig. (16). Heating curves of Fe;0,4 nanoparticles in an alternating
magnetic field with field strength of 4kA/m at a frequency of
375kHz and a concentration of 2mg/ml. MNP is magnetic nanopar-
ticle, CNP is a MNP coated with a polymer shells, and Dox-CNP is
a CNP with doxorubicin attached to the polymer. Reproduced from
[103].

The mobility of electrons is dependent upon the size and
shape of a given nanoparticle. For example, noble metal
nanoparticles can essentially trap incident photons which, in
turn, set up surface plasmon resonance (SPR) that can be
tuned to the incoming wavelength by modifying the mor-
phology of the nanoparticle. For solid metal nanoparticles,
spherical shapes set up an SPR along the transverse direction
of polarized light. The same transverse band (near the blue
region of the spectrum) is also seen for gold nanorods when
the incident light interacts with the long axis of the rod.
When light interacts with the long axis of nanorods the lon-
gitudinal band closer to the infrared can be observed and is
quite strong. Higher aspect ratios further red shift the longi-
tudinal band of the absorption of the nanoparticles, thus
making long narrow rods of metal quite suitable for infrared
light absorption, and hence hyperthermia. (See Fig. 17) The
dielectric constant is a measure of electric polarizability of a
material. Changes to the dielectric constant surrounding a
nanoparticle can shift result in the SPR that are proportional
to the changes in the refractive index of the surrounding me-
dia. An example would be a shift in the SPR of gold nano-
rods dispersed in a saline solution as compared to gold nano-
rods dispersed in pure water. In addition, the SPR shifts line-
arly with increasing aspect ratios. Another important compo-
nent of the SPR of nanoparticles that can generate hyper-
thermia is the breadth of the linewidth since linewidth is in-
versely proportional to the lifetime of the plasmon and nar-
row linewidths are sensitive to changes in the dielectric con-
stant of the surrounding media [95].

Specifically for a suspension of gold nanoparticles, the
change in temperature due to photoexcitation can be ap-

1,(1-107%)

proximated by AT o<
olAu]C ¢

where AT is change in
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Fig. (17). The longitudinal and transverse SPR peaks of spherical and rod-shaped nanoparticles. Reproduced from [105].

temperature, [, is laser intensity, o is laser spot size, A, is the
absorbance of the sample, [Au] is the concentration of gold,

C, is the heat capacity of the solution, and ¢ is the optical
path length of the solution. The efficiency of heat transduc-
tion of the suspended nanoparticles may be calculated by

— hA(Tmax - Tamb )Qo
! 11-107")

cient which can be measured, Q, is the heat flux of the sam-
ple without nanoparticles, A is the surface area of the sam-
ple, I is the laser intensity, Ty, and Tuyp are the maximum
and ambient temperatures of the solution before and after
laser application, and A, is the absorbance of the sample
[96]. Although described for gold nanoparticles, similar
thermodynamic relations hold for carbon nanotubes and
other hyperthermia inducing nanoparticle suspensions.

where h is the heat transfer coeffi-

Plasmon-resonance of metal nanoparticles can generate
heat by tuning the absorption to an infrared wavelength,
where body tissues are transparent to the infrared, we could
use. There have been developments in hyperthermia treat-
ments for ablation and drug delivery, mainly using gold
nanoshells. Although silver and gold have been used in
medicine for millennia, their efficiency has been hindered
because they are commonly applied as an ionic salts or
spherically-shaped nanoparticles. There are published studies
to indicate that not only the size and chemistry, but also the
shape of nanoparticles can have profound effects on cell in-
teractions [97-103]. Silver and gold nanoparticles can be
grown and the shapes modified from spherical to triangular
and hexagonal, hence developing nanoparticles that strongly
absorb infrared light. These particles differ from gold and
silver nanoshells where a dielectric core material is coated by
a thin layer of the metals. For both nanoshells and metal
nanoparticles the same physical principle of surface plasmon

resonance is employed to generate an energetic state in the
metal and release of the energy as heat away from the parti-
cle and into the surrounding media. For nanoshells, the
thickness of the metal layer allows tunability of the plasmon
resonance in the infrared, whereas for the solid metal
nanoparticles, the plasmon resonance is tuned by transform-
ing the shape and size of the particles. Fig. (18) shows the
color-variations of the stepwise process for making metal
particles that absorb infrared light.

Fig. (18). Color variations of stepwise solutions for producing sil-
ver nanoparticles that absorb at 1064nm. To the left, particles ab-

sorb shorter wavelengths and to the right, particles that absorb
longer wavelengths.

