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Abstract: Acquired radiation resistance is one of the major causes of radio therapy failure and subsequent

tumor relapse. Multiple approaches have been utilized to limit the radiation resistance while simultaneously

enhancing the efficacy and safety of radiation therapy. The three major approaches for the improvement

of radiation therapy have involved (I) ehancing radiosensitization of tumor tissue; (II) rversing of radiation

resistance in tumor tissue; and (III) ehancing radioresistance of the healthy tissue. Nanoparticles have played

a key role in the enhancement of the radiation therapy by acting both as a therapeutic as well as a carrier

for other therapeutics. In this review we summarize the research being carried out using different species of

nanoparticles for enhanced radiosensitization in cancer.
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Introduction

A major reason for the absence of cure and subsequent
tumor relapse is the development of resistance to the
therapeutic modality. Radiation therapy along with surgery
and chemotherapy are the major therapeutic strategies for
cancer treatment. It involves the delivery of high intensity
ionizing radiations with high accuracy to the tumor tissue
resulting in the death of tumor cells. Radiation therapy has
its disadvantages including the possibility of injury to the
surrounding normal tissue. Another disadvantage is that
some tumor cells are farther away from the site of radiation
and hence might receive a lower intensity of the radiation
beam. Moreover, the cells can develop resistance to the
radiation. Usually the sensitivity of the mitotically active
tumor cells is only slightly higher than that of surrounding
healthy tissue. Hence the minimum dose of radiation that is
sufficient to kill tumor tissue may only injure but not kill the
normal tissue. However, due to development of resistance
of tumor cells to the dosed radiation results in requirement
of elevated doses which eventually leads to death of the
healthy tissue.
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High-energy ionizing radiations such as gamma rays or
X-rays are mainly used to ionize cellular components and/or
water. Particulate radiations such as alpha or beta particles
or electron, proton or neutron beams are also used in certain
specific cases to target the cancer tissue (1,2). Since water
is a major component of the cells it is the major target of
these ionizing radiations which result in radiation mediated
lysis of the molecule. Unlike a chemical lysis, this radiolysis
results in the generation of not only charged species but also
free radicals such as hydrogen radical H', hydroxyl radical
OH’, Superoxides O, and charged water species such as
H,O", and H,O". DNA is the primary target of the ionizing
radiations themselves along with the radicals though many
other cellular components are also damaged (3). Interaction
of free radicals with the membrane structures also causes
structural damages resulting in induction of apoptosis. The
hydroxyl ion has been reported in multiple studies to be a
major source of cellular damage and it is known to induce
lipid peroxidation. The interaction with lipid bilayers have
also been shown make the cells highly permeable.

Though great advances have been made in the field of
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Figure 1 Summary of various approaches for enhancing the radiosensitization in cancer cells

radiation oncology resulting in better focusing and more
regulated dosing of the ionizing radiation, some major
issues with the therapy still remain. Radiation resistance
as well as the inherent flaws of the therapeutic system still
makes it a balancing act between its therapeutic advantages
and physiological disadvantages. Multiple approaches
have been used to enhance its efficacy while reducing the
toxicity. The three major approaches that will be discussed
in this mini review will be (I) ehancing radiosensitization of
tumor tissue; (II) reversal of radiation resistance in tumor
tissue; and (III) enhancing radioresistance of the healthy
tissue. Approaches used for radiosensitization have been
summarized in Figure 1.

Enhancing the efficacy of radiation therapy by
radiosensitizers

Radiation sensitization is a process of enhancing the
susceptibility of tumor tissues to injury by radiation
exposure. Hence, rediosensitizers are therapeutic
or otherwise inert agents that enhance the effects of
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radiation therapy. Over the last few years there has been a
considerable increase in interest in the use of formulations
to enhance radiotherapeutic effects, especially using metal
(mainly gold) based nanoparticles (4). The densely packed
metal particles can selectively scatter and/or absorb the
high energy gamma/X-ray radiations. This allows for better
targeting of cellular components within the tumor tissues
allowing for more localized and consolidated damage.
These also provide enriched interaction cross-section with
the photons from these radiations (5,6). The photoelectron
scattering upon the exposure of the surface of the metals to
the gamma irradiation is also proposed to be mechanism for
enhanced activity. A combination of all these phenomenon
results in reduction is the therapeutic radiation dose further
limiting the damage to the healthy tissue. The use of
nanomaterial radiosensitizers is also called as Nanoparticle
Enhanced X-ray Therapy or NEXT (7).

