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    Abstract     Nanoparticles have garnered signifi cant interest in recent decades for 
both biomedical imaging and therapeutic applications. The ability to fi nely tune 
their sizes and morphologies and modify their surface properties to enable cell- 
specifi c receptor targeting for tumor localization and prolonged circulation and the 
potential of low or reduced toxicity make them attractive agents in both cancer 
imaging and therapy. Recent studies have shown that nanoparticles in combination 
with radiation therapy can lead to an increase in the number of DNA double-stranded 
breaks compared with radiation alone and improve cancer survival in mouse mod-
els. With recent advances in imaging modalities as well as new radiation therapy 
technologies, targeted radiation therapy with nanoparticles is actively being pursued 
as a strategy to increase the effectiveness of radiation-induced cancer cell death 
while minimizing damage to normal tissues. This chapter will highlight the past and 
current developments of nanomedicines used to increase the therapeutic ratio of 
radiotherapy for in vitro models and in vivo models, the mechanisms of radiation 
enhancement and interaction of ionizing radiation with nanoparticles, and explore 
the potential for future integration into clinical radiotherapy practice.  
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      Overview of  Nanoparticles   

 Nanoparticles are generally defi ned as objects on the scale of 1–200 nm in diameter. 
Due to several inherent advantages, they are being investigated extensively for their 
potential use in the prevention, diagnosis, and treatment of disease. This technology 
may have the potential to impact medicine, improve quality of life, lower healthcare 
costs, and ultimately improve patient outcomes [ 1 ]. Additional formulations are 
being introduced into the clinic for many applications including drug delivery [ 2 ], 
immunization [ 3 ,  4 ], image-guided surgery [ 5 ,  6 ], and  imaging   [ 7 ,  8 ]. With the 
growing number of nanoparticle formulations and the variety of materials used, the 
number of distinct nanoplatforms is too numerous to count. Some of the more com-
monly used nanoparticles include  gold nanoparticles (AuNPs)   due to their relative 
ease of synthesis and tunability as well as unique physicochemical properties, 
 superparamagnetic iron oxide nanoparticles (SPIONs)   which possess electromag-
netic properties that can be utilized for contrast imaging and magnetic therapy, and 
polymer-based  nanoplatforms  .  Polymer nanoparticles   include liposomal formula-
tions, biodegradable polyethylene glycol block polycaprolactone/polylactic acid 
(PEG-PCL/PLA) micellar nanocarriers, and polymersomes that can be developed to 
house therapeutic/imaging agents depending on their hydrophilic and hydrophobic 
properties [ 9 ,  10 ]. 

 Nanoparticles can be synthesized using different materials ranging from inor-
ganic heavy metals with solid cores to  amphiphilic polymers   with soft shell com-
ponents. Their  shapes and sizes   can be fi nely tuned, and their surfaces can be 
modifi ed with ligands to help impart stealthiness and deter opsonization by anti-
bodies and complement proteins, thereby increasing circulation times. They can be 
designed to carry high therapeutic payloads to increase drug accumulation at dis-
ease sites while minimizing off-target toxicities, possess unique properties that 
respond to extracellular microenvironments to improve cellular uptake and drug 
release, respond to external stimuli such as  electromagnetic radiation   to help 
increase site-specifi c cellular damage or improve image contrast, and easily inte-
grate both therapeutic and diagnostic functionalities enabling both disease detec-
tion and treatment within a single administration. The surface  coating   of the 
nanoparticles can also infl uence the interaction of nanoformulations with their 
extracellular environment as well as specifi c cell types. 

  Strategies   of nanoparticle targeting can either be classifi ed as passive  targeting      or 
active  targeting  . Passive targeting of nanoparticle formulations is the preferential, 
but nonspecifi c, accumulation at a disease site, mediated by the pharmacokinetics of 
the nanoparticle and the characteristics of the diseased tissue (i.e., without the use 
of a targeting ligand). The most well-known example of passive targeting is the 
enhanced permeability and  retention effect  , which occurs in tumors. As a tumor 
grows, it will eventually reach a size where metabolic requirements exceed the 
capability of the existing nearby vascular supply [ 11 ]. Consequently, the tumor will 
respond by secreting factors to promote the process of angiogenesis resulting in the 
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formation of new blood vessels that facilitate continued growth. Many of these 
 rapidly forming blood vessels are poorly formed, possessing large gaps between 
endothelial cells, and have non-intact basement membranes, resulting in an increased 
permeability to structures in the nano-size range [ 12 ]. In addition, these  actively 
growing tumors   typically have impaired and disorganized lymphatic vessels, caus-
ing poor  lymphatic drainage   which results in the retention of material in the tumor 
interstitium [ 11 ]. This phenomenon of leaky blood vessels and ineffective lymphatic 
drainage is known as the  enhanced permeability and retention (EPR) effect   and is 
the major factor contributing to nanoparticle accumulation in malignancies for diag-
nostic and therapeutic applications. 

 Typically many passes through the circulation are necessary in order for an ade-
quate amount of nanoparticles to extravasate at the tumor site for successful  imag-
ing   and therapy. Therefore, a key design feature for successful passive delivery is a 
nanoparticle with prolonged in vivo circulation times. However, a major obstacle to 
 passive tumor delivery   is clearance by the  reticuloendothelial system (RES)  , also 
commonly known as the  mononuclear phagocyte system  , which effi ciently clears 
nanoparticulate material from the systemic circulation [ 13 – 15 ]. As a result, for 
maximal tumor accumulation, nanoparticle  formulations   must be designed with 
minimal removal by the RES. Many  parameters   of a nanoparticle (e.g., size, shape, 
surface charge, hydrophilicity, and specifi c coating material) can infl uence the 
nanoparticle’s interaction with blood and cellular components, thereby affecting 
blood pool residence times and hence tumor accumulation [ 16 ]. 