Typically spherical 'seed' particles of silver absorb
around 400nm and spherical 'seed' particles of gold around
520nm. In order to shift absorption into the infrared, the par-
ticles must be grown to a larger size (starting seeds are 10nm
or smaller) and the shape must be modified. The transverse
SPR is independent of the aspect ratio of the nanoparticles
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Fig. (19). Red-shifting of the SPR peak of gold nanoshells depend-
ent upon the thickness of the gold shell layer. Reproduced from
[56].

and is similar to the SR of the spherical particles, whereas
the longitudinal component is dependent upon the anisotropy
of the nanoparticles (in the case of nanorods, the longitudinal
SPR depends on the aspect ratio). On a plot of optical ab-
sorption the transverse SPR peak is closer to the violet
(shorter wavelengths) and the longitudinal SPR peak is
shifted into the infrared (longer wavelengths) as particle size
and anisotropy increases. In addition the longitudinal SPR
peak broadens as well as red-shifts because of other particles
with different aspect ratios. Nanorods have been used for
medical applications in order to induce hyperthermia. Al-
though nanorods have a substantial longitudinal SPR peak, it
is preferred to increase the intensity of the longitudinal SPR
peak while decreasing the transverse SPR peak to better op-
timize metal nanoparticles for IR absorption.

Nanoparticle absorption coefficient is a fundamental pa-
rameter for photothermal efficiency. For example, gold
nanoparticles have a much higher molar absorption coeffi-
cient (1.4E9 M'em™) compared to carbon nanotubes (6.2E6
M'em™) [104]. Kim et al., therefore opted to coat carbon
nanotubes with a thin shell of gold in order to increase ab-
sorption and also aid in biodispersion of the nanoparticles

Levi-Polyachenko and Stewart

[104]. They found a significant increase in the longitudinal
and transverse peaks due to the diameter of the nanotubes
with the gold shell, as seen in Fig. (19). Wu ef al. used gold
nanoshells imbedded in liposomes as a proof of principle for
a dye release upon infrared stimulation of the lipososme.
They found that macroscale hyperthermia does not seem to
be the mechanism of liposomal membrane collapse, but
rather it is the formation and collapse of microbubbles due to
temperature gradients around the nanoparticles. An impor-
tant finding is that the application of a pulsed (130fs dura-
tion, 1kHz) laser stimulates the thermal gradients leading to
microbubble collapse. On the other hand, the application of
continuous wave energy sets up thermal equilibrium with the
gold nanoparticles and the surrounding membrane thus in-
hibiting microbubble formation [105]. Table 3 compares the
generation of hyperthermia for some nanoparticle types and
relates them to the method of stimulation to induce hyper-
thermia.

CONCLUSIONS

One of the major challenges of clinically relevant HIPEC
is to better localize chemotherapeutic agents, but this could
potentially be overcome by the use of nanoparticles to local-
ize hyperthermia to diseased tissue. Chemical functionaliza-
tion can aid in localizing nanoparticles and mechanisms for
stimulating the nanoparticles to induce hyperthermia include
clinically used infrared light, radiofrequency and alternating
magnetic fields. The three main types of nanoparticles cur-
rently being explored include carbon nanotubes, metal and
magnetic nanoparticles. The mechanism of stimulation for
hyperthermia in conjunction with the chosen nanoparticle
affects the efficiency of hyperthermia. Currently SWNT are
more efficient than gold nanoshells when stimulated by in-
frared light, but SWNT stimulated by radiofrequency offers
a much higher temperature increase. Many studies using
nanoparticles for hyperthermia are exploring high tempera-
ture ablation, but the same nanoparticles and mechanisms
can also be very beneficial to generate mild hyperthermia for
delivery of chemotherapeutic agents. Thermal ablation using
the principle of the nanobomb to generate rapid temperature
increases and possible cavitation of the tumor mass must be
carefully evaluated. Although the thermal mechanisms are

Table3. Comparison of Different Types of Nanoparticles and the Heat they can Generate Dependent Upon the Method of Stimula-
tion and Concentration
Method of Hyperthermia Concen-tration Temperature Increase
Nanoparticle type Generation (mg/L) (deg. C/s) Author
Mag. Field
Fe304 375kHz, 4kA/m 1000 0.053 Purushotham, ef al.
Radiofrequency
CoMoCAT SWNT 13.56MHz, 600W 500 8 Gannon, ef al.
Infrared light
SWNT 808nm, 1.4W/cm2 0.375 Kam, et al.
Infrared light
MWNT 1064nm, 3.84W/cm2 100 0.625 Levi-Polyachenko, et al.
Infrared light
Au Nanoshells 800nm, 4W/cm2 2.4E11 shells/ml 0.278 O'Neal, et al.
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beneficial, disruption of the tumor architecture may not be
optimal as this could lead to dissemination of tumors. There-
fore, the use of milder temperatures along with a chemother-
apy may be very advantageous for controlling metastatic
disease. In the future, it is envisioned that functionalized
nanoparticles might be used to target peritoneal disease and
that localized hyperthermia could be generated in either an
open or closed abdominal procedure. The cellular mecha-
nisms including increased permeability of the cell membrane
will allow for maximum drug uptake by tumor cells dissemi-
nated from colorectal cancer. The clinical use of nanoparti-
cles might be limited by several regulatory issues. Although
it appears as though metal nanoparticles are deemed safe,
there is some conflicting toxicological data on whether car-
bon nanotubes elicit a toxic response. The use of metal
coated nanotubes should be explored to better enhance the
effectiveness metal nanoparticles to induce hyperthermia,
Once the regulatory use issues can be overcome, we expect
the mechanism of using mild hyperthermia to enhance drug
uptake for peritoneal malignancies to rapidly expand into
clinical practice, through testing in clinical trials of HIPEC
using nanoparticles.
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