The earliest studies demonstrating enhanced radiation
damage of the chromosomal DNA occurred in the mid-
1970s when patients undergoing iodine angiography
showed enhanced lymphocyte toxicity (8). In vitro studies

www.theter.org Transl Cancer Res 2013;2(4):330-342



332

Fluorescent Emission

Compton scattering

Auger electron

Incoming
X-rays
Pair production
(positron + electron)

Rayleigh scattering

Figure 2 Interaction of X-rays with high-Z material nanoparticles

conducted during the same period also showed similar
enhancements in cytotoxic effects of radiation in presence of
Iodine (9). This resulted in the development of the concept
in which high-Z material when incorporated into cells
results in higher efficiency for radiation mediated cellular
damage. In separate studies it was demonstrated that cells
grown on gold film showed a multifold and significant
dose enhancement effect upon irradiation. In other studies,
tumor tissues injected with ~3 pm sized gold nanoparticles
showed much reduced growth post irradiation. The
problem with these particles was the lack of diffusion in
the cancer tissue due to their large size. Thus based on the
same principles smaller sized gold nanoparticles have been
extensively optimized and utilized in various cancers.

Principles of radiosensitization by metal-based
formulations

When X-rays hit a metal, there are multiple possibilities of
eventual outcome. Among the several emissions that occur,
the most relevant to cancer radiotherapy are scattered
X-rays/photons, photoelectrons, Compton electrons,
Auger electrons and fluorescence photons. The incoming
radiation wave imparts its energy to an electron within
the atom ejecting it from its orbital with a kinetic energy
equivalent of the energy of the wave minus the binding
energy of the electron. This kinetic energy of the outgoing
electron radiation is what decides the range of the electron
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within the tissue. This photoelectric effect is decided by
(Z/E)’ where E is the energy of the incoming photon and
Z is the atomic number of the molecule being targeted.
The Auger electrons or fluorescent photons are produced
when the ejected electrons are replaced with electrons
dropping from the higher orbits and energy is released.
The fluorescent photons are low energy but have higher
coverage range. The Auger electrons have much shorter
range of coverage but can generate much higher ionization
density at a localized area. Gold being a high-Z material
(Z=79) and very inert to tissue interactions is ideal for
photosensitization reactions. The interaction of X-rays with
high-Z nanoparticles and the resultant outcomes have been
summarized in Figure 2.

Properties of gold nanoparticles

The advantages of gold nanoparticles that make it an ideal
material for photosensitization among high Z particles are
the following (10):

* Gold being very inert, it is highly biocompatible;

® The gold nanoparticles enhance the effect of the
radiation over a large area of tumor thus eliminating
the need of the nanoparticles to be delivered to all the
cells of the tumor tissue;

* Nanoparticles are known to have low systemic
clearance as compared to low molecular contrast
agents such as iodine allowing the photosensitizing
material enough time to get absorbed into the tumor
tissue;

* Nanoparticles are known to be well absorbed into
systemic circulations, better permeation into the
tumor tissue. This along with lower clearance rate
results in the enhanced permeation and retention
(EPR) effect;

* By attaching targeting moieties such as antibodies,
large number of the gold atoms can be specifically
delivered to the tumor tissue as compared to using
solutions of iodine. A nanoparticle of 10-15 nm in
size contains 50-75 thousand atoms within it resulting
in a much higher efficiency of delivery;

* The gold nanoparticles can be varied in size or
shapes (such as spheres cube, rods, cones or other 3D
structures) based on the delivery requirements of the
tumor tissue (such as its size and location) so as to
achieve optimum delivery and effect;

e It is much easier to perform overall and tissue specific
pharmacokinetic studies with the gold nanoparticles
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as they are easy to image and quantify. Thus the dose
levels can be optimized for best results.

