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Radiation therapy (RT) is the treatment of cancer and other diseases with ionizing 
radiation. The ultimate goal of RT is to destroy all the disease cells while sparing 
healthy tissue. Towards this goal, RT has advanced significantly over the past few 
decades in part due to new technologies including: multileaf collimator-assisted 
modulation of radiation beams, improved computer-assisted inverse treatment 
planning, image guidance, robotics with more precision, better motion management 
strategies, stereotactic treatments and hypofractionation. With recent advances 
in nanotechnology, targeted RT with gold nanoparticles (GNPs) is actively being 
investigated as a means to further increase the RT therapeutic ratio. In this review, we 
summarize the current status of research and development towards the use of GNPs 
to enhance RT. We highlight the promising emerging modalities for targeted RT with 
GNPs and the corresponding preclinical evidence supporting such promise towards 
potential clinical translation. Future prospects and perspectives are discussed.
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Background
The discovery of x-rays in 1895 by Wilhelm 
Conrad Röntgen and the award of a second 
Nobel Prize to Marie Curie for her research 
into radium, helped spawn the field of radio-
therapy (RT), employing ionizing radiation 
to treat disease. Two main RT modalities 
emerged: external RT – where the radiation 
comes from a machine outside the body, 
and internal RT (brachytherapy) – where 
the radiation comes from implants or liquids 
placed inside the body. With either modality, 
RT works by damaging the DNA of disease 
cells directly or by creating charged particles 
(free radicals) within the cells that can in turn 
damage DNA [1]. Disease cells whose DNA is 
damaged beyond repair stop dividing or die 
via apoptosis/necrosis and the dead cells are 
eliminated by the body’s natural processes. 
The ultimate goal of RT is to destroy the dis-
ease cells with minimal damage to the normal 
cells, thus improving the therapeutic ratio [2].

To this end, recent technological advances 
have led to advanced RT modalities such 

as intensity-modulated radiation therapy 
(IMRT), image-guided RT (IGRT), ste-
reotactic ablative body RT, proton therapy, 
electron beam therapy and so on, all aimed 
at achieving greater therapeutic efficacy, less 
side effects and less time under treatment. 
For example, IMRT at 6 MVp energy allows 
the creation and delivery of irregular-shaped 
radiation doses that conform to the target 
tumor whilst simultaneously avoiding signif-
icant damage to normal cells or neighboring 
organs at risk [3]. The increase in conformal-
ity and tighter treatment margins engendered 
an increased need for accuracy to circumvent 
the potential to miss the tumor due to organ 
motion and/or patient setup variations. 
IGRT works to assuage this need by allowing 
imaging of the target immediately prior to 
or even during treatment to guide the treat-
ment and allow for more accurate RT [3]. The 
improved accuracy and greater understand-
ing of radiation biology has in turn made 
dose escalation or radiation boosting feasible, 
and this has allowed for further improvement 
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in the therapeutic ratio for several tumor sites [3]. Ste-
reotactic ablative body RT is partly a consequence of 
this, allowing precise delivery of very high RT doses 
over only a few treatment fractions to ablate small, 
well-defined primary and oligometastatic tumors [3,4]. 
Meanwhile, another advanced RT approach employs 
high-energy proton beams to irradiate diseased tissue. 
The main advantage of therapy with proton beams is 
its ability to more precisely localize the radiation dos-
age compared with other types of external beam RT 
(EBRT) [5]. Owing to this ability, proton therapy is 
particularly useful in pediatric radiation oncology. 
With these advances, currently, over 50% of treated 
cancer patients receive RT [6]. In general, RT is most 
appropriate for patients whose disease has not spread, 
but can also be employed in combination with other 
treatment modalities such as chemotherapy, surgery or 
immunotherapy. It is estimated that RT contributes 
approximately 40% towards curative treatment [7], 
besides its use in palliative care.

Despite these advances in RT and associated 
improvements in primary treatment delivery, a sig-
nificant number of cancer patients treated with RT 
still experience recurrence, deadly metastasis and sig-
nificant toxicities to normal tissue [8]. For example, for 
prostate cancer, studies show that after definitive RT, 
biochemical failure (i.e., rise by 2 ng/ml or more above 
the nadir prostate-specific antigen) is seen in approxi-
mately 50% of patients after 5 years, which most often 
precedes clinical recurrence [9–11]. In addition, studies 
show that radiation boosting significantly helps pre-
vent cancer recurrence and metastasis [12–19]. However, 
radiation boosting is also limited by unacceptable nor-
mal tissue toxicity [20,21], as well as other factors such as 
target motion [12,22–32]. There is correspondingly clear 
rationale to develop new treatment strategies that can 
overcome these limitations, allowing an increased RT 
dose to the tumor while sparing normal tissue [33].