 The hydrodynamic diameter of a  nanoparticle      has a strong infl uence on circula-
tion time and passive nanoparticle tumor penetration [ 16 ]. Nanoparticles smaller 
than 5 nm in diameter are rapidly fi ltered via the kidneys and excreted in the urine; 
therefore, their circulation time is very short and their tumor accumulation is low. 
The size range where nanoparticle blood clearance is minimized, in order to maxi-
mize passive delivery by EPR, is in the size range of 5–200 nm. For nanoparticle 
sizes exceeding roughly 200 nm, extravasation through capillary fenestrations 
becomes impaired (depending on the tumor type, some tumors have larger or small 
endothelial fenestrae). In addition, particles of larger size, i.e., >400 nm, are compa-
rable in diameter to capillaries in the lungs and liver and are therefore cleared 
quickly by these organs, preventing tumor uptake [ 17 ]. 

  Surface charge   is another important characteristic that affects nanoparticle cir-
culation time and passive tumor delivery by EPR. Previous studies have shown 
that particles possessing a neutral or mildly negative surface charge exhibit the 
most favorable circulation profi les and, therefore, optimal tumor accumulation. 
Particles with strongly negative surface charges interact unfavorably with the RES 
decreasing circulation time, whereas particles with a positive charge interact elec-
trostatically with the cell membrane and are primarily localized at the site of 
injection [ 18 ]. 

 Finally, the surface coating of the nanoparticle also infl uences nanoparticle cir-
culation time. Since many groups have demonstrated that incorporation of  polyeth-
ylene glycol (PEG)   into the surface of nanoparticles helps avoid opsonization and 
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prolong circulation times [ 19 ,  20 ], nanoparticle PEGylation is a very popular 
method to impart in vivo stealth properties [ 21 ]. 

 In contrast to passive  targeting     , active  targeting   is a nanoparticle delivery 
strategy whereby the surface of the nanoparticle is modifi ed with  targeting ligands   
to specifi c receptors or  biomarkers   such as the  folate   or the HER2/NEU receptor 
within the tumor. These strategies achieve tumor delivery via specifi c interactions 
with either cancer cells or their microenvironment. Examples of targeting ligands 
used for such purposes include antibodies, proteins, peptides, aptamers, sugars, 
and small molecules. However, successful active targeting is still frequently depen-
dent on initial effi cient extravasation of the nanoparticles through the permeable 
tumor endothelium. Therefore, the nanoparticle’s  physicochemical properties  , 
which infl uence blood circulation and passive delivery by the  EPR effect  , are also 
applicable for designing actively targeted nanoparticles. A consequence of this is 
that covering the entire surface of a nanoparticle  with targeting ligands   does not 
result in optimal targeting, since the stealth properties of the nanoparticle are com-
promised. Optimal ratios of ligands to surface area need to be determined for indi-
vidual formulations, but in general occupying 20–40 % of the surface with ligands 
results in the best targeting [ 22 ]. 

 Upon successful  penetration of nanoparticles into tumor   sites, actively targeted 
agents possess several key advantages compared to passive targeting strategies. 
While completely passive  targeting   is dependent on poor lymphatic drainage in 
order to achieve nanoparticle retention at the tumor site, active  targeting   can result 
in greater tumor retention due to specifi c binding to receptors. In addition, in some 
cases, the nanoparticle can undergo receptor-mediated internalization and enhance 
drug delivery to tumor cells as opposed to other cells within the tumor microenvi-
ronment such as  macrophages   that are capable of phagocytosing nanoparticles, 
thereby reducing delivery to cancer cells [ 23 ]. Thus, actively targeted nanoparti-
cles can accumulate at higher concentrations and deliver their payload within cells 
compared to passively targeted formulations, which are more easily washed out of 
the tumor interstitial compartment. 

 Over the past few decades, the combination of nanoparticles with  radiotherapy   
has been a topic of considerable interest (Fig.  10.1 ). The chemical composition of 
 nanoparticles      can be tailored such that they have different mechanisms of interaction 
between ionizing radiation and nanoparticles. Consequently, studies have been per-
formed to increase the therapeutic effi cacy in conventional radiation therapy by using 
nanoparticles with high atomic numbers (Z) as radiation sensitizers that can increase 
the emission of secondary electrons via their strong photoelectric and  Compton 
effects   [ 25 ]. Others have looked into the design of nanoparticle drug carriers in 
which triggered release of  chemotherapeutic agents   can be controlled by the applica-
tion of an external radiation beam [ 26 ]. Finally, some reports use ionizing radiation 
to activate nanoparticles that induce cytotoxicity through alternative mechanisms 
such as  phototherapy   [ 27 ]. This chapter will highlight the most common application 
of nanoparticles in radiation therapy and their ability to increase the  radiobiological 
effectiveness (RBE)  .
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       Safety and Potential Toxicity of  Nanoparticles   

 For the successful clinical translation of nanoparticles, as with any medicine, 
thorough and careful evaluation of both the safety and pharmacokinetics of the 
agent is needed. Analysis of nanomaterial toxicity can be done using either in vitro 
or in vivo methods. The  in vitro approach   is by far the most commonly used as 
results can be determined rapidly at a low cost without the use of animals and can 
provide some insight into the biocompatibility of a nanoplatform. Some com-
monly accepted methods include the MTT assay for mitochondrial  function  , the 
 clonogenic assays   for cell proliferation and colony studies, and the  lactate dehy-
drogenase assay   for evaluating the integrity of the cell membrane, as well as using 
immunohistochemistry markers for measuring apoptosis and necrosis. While 
these methods are effective for providing some guidance of potential toxicity pro-
fi les, the in vivo interaction of nanoparticles with complex and  dynamic biologi-
cal systems   cannot be predicted with substantial accuracy. Therefore, in vivo 
testing of nanoparticles is often done to determine the pharmacokinetic and phar-
macodynamic profi le and to understand their biocompatibility and safety. Methods 
for in vivo evaluation include determining  organ biodistribution   using multiple 
time points, blood sample collections for the analysis of circulation half-lives and 
liver enzymes, changes in appetite or weight, infl ammatory cytokines, and histo-
logical tissue sectioning for microscopic examination to  organ-specifi c toxicity  . 
Additionally, blood chemistry analytes exist for the evaluation of specifi c  organ 
toxicity   such alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

  Fig. 10.1    A schematic depiction of the interaction of nanoparticles with  ionizing radiation      [ 24 ]. 
With permission from J.W. Bergs et al.       
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alkaline phosphatase, and total bilirubin for the evaluation of the hepatobiliary 
system and potential hemolysis. 