Along with these advantages, there are certain
disadvantages associated with the use of gold nanoparticles
such as the high cost of material and formulation. Though
the EPR effect has its own advantages, the long circulating
half-life may not be beneficial when considered at a
whole body level. Though as such gold is supposed to be
inert, more detailed toxicological profile still needs to be
generated. Surface coating using polymeric material has led
to better regulation of the pharmacokinetic and targeting
properties of the gold nanoparticles (11). The gold
nanoparticle itself provides large number of ligand binding
sites. The number of binding sites is directly proportional
to the size of the nanoparticle. The advantage of these
ligand-binding sites is that the chemistry for the attachment
is relatively easy, and the surface properties allow for the
binding of multiple different types of ligands to the same
nanoparticle. Due to the cost associated with the therapy
using gold, just modifying the size of the nanoparticles itself
to adjust the pharmacokinetic properties of the formulation
may not be the best approach. The use of polymeric
coating may be a better approach to play around with the
size of the formulation. Also the possibility of attaching
multiple different ligands allows for the attachment of
polymeric materials such as PEG along with other targeting
moieties. PEG has been shown in multiple studies to
reduce the uptake of nanoparticulate formulations by
reticuloendothelial system (12). This allows for prolonged
retention of the gold nanoparticles within the circulatory
system. As previously mentioned, the efficacy of the metal-
based formulation depends upon the energy of the radiation
along with the type, amount and location of material within
the tissue. Better targeting and pharmacokinetic profile of
the nanoparticles will generate much more efficient therapy
with reduced adverse effects to surrounding healthy tissue.

Therapeutic uses of gold nanoparticles in radiosensitization

Zheng and colleagues did a proof of principal study for the
enhanced radiosensitization effects of gold nanoparticles
on DNA damage induced by high energy electrons (13).
They used plasmid DNA and bombarded them with
60 keV electrons either alone or in the presence of
gold nanoparticles at a ratio of 1:1 or 1:2 DNA to gold
nanoparticle. This increased the number of double
stranded breaks by a magnitude of about 2.5 fold. The
studies suggested that the enhanced effects were due to
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the production of low energy electrons from the gold
particles and that the effects were directly proportional to
the number of particles in the proximity of the DNA. Based
on similar concepts, one of the first systemic optimization
studies was performed by Brun and colleagues, where they
further studied parameters such as size (8-92 nm) and molar
ratio of the nanoparticles along with the energy of the
incident X-rays (14.8-70 keV) (14). In these studies, the best
results were achieved when using gold nanoparticles of large
size, at high molar concentration and with 50-keV photons.
This combination resulted in a 6-fold improvement relative
to controls.

Additional optimization studies by Lechtman and group
also had very interesting outcomes (15). Based on the results
of their studies, they concluded that when using photon
energies below the k-edge, auger cascade is dominant and
hence small sized nanoparticles need to be located in close
proximity of the eventual target sites within the cellular
compartments. However, the use of photon sources above
the k-edge requires a higher gold concentration in the
tumor region but in these cases the size and localization
of the nanoparticles is not a significant factor (15). The
authors recently also generated a Monte Carlo-based model
for prediction of gold nanoparticle radiosensitization, which
takes into account the detailed energy deposition at the
nanoscale. The claims by these authors though have been
disputed by McMahon et 4. stating there may be a potential
disparity between the theoretical predictions and actual
clinical outcomes (16).

The role of size in deciding the eventual sensitization
outcome of nanoparticles depends of the balancing act
between the effect of size on uptake as well as effect of size
on photon production and range. Therefore, increasing
the uptake of particles into cells, with larger diameter of
the particles may have the most optimal outcome. The
use of gold nanoparticles as radiosensitizing agents for
low dose rate gamma radiation therapy such as with I-125
brachytherapy seeds has also been recently shown by Ngwa
and colleagues (17). They found a 70-130% increase in the
therapeutic efficacy in the presence of the nanoparticles.
Most of the toxicological responses are due to the gold
accumulation and liver toxicity. With the increased interests
in the use of gold nanoparticles in cancer therapy, more
sensitive detection methods have been developed allowing
for more accurate dosimetry (18).

To study the effects of gold nanoparticles in combination
with radiotherapy in specified cancers Joh ez 4/. studied the
effect of gold nanoparticles in sensitizing glioblastoma cells
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and tumors to radiation therapy (19). They found that the
gold nanoparticles not only enhanced the radiation effects i
vitro but also showed significantly higher brain endothelial
cell death. The treatment increased the survival rate in mice
with orthotopic glioblastoma multiforme tumors. Separate
studies by Bobyk and group on mice models of glioma
showed a similar increase in efficacy and improved survival
rate with gold nanoparticles on 1.9 nm size in combination
with low energy radiation therapy (20).