Recent advances in nanotechnology have provided 
new opportunities for developing targeted RT modali-
ties using gold nanoparticles (GNPs) to further increase 
RT therapeutic efficacy. Such targeted RT with GNPs 
involves first targeting the tumor cells or tumor sub-
volume with GNPs, and then targeting the GNPs dur-
ing RT to boost RT efficacy. Following the pioneer-
ing work by Herold et al. with gold microspheres [34], 
Hainfeld et al. performed preclinical experiments in 
mouse models to establish proof-of-principle of the 
therapeutic benefit of intravenous injection of GNP 
targeting tumors during RT [35]. In the study by Hain-
feld et al., the use of 7 mg/g GNPs (in tumor) with 
250 kVp x-rays/photons produced 86% long-term sur-
vival compared with 20% when radiation was used 
alone [35], indicating major therapeutic enhancement 

due to the GNPs. The evident intrinsic radiosensitiza-
tion potential of GNPs could be attributed to their high 
atomic number (Z), which endows them with the abil-
ity to readily interact with keV energy radiation via the 
photoelectric effect, to emit micrometer-range photo-/
Auger electrons, which would boost RT dose locally. 
The probability of photoelectric interaction with RT 
photons is approximately proportional to Z3 [36]. How-
ever, beside their intrinsic radiosensitization capability, 
GNPs are particularly attractive for targeted RT due to 
their biocompatibility, and nontoxicity relative to other 
high Z material [37–40].

Additional advantages of GNPs also include the fact 
that they can inherently provide useful imaging con-
trast [41–43] and are suitable for attaching other drugs, 
or moieties that would drive future expansion of their 
clinical benefits [44]. Such a multifunctional platform 
based on gold nanostructures with targeting ligands, 
therapeutic molecules and imaging contrast agents 
holds great promise for enhancing RT. Cognizant 
of all these, research on the use of GNPs to enhance 
RT therapeutic efficacy is burgeoning into a promis-
ing frontier in cancer research [34,45–50]. In the section 
entitled ‘Design considerations of GNPs for targeted 
RT with GNPs’ of this review, we will summarize the 
progress in designing GNPs for targeted RT. This will 
be followed in the section entitled ‘GNPs as radio-
sensitizers’ by a review of the hitherto theoretical and 
experimental evidence for targeted RT with GNPs. In 
the section entitled ‘Emerging GNRT modalities’, we 
will highlight the emerging GNP-based RT modali-
ties with promise or potential for clinical translation. 
Finally, the section entitled ‘Future perspective’ will 
discuss future prospects and perspectives for targeted 
RT with GNPs.

Design considerations of GNPs for targeted 
RT with GNPs
Nanomedicine holds advantage over conventional med-
icine because nanoparticles can be designed to enable 
the preferential delivery of drugs to tumors owing to 
the enhanced permeability and retention (EPR) effect, 
and the fact that nanoparticles can be programmed to 
sustainably release therapeutic agents including in situ-
ations that could benefit from combination therapy. 
The EPR effect relates to the propensity of macromol-
ecules or nanoparticles of certain sizes to preferentially 
accumulate at sites of increased vascular permeability 
such as solid tumor tissue [51]. Transportation of nano-
particles to the tumor, for example, when administered 
intravenously, tumor accumulation, intratumoral dis-
tribution and uptake into tumor cells are dependent 
on the design of the nanoparticles, specifically the size, 
shape and surface properties or functionalization [52].
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Ferrari and colleagues showed that size can sig-
nificantly affect how particles interact with tumor 
capillaries during transport [53,54]. A number of other 
studies have reinforced the importance of nanopar-
ticle size [44,55,56], including one study reporting 
that small-size gold nanoparticles (<6 nm) will tend 
to be cleared via renal excretion within a few min-
utes post intravenous administration, while larger 
nanoparticles accumulate in reticuloendothelial sys-
tem [44]. Perrault and colleagues also examined the 
design-dependent tumor-targeting capacity of sub-
100-nm particles in nude mice bearing subcutaneous 
MDA-MB-435 xenograft tumors [52]. They reported 
that 100-nm particles administered intravenously 
achieved the greatest accumulation in tumors: 4.3-
times greater than that achieved by 60- and 80-nm 
particles; nine-times greater than the 40-nm par-
ticles; and 38-times greater than the 20-nm particles. 
Concerning shape, recent reports also suggest a sig-
nificant role for particle shape in the in vivo perfor-
mance of nano particles [57,58]. Specifically, shape and 
shape-related form factors, such as aspect ratio or 
edge geometry, affect particle transport characteris-
tics, influences cell– particle interactions and alters 
drug release kinetics, with disk-shaped nanoparticles 
showing longer half-lives in circulation [59–61].

Once the nanoparticles reach the tumor, their size 
and shape also play a role in intratumor diffusion and 
intracellular uptake. In a systematic investigation of 
the effect of nanoparticle size (10−100 nm) on passive 
targeting of tumors in vivo [52], Perrault et al. found 
that the permeation of nanoparticles within the tumor 
is highly dependent on the overall size of the nanopar-
ticle, where larger nanoparticles appear to stay near the 
vasculature, while smaller nanoparticles rapidly diffuse 
throughout the tumor matrix. The work essentially 
demonstrated that PEGylated GNPs must be less than 
100 nm in diameter to move away from the vascula-
ture and throughout the tumor. In consonance with 
this, a recent study by Wong et al. proposed a multi-
stage system in which 100-nm nanoparticles ‘shrink’ 
to 10-nm nanoparticles after they extravasate from 
leaky regions of the tumor vasculature and are exposed 
to the tumor microenvironment [62]. The shrunken 
nanoparticles then more readily diffuse throughout 
the tumor’s interstitial space. It is also now generally 
accepted that if particle surface properties are favor-
able, smaller particles get internalized more efficiently 
by nonphagocytic cells. Huang and colleagues demon-
strated that ultrasmall GNPs smaller than 10 nm dis-
play unique advantages over nanoparticles larger than 
10 nm in terms of localization to, and penetration of, 
breast cancer cells, multicellular tumor spheroids and 
tumors in mice [63].