 When designing a  nanomedicine      for clinical translation, careful consideration of the 
factors and components that are responsible for the generation of toxicity are in order to 
maximize the chances of creating a safe agent. For example, silver is generally consid-
ered nontoxic when used on a large scale but can be toxic when used on a nanoscale 
[ 28 ]. Furthermore, the pharmacokinetic and pharmacodynamic profi les may provide a 
basis for potential fates and effects within the human body. For example, particles that 
are removed by the  RES   have the potential to cause  toxicity   and damage in those tissues 
involved in the clearance of the nanoparticles (liver, spleen, bone marrow). Therefore, 
the safety of nanoparticles will depend on many parameters including the chemical 
composition of the nanoformulation, size, shape, reactivity, stability, surface coating, 
and charge. One must therefore take into account all these properties when evaluating the 
safety and biocompatibility of nanoparticles. 

 The general  rule of thumb   for limiting the potential for nanoparticle toxicity as it 
relates to nanoparticle size is that they are inversely proportional to one another. This is 
because nanoparticles become more reactive as they become smaller, and their surface 
area to volume ratio increases. In addition to size, the nanoparticle shape and surface 
charge can also contribute to nanoparticle-induced toxicity. Studies have shown that the 
shape of nanoformulations dictates resulting interactions with biological systems 
including diffusion, translocation across cell membranes, and biodistribution [ 29 ]. For 
instance, a study evaluating cellular uptake of nanoparticles has shown that  spherical 
AuNPs   have a higher uptake in cells compared to gold nanorods [ 30 ]. With respect to 
surface charge, particles with a net negative surface charge tended to be less toxic than 
those with a positive surface charge, since  cell membranes   are negatively charged and 
positively charged particles are taken up by cells more readily. This concept can be 
exploited to help improve nanoparticle transportation into cancer cells. In one example, 
nanoparticle surfaces can be linked with a neutral compound that can become posi-
tively charged within low-pH microenvironments of certain tumors enabling local 
intracellular delivery of payload [ 31 ]. Surface coating is another important characteris-
tic to consider since it can affect nanoparticle surface charge, hydrophilicity, hydropho-
bicity, protein adsorption, circulation half-lives, and interaction with specifi c cell types 
[ 32 ]. The fi nal aspect to take into consideration is nanoparticle stability. This is relevant 
since nanoparticles can break down in the harsh, acidic environment of  lysosomes   
increasing the concentration of toxic  ions   within cells, resulting in the buildup of reac-
tive oxygen species [ 33 ]. The main mechanisms through which nanoparticles have the 
potential to exert a  toxic effect on biological structures   include the generation of free 
radicals and reactive oxygen species [ 34 ], or altering the binding stability and catalytic 
activity of protein structures, which can ultimately result in the induction of infl amma-
tion, genotoxicity, cytotoxicity, and developmental abnormalities [ 35 ]. 

 While these  nanoparticle   characteristics are useful for predicting the potential for 
toxicity, a clear-cut correlation may not always exist across different nanoparticle plat-
forms and other materials. For example,  iron nanoparticles   are generally regarded as safe 
and have been approved by the  Food and Drug Administration   for the treatment of 
anemia and contrast-enhanced MRI  imaging   [ 36 ,  37 ]. On the other hand, it was found 
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that inclusion of safe iron oxides in emulsions made from edible oils resulted in nanopar-
ticles that could produce toxicity, since the iron oxides catalyzed the oxidation of the oils 
to produce toxic substances [ 38 ]. Similarly,  gadolinium   used clinically as an MRI 
contrast agent is well tolerated; however, in patients with compromised kidney function 
gadolinium, exposure can result in  nephrogenic systemic fi brosis   [ 39 ].  Gold   is consid-
ered to be very safe. In fact, gold has been used in medical practice throughout history 
and continues today as a treatment for rheumatoid arthritis [ 23 ]. Accordingly, when 
12.5 nm AuNPs were administered intraperitoneally into mice every day for 8 days, no 
evidence of toxicity was observed in any of the studies performed, including survival, 
behavior, animal weight, organ morphology, blood biochemistry, and tissue histology 
[ 40 ]. In addition studies utilizing 1.9 nm and 0.8 nm AuNPs did not suggest any toxicity 
in mice [ 41 ]. In another study, a toxicological  analysis   of mice evaluating the intrave-
nous injection of 0.9 nm and 5 nm up to 3 months showed no signs of illness and revealed 
blood chemistry values within normal limits [ 42 ]. Numerous other studies also support 
the assertion that AuNPs are not toxic to  cells   [ 43 – 48 ].  