To determine whether gold nanoparticles have
higher activity, Xiao et #/. coated them with thiolated
undecane [S-C(11)H(23)], or with dithiolated
diethylenetriaminepentaacetic (DTDTPA) or gadolinium
(Gd) DTDTPA chelating agents. The studies using these
coated nanoparticles showed attenuated effects as compared
to the naked nanoparticles (21). These studies suggested
that coatings may considerably diminish the short-range
low-energy electrons emitted from gold, leading to a
considerable decrease of radiosensitization. However,
independent studies conducted by multiple groups
using PEG coated gold nanoparticles showed increased
therapeutic efficacy of the formulation for radiosensitization
(22-24). Various sized nanoparticles have been studied
and in each case a concentration dependent increase in
efficiency of killing the cancer cells was observed. This
increased efficacy was attributed to the EPR benefits
of the PEG coating rather than its effects on energy
redistribution. Studies in fields other than radiotherapy
suggest there may be potential interference of PEG with
the photon production by the gold particles. In addition,
studies carried out to determine the toxicological effects of
PEG coated gold nanoparticles in healthy tissue suggest
that there is no enhanced toxicity associated with these
coated nanoparticles (25) though these effects may be size
dependent (26,27) or concentration dependent (10) or vary
based on the administration route (28).

Combination of the gold nanoparticles with other
radiosensitizers either by co-administration or by
conjugation have also been utilized extensively so as
to increase tumor cytotoxicity, while simultaneously
minimizing effects on healthy surrounding tissue. Jeong
and colleagues used gold nanoparticles as a carrier for
delivery of ss-lapachone a novel anticancer agent displaying
potent cytotoxicity against cancer cells as well excellent
radiosensitizer (29). The combination was shown to have
significant enhancements in activity. Further introduction
of anti-EGFR antibody as a targeting moiety for cancer
further enhanced the effects (29). DNA condensation by
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avidin has radioprotective effects in cancer (30). Moreover,
the DNA:avidin interaction is reversible with biotin.
Based on this theory the authors have hypothesized that
by using combination of biotin and gold nanoparticles
can synergistically make the target DNA more susceptible
to radiation induced damage (30). Human Epidermal
Growth Factor Receptor-2 (HER-2)-targeted gold
nanoparticles have been synthesized by conjugating
trastuzumab (Herceptin) to 30 nm gold nanoparticles.
Herceptin acts as both a targeting moiety as well as a
mono-therapeutic agent. These conjugated nanoparticles
were able to increase the cytotoxic effects of radiation
by 3.3-fold as compared to radiation alone whereas non-
targeted nanoparticles showed only 1.7-fold increase in
efficiency (31). Gold nanoparticles have also been studied
in combination with other chemotherapeutic agents for
potential synergy in activity. A multifold increase in the
single and double stranded breaks was observed in DNA
of the cells in presence of gold nanoparticles and radiation
when they were pretreated with cisplatin (32). Cisplatin
binding to guanine was shown to result in better bond
dissociation by triggering the formation of transient anions.
They further went on to study the various stoichiometric
combinations of gold nanoparticles and cisplatin on their
eventual radiosensitization (33). Binding of a single cisplatin
molecule to the nanoparticle resulted in a 3-fold increase in
activity whereas combination of 2 cisplatin molecules with
a gold nanoparticle resulted in up to 7.5 times more double

stranded breaks.