    Nanoparticles in  Radiation Therapy      

 Since  current irradiation strategies   may fail to kill all cancer cells within an irradiated 
volume, it may be benefi cial to selectively enhance radiation at the cellular level. 
Consequently, many approaches have been developed to enhance the  radiation effects   
specifi cally within tumors. A  radiosensitizer   is an agent or drug that increases the cyto-
toxic susceptibility of cancer cells to radiation therapy. Ideally a  radiosensitizer   would 
act specifi cally on tumor cells while sparing normal tissues, have favorable pharmaco-
kinetic profi les for tumor accumulation prior or during radiation therapy, and be non-
toxic. A variety of approaches have been implemented to increase radiation response to 
help decrease cellular resistance to ionizing radiation while minimizing toxicity to nor-
mal tissues. These include oxygen imitators [ 49 – 51 ], thymine analogues [ 52 ], inhibitors 
of cellular repair and cellular processes [ 53 – 56 ], thiol scavengers [ 52 ], and nanoparti-
cles [ 25 ]. Among these, nanoparticles are favorable because they are able to increase 
tumor penetration, reduce required radiation doses thereby minimizing adverse effects 
compared to  conventional radiosensitizers  , and have been shown to be a promising 
strategy for increasing the effi ciency of radiation therapy [ 57 ]. Studies have shown that 
nanoparticle carriers formed from poly(lactic-co-glycolic acid)  PLGA  , a biodegradable 
polymer that can be easily hydrolyzed into the metabolites lactic acid and glycolic acid, 
containing paclitaxel and etanidazole are able increase radiation sensitivity in tumor cell 
lines compared to free drug alone or  nanoparticles      containing only one of the agents 
[ 58 ]. Furthermore, nanoparticles have been used to encapsulate the poorly water-solu-
ble radiosensitizer  docetaxel   to circumvent the undesirable side effects associated with 
administration of free drug [ 59 ]. Another polymeric  nanoparticle      that has shown to be a 
more effective radiation sensitizer in vivo compared to free drug alone is  Genexol-PM  , 
a polymeric micelle containing  paclitaxel   used for the treatment of non-small cell lung 
cancer [ 60 ]. However, the most extensively studied nanoparticles for radiation 
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enhancement are those with high Z numbers. For example, gold [ 61 ], gadolinium [ 62 ], 
bismuth [ 63 ], titanium [ 64 ], hafnium [ 65 ], germanium [ 66 ], and platinum [ 67 ] have 
been evaluated for their radiosensitization capabilities. This is because high Z materials 
have a higher probability of emitting auger electrons and photoelectrons producing 
highly oxidizing free radical molecules that cause cellular death. Of all the high Z mate-
rial  nanoparticles     , AuNPs have been the most thoroughly evaluated. The next section 
will focus primarily on radiation therapy involving nanoformulations containing AuNP.  

    Mechanisms of Interaction of Radiation with  Nanoparticles   

 The primary objective of  radiation therapy   is to deprive cancer cells of their mitotic 
potential and ultimately promote cancer cell death. The main  interaction of X-rays in 
cells   is by  Compton scattering  , producing secondary high-energy electrons that exert 
their effects on biological structures. In the cell, DNA is the desired biological target 
of ionizing radiation. There are two mechanisms by which radiation can  interact   with 
DNA. The fi rst is known as direct action where ionizing radiation interacts directly 
with DNA to cause damage. The second is known as indirect action where ionizing 
radiation interacts with the surrounding water molecules, generating free radicals, 
notably hydroxyl radicals [ 68 ], which cause lethal damage to cellular DNA.  Hydroxyl 
radicals   are generated either directly by the oxidation of water by ionizing  radiation   
or indirectly by the formation of secondary partially  reactive oxygen species (ROS)  . 
ROS include superoxide (O2 − ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals 
(OH ═ ). The damage caused can include DNA strand breaks that are initiated by the 
removal of a deoxyribose hydrogen atom by the activated hydroxyl  radical   [ 69 ]. 
Excessive damage to cells  exposed to radiation   can lead to either  double-strand 
breaks (DSB)   or  single-strand breaks (SSB)  . DSBs are the not the most common 
type of radiation-induced damage but are regarded as the most serious and poten-
tially lethal. At this stage, some cells will arrest their cell cycle to repair the damage. 
If the damage is beyond repair then the cell will undergo apoptosis. Alternatively, 
some cancer cells with mutations in cell cycle checkpoints can continue to proliferate 
following radiation exposure. However, the majority of these cells will undergo cell 
death during mitosis as a result of sustained DNA damage and chromosomal defects. 
The  postmitotic   or  reproductive mode   of cell death is considered to be the most 
prevalent mechanism in cells exposed to ionizing radiation [ 70 – 72 ]. The  apoptotic 
signaling pathway   can be initiated in various cellular compartments that include the 
plasma membrane, cytoplasm, and nucleus [ 73 ]. In the plasma membrane,  ionizing 
radiation   can promote lipid-oxidative damage through interactions with radiation-
induced free radicals resulting in altered ion channels, a buildup in arachidonic acid, 
and the production of ceramide which is involved in mediating cellular death. Cell 
 death   occurs via free radical molecules eliciting cumulative un-repairable lipid-oxi-
dative damage [ 75 ].

   The mechanism of nanoparticle enhancement, in X-ray therapy, is dependent on 
the energy of incident ionizing photons and different interactions between the pho-
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tons and nanoparticles. The three fundamental mechanisms of radiation  enhance-
ment   are the  photoelectric effect  ,  Compton scattering  , and  pair production  . The 
 photoelectric effect   is the predominant mechanism of radiosensitization of high 
atomic number (Z) elements, for photons with energies in the range of 10–500 keV 
[ 76 ]. The cross section of the  photoelectric effect   varies with the atomic number 
approximately proportional to Z 3 , meaning that higher  Z atoms   will have a larger 
absorption cross section. The photoelectric effect is also dependent on the energy of 
the photon, with a maximum cross section when the photon energy is equal to the 
binding energy of orbital electrons. This effect decreases sharply as  energy   is 
increased and varies as E −3 . For example, the binding energies of electrons bound to 
gold are 79 keV for the inner shells, 13 keV, and 3 keV for outer shells, while those 
of soft tissue are on the order of 1 keV or lower resulting from the lower atomic 
number of organic matter. Therefore, gold would absorb signifi cantly more energy 
than soft tissue in the kilovoltage energy range. When photons with energies in 
these ranges interact with AuNPs, they can produce electrons, characteristic  X-rays   
of gold  atoms  , or  Auger electrons     . Once an atom absorbs a photon, an electron may 
be emitted resulting in an ionized atom. 