Other metal based based radiosensitizers

Gadolinium was identified as another new class of radiation
sensitizers that were also very practical because they could
also be easily viewed in vivo through the use of magnetic
resonance imaging. It is known to generate long-lived pi-
radical cations upon exposure to hydrated electrons. Its
effectiveness was studied iz vitro in HT-29 cells and also
in a murine mammary carcinoma model and was found to
be effective in both the cases (34). The effectiveness of the
material as such has been subject of debate (35). Gadolinium
neutron-capture therapy (NCT) is a therapeutic strategy
for cancer, which utilizes the “Gadolinium neutron
capture reaction” induced by thermal neutron irradiation.
This reaction results in emission of long range gamma
rays, internal conversion electrons, X-rays and Auger
electrons with large total kinetic energy. The effectiveness
of this therapy for cancer was evaluated using chitosan
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nanoparticles loaded with Gadolinium-157. Mice with
subcutaneous melanoma were injected with this formulation
intratumorally and then thermal neutron irradiation was
performed. Mice treated with the nanoparticle showed
much better therapeutic response as compared to those
that were dosed with just the gadolinium solution (36).
Recently a detailed study was undertaken using 5 nm
size gadolinium based nanoparticle on head and neck
squamous cell carcinoma cells. These particles consisted of
a core of gadolinium oxide, a shell of polysiloxane and were
functionalized by diethylenetriaminepentaacetic acid (D'TPA).
These formulations were found to possess efficient in-vitro
radiosensitizing properties at energy of 660 keV (37,38).

Titanium dioxide has also been shown to be useful for
killing cancer cells using photocatalytic chemistry (39).
Its mechanism of action involves generating reactive
oxygen species upon photoexcitation by UV radiation.
Again, due to limited penetration depth of UV rays,
the material is less effective for deep-rooted tissues. To
make them more susceptible to X-ray based stimulation
titanium nanoparticles were formed containing gadolinium
and further optimized with other rare earth metals.
The activation of these nanoparticles by X-rays resulted
in the formation of ROS, which resulted in enhanced
photosensitization effects in vivo (40). Since elongated
organic nanoparticles internalize into cells more effectively
than their spherical counterparts of similar volume,
titanium dioxide nanotubes were formulated and tested
for their radiosensitization effects of glioblastoma (41).
TiO, nanotubes were found to be effective radiosensitizers
in SNB-19 and U87MG cells by enhancing the DNA
damage and retarding the DNA repair (42). Various
other techniques have also been utilized to enhance the
radiosensitizing effects of TiO, nanoparticles such as special
dye coating (43) or entrapment of other DNA intercalating
chemotherapeutic agents such as doxorubicin (44). Pre-
photoactivated TiO, nanoparticles have also been shown
to possess enhance cytotoxic effects in HepG2 cells by
induction of double stranded breaks (45).

Silver nanoparticles also have radiosensitizing properties,
similar to that seen with gold nanoparticles (46). Silver
nanoparticles utilize similar mechanisms of action for
radiosensitization effects like other high Z-number atoms.
They are more cost effective than gold nanoparticles but
relatively less biocompatible (47). Silver nanoparticles
have been utilized alone (48) or in combination of other
metal oxides such as Fe;O, for radiation therapy in cancer.
Silver nanoparticles of nonconventional shape have also
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been created and studied for their effectiveness in cancer.
Chitosan-coated triangular silver nanoparticles have
been formulated and have been shown to possess better
radiosensitizing activity when compared to conventional
PEG coated gold nanoparticles on human non-small lung
cancer cells (49). Silver nanoparticles with multiple different
coatings have also been shown to possess additive anticancer
properties when combined with IR radiations in Glioma
cell lines (50).

Nanoparticles have been made using other rare earth
metals and high-Z elements such as using hafnium oxide
(HfO,). HfO, has been shown to possess photo-luminescent
properties (51,52). They cause thermal induced stress
damage to cellular components. Based on these properties,
HIfO, nanoparticles have also been tried and tested for their
effects on radiosensitization in HCT'116 cells in vitro and
in 7n vivo xenograft mice models. The studies showed a
good biocompatibility, biodistribution as well as significant
radiosensitization using these nanoparticles (53).

Quantum dots in radiosensitization

Quantum dots discovered in the early 1980s are nanocrystals
made of semiconductor materials that display quantum
mechanical properties due to their small size. Their
semiconductor properties are less than those displayed
by bulk semiconductors. Quantum dots made from Cak,
LaF, ZnS or ZnO [164] have been suggested for use as
radiosensitizers (54,55). Development of photosensitizing
quantum dots has been a very active area of interest (56).
The mechanism of action for these is based on the principle
of generation of radicals upon absorption of visible light
by the quantum dots. Since these light waves have much
less toxicity as compared X-rays or gamma rays, the overall
adverse effects of the therapy are greatly reduced. The major
disadvantage of this approach is that light waves within the
visible spectrum have very little penetration depth and hence
the therapies designed utilizing these mechanisms will be
suitable only for superficial cancers (57,58).

Superparamagnetic iron oxide nanoparticles as
radiosensitizers

Superparamagnetic iron oxide nanoparticles are mainly
made up of either magnetite (Fe;O,) or magnemite
(v Fe,0;). These are especially useful for their
superparamagnetic properties, which allow them to be
directed and localized to a particular organ by using external
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magnetic force (59). These are also known to be highly
biocompatible with negligible toxicity to healthy tissues
allowing for usage in therapy (60). These nanoparticles can
produce cytotoxic effects due to the production of ROS
such as hydrogen peroxide, hydroxyl radical, hydroperoxyl
radical and superoxide anion resulting in DNA and other
cell organelle damage. The superparamagnetic iron oxide
has been shown to enhance the radiation induced DNA
damage by catalyzing the ROS production by these ionizing
radiation resulting much stronger oxidative stress (61). This
process was tested on MCF-7 cells by enhancing the impact of
X-rays on the ROS generation for about 240% (62). Further
these nanoparticles have also been used as synergistic
carriers for other chemotherapeutic agents such as cisplatin
(63,64) and genetic material. Superparamagnetic chitosan
iron oxide nanoparticles carrying buman Adenovirus type 5
early region 14 (E1A) gene were used to enhance the
radiosensitivity of cervical cancer. The gene is known to
reduce the expression of HER-2 and increase the expression
in p53 both of which are known to play a role in regulating
radioresistance in cancer (65). The combinations of genetic
therapy with increased oxidative stress by iron oxide
nanoparticles further enhance the radiosensitivity of human
cervical cancer in xenograft mice (66). The iron superoxides
have also been used in composition with other metal-
based radiosensitizers such as silver. A multifunctional
nanocomposite was generated using Fe;O0,/Ag and
conjugated with to an epidermal growth factor receptor-
specific antibody (C225) (67). This composite can act as a
diagnostic tool through MRI as well as a radiosensitizer. It
was found to sensitize nasopharyngeal carcinoma cell lines
to radiation therapy in a dose dependent manner (67).

Non-metal based radiosensitizers

Silica has been used as a carrier or coating material in
nanoparticles containing heavy metals for radiosensitization
such as gold (68,69), FeO, (70) or multicomponent cores
(71-73). Moreover, nanoparticles made of silica alone have
also been tested for their potential role in radiosensitization.
In a recent study by Klein and colleagues, the ultrasmall
uncapped and aminosilanized oxidized silicon nanoparticles
were tested for their radiosensitization effects in breast
cancer (MCF-7) and mouse fibroblast cells (3'T3) exposed
to X-rays of 3 Gy (74). Though the simple nanoparticles
did not display any significant increase in ROS production
upon exposure to the X-rays, the aminosilanized oxidized
silicon nanoparticles exhibited significantly higher ROS
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production. These were shown to reach the mitochondria
and cause oxidative stress damage within the organelle.
Though the oxidized nanoparticles displayed increased
ROS activity in both the cancer cells and the normal cells,
the effects were significantly higher in the cancer cells. This
indicates the relative safety of the therapeutic.

Cy is a fullerene, identified in the early 1990s, with
unique globular structure consisting of 32 different
member rings and containing a total of 60 carbon atoms.
Fullerene C,, possesses potent anti-cancer activities and
induces certain markers of autophagy in cancer cells (75).
It has significant toxicity to normal tissues, which limits
its use as therapeutic (76). Nanocrystals of underivatized
fullerene Cy, (Nano-Cg,) have been used in concentrations
that are non-toxic to normal cells to study their effects on
radiosensitization. B16 and SMMU-7721 cell lines were
tested with Nano-Cg, and y-radiation and were found to
show enhanced membrane damage and induced apoptotic
cell death (77). Nano-Cy, has also been shown to possess
chemosensitizing activity and hence can serve as a potential
adjuvant therapeutic in cancer (75).