 When  photons of energy   greater than the binding energy of an inner  shell electron 
collide  , that electron is ejected leaving behind a vacancy in an orbital electron shell. 
As a result, outer electrons in a higher-energy state fi ll the vacancy in the lower-
energy orbital. This process is accompanied by either a  fl uorescent photon   or an 
Auger electron ejected from an outer shell with an energy equal to the difference 
between the two orbital shells. If multiple shells exist within an atom, then further 
 Auger electrons   can be generated as outer shell electrons fi ll in the vacancies. This 
phenomenon is known as the  Auger cascade  . The number of Auger electrons emitted 
is directly proportional to the atomic number. Therefore, high  Z atoms   are expected 
to generate more Auger electrons than elements with lower atomic numbers [ 77 ]. 
The range of these emitted electrons has been calculated to be around tens of 
nanometers depositing their energy along their path and distributing radiation 
throughout the system [ 77 ]. Furthermore, the Auger electron “shower” can produce 
highly positively charged ions, causing local Coulomb force fi elds that can disrupt 
nearby cellular structures. 

 The enhancement of radiation with high Z material was fi rst realized when DNA 
damage was detected in lymphocytes isolated from patients receiving iodinated 
contrast agents for X-ray  imaging   [ 78 ]. Since then many other studies have demon-
strated that radiation therapy in combination with iodine suppresses tumor growth 
and improves survival in animal models [ 79 ]. Another interesting approach was the 
incorporation of iodine into cellular DNA yielding a threefold improvement in 
in vitro radiosensitization [ 80 ]. However, this strategy is not as effective if insuffi -
cient levels of thymine are substituted with iododeoxyuridine. Although the mecha-
nisms of radiation enhancement of gold  nanoparticles   are not completely understood, 
it is currently believed that the interaction of X-rays with high  Z atoms   induces the 
release of  photoelectrons   and  Auger electrons   [ 76 ] (Fig.  10.2 ). 

 Given that gold has a higher  Z number   (79 vs 53), it is likely that gold as a 
 radiosensitizer   would be much more effective than iodine. When photon  ener-
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gies   are greater than 500 keV,  Compton effects   begin to dominate. The Compton 
effect is the incoherent or inelastic scattering between an X-ray photon and an 
electron of an atom. In this interaction, only a part of the energy is transferred 
to the electron. The resulting emitted electron is known as a  Compton electron  , 
leaving behind an ionized atom or molecule. In contrast to photoelectric interac-
tions where most photoelectrons are inner electrons, Compton interactions 
increase for loosely bound electrons. So most of the Compton electrons are 
valence electrons. In contrast to  Auger electrons  , Compton electrons are capable 
of traveling several hundred microns. For incident photons with energies higher 
than 1.02 MeV, a process known as  pair production   dominates where the photon 
is absorbed by the nucleus with the production of a positron and electron pairs. 
The probability of pair production increases with the atomic number as Z 2  and 
linearly with the energy of incident photons. The interaction of charged particles 
is more complex; however, some studies have speculated that proton-AuNP 
interactions lead to the increased production of low-energy delta-ray electrons 
producing a high degree of lethal damage within the cells, thus lowering the 
surviving fraction of cells [ 81 ]. 

 While most nanoparticle  radiosensitization   has primarily been attributed to their 
photon absorption capabilities, recent studies highlight that a signifi cant biological 
component may be responsible for  radiosensitization  . In the absence of radiation, 
nanoparticles have been reported to induce ROS that cause oxidative DNA damage 
[ 82 ]. In addition, nanomaterials have been shown to cause alterations in the cell 
cycle with an increase in cells at the G2/M phase [ 83 ]. In a recent study by Kang 
et al., the nuclear targeting of AuNPs was shown to cause cytokinesis arrest leading 

  Fig. 10.2    Schematic depiction of increased generation of  reactive oxygen species   by the emission 
of photoelectrons and Auger electrons from AuNPs in the presence of ionizing radiation [ 74 ]       
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to the failure of complete cell division and apoptosis [ 84 ]. Although experimental 
evidence may suggest the involvement of biological components in  radiosensitization  , 
the exact mechanisms are still not clearly understood.  

     In Vitro Radiosensitization Using AuNPs      

 By far the majority of in vitro and in vivo studies analyzing AuNP-mediated 
radioenhancement rely on passively targeted nanoparticles. One of the earliest 
studies using gold for radioenhancement was performed by Regulla and col-
leagues [ 85 ]. In this study, enhanced radiation effects were observed in mouse 
embryo fi broblasts that were exposed to gold surfaces compared to those exposed 
to  polymethyl methacrylate  . Secondary electrons were found to travel a range of 
approximately 10 μm. Following this study, numerous other experimental studies 
using AuNPs over both orthovoltage (200–500 keV) and megavoltage (>100 keV) 
ranges have been described. The results of these reports are diffi cult to compare 
directly since they were performed using many parameters such as size, shape, 
surface coating, concentration, radiation type and energy, and origin of cell lines 
(Table  10.1  adapted from Butterworth et al.). In an attempt to address these 
issues, Brun and coworkers investigated AuNP radiation enhancement by system-
atically altering AuNP concentrations, AuNP diameter, and incident X-ray energy 
(range 14.8–70 keV). They determined that the conditions with the most radiation 
enhancement were those using larger sized  AuNPs     , high gold concentration, and 
50 keV photons providing dose enhancement factors of 6 [ 98 ]. In a separate 
study, 1.9 nm AuNPs enhanced the response of bovine aortic endothelial cell 
damage infl icted by X-ray irradiation, with a dose enhancement factor up to 24.6 
[ 91 ]. While optimal sizes for AuNP radiation therapy may be inconclusive, it is 
generally accepted that radiation- induced DNA damage will increase with 
increasing concentrations of  AuNPs      [ 99 ]. In vitro experiments using  brachyther-
apy   sources and AuNPs have also been reported and initially demonstrated an 
increased biological effect with irradiation with values up to 130 % greater than 
without AuNPs [ 100 ].