Polymeric nanoparticles have also been formulated
using various chemotherapeutic agents either alone or in
combination to serve as radiosensitizers. Paclitaxel is a
potent chemotherapeutic agent that is also known to be
a cell cycle specific radiosensitizer (78). This is because
it arrests cell cycle progression at G2/M, a stage in
which the cells are most susceptible to radiation induced
damage. Similarly Etanidazole is a nitroimidazole hypoxic
radiosensitizer. The studies were performed with PLGA
nanoparticles of the drugs either alone or both together to
test for their potential radiosensitizing effects (79). Both
the individual drugs and their combination enhanced the
susceptibility of the cells to the radiation. The prolonged
release of the drug from the formulation allowed
radiosensitization of hypoxic cells, which are generally more
resistant to radiation induced injury. The combination
was found to be more effective than the individual drugs.
Genexol-PM, a clinically approved formulation of paclitaxel,
was studied as a radiosensitizer using non-small cell lung
cancer mouse xenograft models. Again, this formulation was
found to be both a better radiosensitizer than the normal
drug (with effective concentration half of that of the free
drug) as well as a safer therapeutic with much reduced
exposure of the drug to the health lung tissue (80).

Other chemotherapeutic agents such as doxorubicin have
also been used as radiosensitizers. A nanomiceller composite
formulation of doxorubicin displayed significantly enhanced
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radiation sensitivity in multicellular spheroid of A549
lung cancer cell line (81). The formulation cells treated
showed significantly higher radio toxicity as compared to
cells treated with drug alone. Biodegradable lipid polymer
nanoparticles have also been made using docetaxel as the
entrapped drug and targeted to cancer tissue using folate.
The studies showed that the targeted nanoparticles showed
better radiosensitizing properties as compared to drug
alone or unmodified nanoparticles. The studies also showed
that the radiosensitizing effects using nanoparticulate
formulations depend significantly on the time gap between
the dosing of the formulation and the radiation (82).

Enhanced efficacy of radiation therapy by
radioprotection of surrounding healthy tissue

Since the major targets of radiation therapy are water and
DNA, and these are also present in healthy tissue making
them susceptible to injury and significant damage if the
energy waves are not properly directed to the targeted
tissue. The efficacy of the radiation therapy can be
increased and its adverse effects decreased if somehow the
surrounding healthy tissue can either be protected from this
damage or made less radiation sensitive. Molecules with
potential radioprotective effects have been an area of interest
for scientists since the World War II. Molecules such as
amino acid cysteine have also been known to have radiation
protective effects. Studies performed in rats showed that the
animals dosed with cysteine were able to withstand normally
lethal doses of X-rays (83) and showed much less damage
to essential organs (84). Certain natural compounds such as
curcumin have been shown to exert a dual mode of action
after irradiation depending on its dose (85). It protects the
cells against the damaging effects of radiation by reducing
oxidative stress and inhibiting transcription of genes related
to oxidative stress and inflammatory responses at lower
doses in healthy cells. Its radiosensitizing effects in cancer
cells maybe due to the upregulation of genes responsible for
cell death. Antioxidants have also been shown extensively
to be radioprotective especially from the reactive oxygen
species induced damage (86).

Amifostine is an adjuvant used in cancer chemotherapy
to reduce the incidence of neutropenia-related fever and
infection induced by DNA-binding chemotherapeutic
agents. It has been studied since late 80s for its potential
use as a protectant against radiation induced DNA damage
(87,88). Orally administered Amifostine did not show any
significant radioprotective activity (89). To remedy this,
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polymeric nanoparticles of Amifostine were prepared that
have revealed to have significant radiation desensitizing
effects when administered orally (89). Nanostructural
combination of Amifostine and fullerenol Cg, has also been
shown to possess radioprotective effects in both mammalian
cells as well as rats undergoing radiation exposure (90,91).
Fullerenol Cg, alone also has been shown to diminish the
radiosensitivity in single cellular eukaryotes as well as in
zebra fish models (92). Amifostine has also been found
to restore transcriptional activity of p53 enhancing the
apoptotic responses to radiation (93).

Neuroprotective agent citicoline when delivered in the
form of transferrin coupled liposomes has been shown to
possess protective effects in human ovarian adenocarcinoma
cells exposed to radiation but not as much in endothelial
cells. Thus though the drug formulation has radiprotective
effects, its usefulness in increasing the efficacy of radiation
therapy is questionable (94). Cerium oxide nanoparticles
act as free radical scavengers by changing the charge state
on their surface. Thus they help in protecting the cells from
free radical damage caused by radiation. They have been shown
to increase the longevity of cells by reducing hydrogen peroxide
and ultraviolet radiation induced injury (95). Nitroxide Tempol
has also been shown to impart radioprotection of the
salivary glands in C3H mice (96).