   Most  photoelectrons  ,  Auger electrons  , and other  secondary electrons   have low 
energies and a short range in tissues (nm to μm) delivering lethal doses in their 
immediate surroundings [ 101 ]. The possibility of having AuNPs target specifi c can-
cer cells may increase the production of secondary electrons within the vicinity of 
DNA molecules, especially if they involve cellular internalization [ 102 ]. 
Chattopadhyay et al. was one of the fi rst to validate this hypothesis by synthesizing 
trastuzumab-PEG-AuNPs [ 97 ]. Briefl y, SK-BR-3 cells were irradiated after treat-
ment with either phosphate-buffered saline, PEG-AuNPs, or trastuzumab-PEG- 
AuNPs. The DNA DSBs as measured by γ-H2AX foci increased 5.1 and 3.3 times 
for targeted AuNPs compared to cells treated with PBS or PEG-AuNPs, respec-
tively. AuNPs modifi ed with either cysteamine or thioglucose have been shown to 
have differential accumulation in cancer cells. While cysteamine-modifi ed AuNPs 
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   Table 10.1    Summary of in vitro radiosensitization experiments using  AuNPs     

 Author 
 Size 
(nm)  Concentration  Surface coating 

 Cell 
model 

 Energy 
source  DEF  SER 

 Geng et al. [ 86 ]  14  5 nM  Glucose  SK- 
OV- 3 

 90 kVp  1.002  1.3 
 6 MV  1.00009  1.2 

 Jain et al. [ 87 ]  1.9  12 μM  Thiol  DU- 145  160 kVp  1.05  <1.41 
 MDA- 
231 MB 

 6 MV  1.0005  <1.29 

 L132  15 MV  1.0005  1.16 
 6 MeV e −   1  <1.12 
 16 MeV e −   1  1.35 

 Chithrani et al. 
[ 79 ] 

 14  1 nM  Citrate  HeLa  220  kVp    1.09  1.17–
1.16  74  6 MV e −   1.0008 

 50  662 keV  1.0006 
 Liu et al. [ 88 ]  6.1  >1 mM  PEG  CT-26  6 keV e −   1  2 

 EMT-6  160 kVp  1.02  1.1 
 6 MV  1.002  1 

 Butterworth 
et al. [ 89 ] 

 1.9  2.4 μM  Thiol  DU- 145  160  kVp    1.01  <1 
 MDA- 
231 MB 

 0.24 μM 

 AG0- 
1522 
 Astro 
 L132  1.01  <1.67 
 T98G  1.01  <1.97 
 MCF-7  1.01  <1.04 
 PC-3  1.01  <1 

 1.01  <1.91 
 1.01  <1.41 
 1.01  <1.07 
 1.01  1.3 

 Kong et al. [ 90 ]  10.8  15 nM  Glucose  MCF-7  200  kVp    1.01  1.3 
 662 keV  1.00008  1.6 

 Cysteamine  MCF- 
10A 

 1.2 MV  1.00001 

 Rahman et al. 
[ 91 ] 

 1.9  <1 mM  Thiol  BAEC  80 kV  6.6  20 
 150  kV    5.2  1.4 
 6 MV e −   1  2.9 
 12 MV e −   1  3.7 

 Roa et al. [ 83 ]  10.8  15 nM  Glucose  DU- 145  662 keV  1.00008  >1.5 
 Zhang et al. [ 92 ]  30  15 nM  Glucose-TGS  DU- 145  200  kVp    1.0083  >1.3 

 1.0083  >1.5 
 Chang et al. [ 93 ]  13  11 nM  Citrate  B16F10  6 MV e −   1  1 

(continued)
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were preferentially limited to the cell membrane of MCF-7 breast cancer cells, 
glucose- AuNPs are internalized and distributed throughout the cytoplasm [ 86 ,  90 ]. 
Furthermore, glucose-AuNPs exhibited enhanced irradiation (200 kVp)-induced 
cell death compared to cysteamine- AuNPs      and irradiation alone. Finally, in an inde-
pendent study, the radiotoxicity of proton  therapy      with AuNP internalization was 
increased by approximately 15–20 % compared to proton therapy without AuNPs 
[ 81 ]. However, the meaning of these results is not clear, as targeted AuNPs were not 
compared to nontargeted AuNPs.  

     In Vivo Radiosensitization Using AuNPs      

 In 2004, Hainfeld et al. performed the fi rst animal study evaluating enhanced tumor 
 radiosensitization via AuNPs  . Using 1.9 nm AuNPs in combination with 250 kVp 
X-rays (30 Gy), overall tumor-xenograft mouse survival was 86 % versus 20 % for 
radiation alone and 0 % for gold only [ 103 ]. Since then AuNP radiosensitization has 
been demonstrated in vivo with murine mammary ductal carcinoma [ 104 ],  murine 
squamous cell carcinomas   [ 103 ],  human sarcoma cells   [ 105 ], and  cervical carci-
noma   (see Table  10.2 ) [ 111 ]. In a study by Zhang and colleagues, in vivo radiosensi-
tization was studied using four different sizes of PEG-AuNPs, and demonstrated that 
while all sizes can decrease tumor volumes after gamma radiation (5 Gy), the small-
est (4.8 nm) and largest (46.6 nm) particles tested had weaker sensitization effects 
than 12.1 and 27.3 nm [ 109 ]. However, in a recent study by Zhang et al., 

Table 10.1 (continued)

 Author 
 Size 
(nm)  Concentration  Surface coating 

 Cell 
model 

 Energy 
source  DEF  SER 

 Chien et al. [ 94 ]  20  <2 mM  Citrate  CT-26  6 MV e −   1  1.19 
 Zhang et al. [ 95 ]  4.8  0.095–3 mM  Citrate  K562  2–10 kR 

 gamma    12.1 
 27.3 
 46.6 

 Liu et al. [ 96 ]  4.7  500 μM  PEG  CT-26  6 MV  1.3–
1.6 

 Chattopadhyay 
et al. [ 97 ] 