Enhanced efficacy of radiation therapy by
reversal of radiation resistance

There are multiple biological pathways that get activated
in cancer that make them either inherently resistant to
radiation therapy or acquire resistance upon exposure to
radiation. These pathways are especially active in cancer
stem cells which are normally quiescent cells within the
tumor responsible for maintaining and regenerating of
a tumor after therapeutic intervention (97,98). Various
drugs and treatment strategies are being designed so as to
target these specific pathways making the cancer cells more
susceptible to radiation therapy. Survivin is one such target
protein which is overexpressed in most human tumors, but
its levels are barely detectable in normal tissues (99). It is a
regulator of cell division, apoptosis, cellular stress response,
and also in the regulation of cell migration and metastasis.
Increased survivin expression has been directly linked to
acquired resistance to chemotherapeutic agents as well as
radiation therapy (100). Though novel small molecular
therapies are being worked upon (101,102), most of the
therapies currently designed for attacking surviving involve
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macromolecular approaches such as the use of siRNA or
peptides which suffer from multiple drug delivery issues
(103,104). To overcome these delivery issues human serum
albumin-based nanoparticulate carrier system for plasmid-
mediated RNA interference (RINAi) have been designed
and tested for their efficacy in reversing surviving mediated
radioresistance. Gaca and colleagues tested 220 nm sized
nanoformulations for their effects of inhibition of surviving
expression and its overall effects on radiosensitization. The
results were found to be promising with up to 50% decrease
in surviving expression as well as a significant increase in
radiation susceptibility of SW480 colorectal cancer cells (105).
Survivin siRNA cross-linked iron oxide nanoparticles
(CLIO)-Cy5.5 have also been designed which can be better
targeted using magnetic fields, but their efficacy in reversing
radiation resistance has not yet been tested. Dual targeting
of survivin and X-linked IAP (XIAP) by using siRNA was
found to be even more effective in reversing the radiation
resistance of the colorectal cancer cells. Hence the use of
nanotechnology and siRNA in targeting surviving can be a
productive approach in the future.

Another major target for reversal of radiation resistance
is the epidermal growth factor receptor (EGFR). It is
known to be a protooncogene that regulates multiple
cellular processes, such as proliferation, differentiation,
survival, blood vessel formation, and DNA repair (106,107).
EGEFR has been shown to be over expressed in multiple
cancer types such as squamous cell carcinoma of the head
and neck (108). Anti EGFR treatments have been shown
to increase therapeutic activity of radiation therapy. Along
with the antitumor activity of anti EGFR treatment the
combination of radiation further results in strong synergy (109).
To test this synergy PLGA nanoparticle encapsulated
antisense EGFR oligonucleotides were combined with
radiotherapy and the relative radiosensitivity of the SCCVII
squamous cells was tested. The results showed that antisense
EGFR nanoparticles enhanced radiosensitivity by inhibition
of EGFR-mediated mechanisms of radioresistance (110).
This is very useful as both the therapies complement
each other and cell death can be achieved in cells that are
resistant to either EGFR therapy or to radiation.

As mentioned earlier, curcumin has been shown to
possess both radiosensitizing as well as radioprotective
effects based on the cell types and concentrations.
Curcumin is also known to act on multiple essential
pathways in cancer responsible for radiation resistance.
Inhibition of PI3K/AKT-NF-«B pathway with curcumin
has been shown to enhance the radiation-induced apoptosis
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in human Burkitt’s lymphoma (111). It has also been known
to interact with Sonic Hedgehog signaling pathway to elicit
its radiosensitizing effects (112). Hence a targeted PLGA
nanoparticle formulation of curcumin was developed and
tested for its effects on chemotherapeutic and radioresistant
effects on cisplatin resistant ovarian cancer cell lines. Other
extracts such as raspberry extract and neem leaf extract
have also been shown to have increased radiosensitization
effects (77). Hence, there is a lot of scope in developing
formulations with ingredients from natural products for
potential radiosensitization activity.
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