 30  0.3 nM  Trastuzumab- 
PEG 

 SK- BR- 3  300 kVp  5.1 

 Brun et al. [ 98 ]  8.1  1–5 nM  Citrate  Plasmid 
DNA 

 30 kV  <3.3 
 20.2  80 kV 
 37.5  80 kV 
 74  100 kV 
 91.7  120  kV   

 150 kV 

   SER  surface enhancement ratio,  DEF  dose enhancement factor  
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glutathione-coated AuNPs with sizes less than 2 nm have the ability to accumulate 
preferentially within subcutaneous tumor-bearing mice providing strong radioen-
hancement for cancer therapy [ 111 ]. More recently, Joh et al. showed that PEG- 
AuNPs and radiation therapy can enhance DNA damage and tumor cell destruction 
and improve survival in mice with orthotopic glioblastoma multiforme tumors [ 107 ]. 
Intriguingly, they also showed that ionizing radiation could compromise tumor vas-
culature signifi cantly increasing the accumulation of AuNPs within brain 

   Table 10.2    Summary of in vivo radiosensitization experiments using  AuNPs     

 Author 
 Size 
(nm) 

 AuNP 
dose 
(g kg −1 )  Surface coating  Cell model 

 Source 
energy 

 Dose 
(Gy) 

 Predicted 
DE 

 Hainfeld et al. 
[ 106 ] 

 1.9  0–2.7  Thiol  SCCVII  68 kV  30  1.84 
 157  kV    1.315 

 Hebert et al. [ 104 ]  5  0–0.675  DTDTPA-Gd  MCF7-L1  150 kV  10  1.01 
 Chang et al. [ 93 ]  13  0–0.036  Citrate  B16F10  MV e −   25  1.01 
 Hainfeld et al. 
[ 103 ] 

 1.9  0–2.7  Thiol  EMT-6  250 kV  26–30  1.56 

 Joh et al. [ 105 ]  12.4  0–1.25  PEG  HT1080  175 kV  6 Gy  1.16 
 U20S  1.07 

 Joh et al. [ 107 ] 
PLOS 

 12  0–1.25  PEG  U251  175  kV    20 Gy  1.3 

 Kim et al. [ 108 ]  14  0–0.3  Citrate  CT26  Proton 
40 MV 

 10–
41 Gy 

 Zhang et al. [ 109 ]  4.8  0–4  PEG  U14  Gamma 
rays 

 5 Gy  1.41 
 1.65 

 12.1  1.58 
 27.3  1.42 
 46.6 

 Chattopadhyay 
et al. [ 97 ] 

 30  Herceptin  MDA-MB-361  100  kV    11 Gy 

 Atkinson et al. 
[ 110 ] 

 n/a  n/a  n/a  6 Gy 

 Zhang et al. [ 111 ]  1.5  0.01  GSH  U14  662  kV    5 Gy 
 BSH 

 Al Zaki et al. [ 112 ]  75  0–0.65  PEG  HT1080  175 kV  6 Gy  1.2 
 McQuade et al. 
[ 113 ] 

 100  0–0.4  PEG  HT1080  175 kV  6 Gy  1.32 

 Sun et al. [ 114 ]  75  0–0.3  PEG  U251  150  kV    4 Gy 
 Vilchis-Juarez 
et al. [ 115 ] 

 20  RGD, 177 Lu  C6 

 Miladi et al. [ 116 ]  2  DTDTPA-GD 50   Osteosarcoma 
9LGS 

 Gamma 
 rays   

 25 Gy 
 20 Gy 

 662 kV 

   DE  dose enhancement  
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tumor-bearing mice. All of these strategies mentioned are examples of passive tumor 
targeting of AuNPs that are reliant on the EPR effect. To our knowledge, a study 
conducted by Chattopadhyay and coworkers is the only one that has assessed the 
in vivo radioenhancement effects of targeted AuNPs, using a tumor-specifi c HER-2-
targeted nanoplatform [ 101 ]. However, the benefi ts of having targeted AuNPs versus 
untargeted were not conclusive as there were no in vivo comparisons made, and 
 AuNPs      were administered via intratumoral injections.

   Very few in vivo studies have been carried out using  MV photon energy beams   
that are commonly used in radiotherapy. However, some emerging studies are sug-
gestive of the clinical potential of AuNPs in improving outcomes of radiotherapy. 
Using 6 MV electrons with 13 nm AuNPs, tumor growth was signifi cantly retarded, 
and survival was prolonged compared to radiation alone in mice with melanoma 
fl ank tumors [ 93 ]. Increased tumor sensitization with  AuNPs      has also been demon-
strated using proton therapy [ 108 ]. Proton beam irradiations of 45 MeV (10–41 Gy) 
were delivered to subcutaneous colon carcinoma tumors in mice after receiving a 
single dose of 100–300 mg/kg of AuNPs, which led to a 58–100 % 1 year survival 
versus 11–13 % in proton only irradiation.  

     Theranostic Agents      

 There has been a growing trend to integrate both diagnostic and therapeutic agents 
within a single formulation at the nanoscale level; an approach known as  theranostics  . 
The benefi t of this combination will enable both disease detection and treatment 
within a single procedure. Direct visualization of nanoparticle distribution within 
the tumor can provide guidance for treatment localization, monitor disease progres-
sion, and aid in the prediction of therapeutic outcome. Crucial information such as 
this could invariably be useful for physicians to provide their patients with person-
alized treatment strategies that help minimize off-target toxicity and improve clini-
cal outcomes. While still at the preclinical stage, a number of studies have 
demonstrated the use of theranostic nanoformulations for  imaging   and radiation 
therapy enhancement.  Gadolinium   and gold  nanoparticles   can be used as multi-
modal agents. Their high Z material improves the effi cacy of radiation therapy and 
can be used as contrast agents for  magnetic resonance imaging (MRI)   and  com-
puted tomography (CT)  , respectively. A multifunctional micellar nanocarrier was 
prepared by encapsulating both AuNP for radiosensitization and SPIONs for con-
trast-enhanced  imaging   (Fig.  10.3 ). MRI imaging suggested that the heterogeneity 
of  tumor      permeability and initial response to radiation therapy was predicted based 
on the extent of contrast enhancement within the tumor (Fig.  10.4 ) [ 113 ]. Similarly, 
via the use of gadolinium- based  ultra-rigid platforms (USRPs)     ,  lung tumors   were 
detected noninvasively using ultrashort echo time magnetic resonance imaging 
(Fig.  10.5 ) and improved the mean survival time compared to mice receiving radia-
tion therapy alone (Fig.  10.6 ) [ 117 ]. In another example, a theranostic  agent      was 
prepared using magnetic Fe 3 O 4  and silver nanocomposites for simultaneous cancer 
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therapy and diagnosis of nasopharyngeal carcinoma [ 118 ]. These nanocomposites 
were conjugated to an epidermal growth factor receptor antibody resulting in an 
enhancement in radiotoxicity by a factor of 2.26.

      While these examples show promise for theranostic agents in cancer therapy, 
further investigation is warranted. Currently, combining both imaging and therapeu-
tic functionalities signifi cantly increases the cost and complexity of nanoparticle 
preparation, which adds concerns for commercial viability, altered pharmacokinetics, 
reduced drug loading capacity, and regulatory hurdles for clinical translation. The 
incorporation of high sensitivity and quantifi able positron emission tomography 
(PET) imaging  agents   onto the surfaces of existing FDA-approved nanoplatforms 
might be a promising alternative approach to improve nanoparticle biodistribution 
and antitumor effi cacy.  

  Fig. 10.3    ( a ) Schematic depiction of a gold  nanoparticle   and  SPION-loaded polymeric micelles   
(GSMs). These particles are administered intravenously into tumor-bearing mice. Once particles 
accumulate within tumors, they provide T 2 -weighted contrast-enhanced MRI imaging for localiz-
ing external beam radiation therapy. ( b ) Dynamic light scattering measurements of GSMs. ( c ) 
Electron micrograph of GSMs. ( d ,  e ) Energy-dispersive spectroscopy analysis on GSMs with Au 
and Fe signals detected, respectively       
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     Future/Clinical Translation   

 With the rapid development and progress of the fi eld of nanotechnology for bio-
medical applications, there has been wide evaluation of their use for enhanced 
diagnosis and therapeutic effect in existing treatment modalities. During the past 
decade, many nanoformulations have been developed as anticancer agents that 
exert their  cytotoxic effects   by enhancing the effi cacy of radiation therapy. Of the 
published studies, most have focused on  nanoparticles   composed of high  Z 
elements   like gold, bismuth, and gadolinium. While these approaches have 
proven successful in preclinical studies, the exact mechanisms of radiosensitiza-
tion are not yet clearly understood. Therefore, additional studies are needed to 

  Fig. 10.4    ( a ) CT ( top ) and MR ( bottom ) imaging of  HT1080 fl ank tumor-bearing mice   24 h 
postinjection of GSMs. Tumor contrast is enhanced on MR imaging. ( b ) Kaplan-Meier survival 
curve in HT1080 tumor-bearing mice receiving no treatment ( n  = 8), radiation therapy only ( n  = 8), 
GSMs only ( n  = 7), or radiation therapy 24 h post-intravenous injection of GSMs ( n  = 7). The radia-
tion dose used was 6 Gy at 150 kVp ( c ) Plot of average tumor volumes in mice taken over follow-
ing treatment with GSMs and radiation therapy or radiation therapy alone. ( d ) Graph of initial rate 
of tumor volume decrease against the percent change in tumor contrast for mice receiving GSMs 
plus radiation therapy       
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help elucidate the biological effects exerted by the addition of nanoparticles and 
therefore direct improved nanoformulation design. Since the majority of studies 
conducted have focused on irradiation using kilovoltage  energies   that are limited 
to superfi cial tumors and brachytherapy in a clinical setting, the extent of radio-
sensitization when nanoparticles are exposed to the more clinically utilized 
megavoltage energies is required. Furthermore, relevant animal models are 
needed to more accurately mimic clinical disease to determine the potential of 
nanoparticles for radiosensitization. 

 Although radiation enhancement has proven to be successful using a variety of 
nanoparticle formulations, the number of clinical trials using nanoparticles as radio-
sensitizers is still limited. Current barriers must be overcome that hinder translation 
of nanoparticles to the clinic. These include the diffi culty associated with selection 
of the optimal nanoplatform, improvement of ligand conjugation effi ciencies and 
technologies, as well as the development of synthetic strategies for nanoparticle 

  Fig. 10.5    In vivo imaging of H358-Luc orthotopic  lung tumor      imaging. ( a ) Fluorescence imaging 
of USRPs-CY5.5. ( b ) Bioluminescence and fl uorescence showing the colocalization between 
H358-Luc tumors and fl uorescent USRPs. ( c ) Organ biodistribution of USRPs following intrapul-
monary administration. ( d ,  e ) MR imaging of lung tumors pre- and postadministration of USRPs       
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scale-up that follow good manufacturing process with fewer steps, high consistency, 
and lower costs [ 119 ]. 

 Despite these hurdles for clinical translation, some nanotechnology platforms 
have made it to clinical trials for testing in radiation therapy and are currently 
being investigated. Phase I clinical trials of  hafnium oxide nanoparticles 
(NBTXR3)   were well tolerated and revealed a favorable safety profi le with 
promising signs of antitumor activity.  Hafnium oxide nanoparticles (NBTXR3)   
are currently undergoing phase II/III clinical trials (NCT02379845) after 
demonstrating effi cacy and safety in patients with soft tissue sarcomas in phase 
I studies [ 24 ]. With further advancements in  nanoparticle   production, purifi cation, 
and conjugation techniques combined with fi ndings from ongoing and future 
studies, the number of nanoplatforms that will be translated to clinical studies is 
expected to increase.     
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