Focusing on GNPs, Chithrani et al. investigated the 
size and shape dependence of GNP uptake in mam-
malian cells [64,65]. They showed that kinetics and 
saturation concentrations are highly dependent upon 
the physical dimensions of the nanoparticles. In par-
ticular, results showed that within the size range of 
2–100 nm, GNPs of diameter 50 nm demonstrate the 
highest uptake. With respect to shape, Chithrani et al. 
also reported that spherical gold nanoparticles have a 
higher propensity to be internalized in vitro by HeLa 
cells compared with rod-shaped particles of similar 
dimensions [66]. Spherical nanoparticles with diam-
eters of 14 or 75 nm were taken up by cells 375–500% 
more compared with 74 × 14 nm rod-shaped particles. 
The disparity in in vitro cell uptake could be partly 
attributed to the difference in particle curvature, 
which affects the particle contact area with the cell 
membrane. Roy and colleagues [67] and Chithrani [68] 
have written excellent reviews of such studies demon-
strating that particle aspect ratio, shape and volume 
all affect cellular internalization of nanoparticles, and 
describe the mechanisms of nanoparticle uptake.

Besides size and shape, the surface properties or 
functionalization of nanoparticles such as GNPs sig-
nificantly determine target accumulation, intratumoral 
diffusion and cellular uptake. The design of the first 
generation of nanomaterials mainly involved investi-
gations on surface functionalization to assess in vitro 
uptake and cytotoxicity without taking biological 
challenges of in vivo delivery into consideration [69]. 
The second generation of nanoparticle design was 
primarily focused on surface modification to confer 
stealth and actively target the nanoparticles to enable 
significant accumulation of the nanoparticles in the 
target volume [70–72]. In one characteristic study, Choi 
et al. investigated the mechanism of active targeting in 
solid tumors with transferrin-containing GNPs, and 
showed that targeted GNPs can better reach cancer 
cells within solid tumors than their nontargeted ana-
logs, which depend mainly on the EPR [71]. In general, 
active targeting exploits the (over)expression of surface 
receptors on cancer cells by providing targeting ligands 
that can engage these receptors. Ligands that have 
been investigated for active targeting include proteins, 
aptamers and small molecules such as vitamins, pep-
tides or carbohydrates [71,73,74]. These investigations all 
indicate that ligand incorporation facilitates the tar-
geting and uptake of nanoparticles to cancer cells via 
receptor-mediated endocytosis. Specifically for GNPs, 
there is a significant body of research that has already 
demonstrated active targeting of tumors with GNPs 
associated with peptides, antibodies, oligonucleotides 
and liposomes [71,75–81]. Nuclear targeting of GNPs 
in cancer cells has also been reported [74]. It is worth 
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mentioning that active targeting using ligands such as 
antibodies and peptides does not necessarily improve 
the dose to the tumor cells, as this may lead to more 
convoluted behavior and effects in vivo as discussed in 
a recent review by Cheng et al. [82].

Currently, third-generation nanoparticles are being 
engineered for more precise control over in vivo biodistri-
bution and disease-responsive drug release, building on 
the difficult lessons learned from the previous two gener-
ations [44,83]. One of our recent studies reports the devel-
opment of such a third-generation platform called the 
AuRad™ particularly tailored for RT applications [44]. 
The design of the multifunctional AuRad nanoplatform 
for RT (Figure 1A & 1B) particularly considers size and 
surface functionalization as key features. The size is 
optimized for longer circulation, higher tumor uptake, 

as well as modulated clearance. Meanwhile, PEGylation 
allows for prolonged circulation time of the nanoparti-
cles when administered intravenously, allowing sufficient 
time for potent concentration of nanoparticles to local-
ize in the tumor. The hetero-bifunctional-polyethylene 
glycol with amine, carboxyl and methoxy ligands, also 
makes it a versatile nanoplatform to conjugate various 
moieties such as fluorophore, peptide, other radiosensi-
tizers, drugs and radiolabels. This AuRad platform was 
tested in experiments to demonstrate their imaging capa-
bility for optical tracking in vitro and in vivo systems. 
Figure 1C depicts confocal fluorescence images of live 
cells incubated with the GNPs showing robust uptake of 
the fluorescent nanoparticles. Notably, no morphological 
damage was observed, indicating low cytotoxicity of the 
nanoparticles. In vivo testing of the AuRad nanoplatform 
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Figure 1. Third-generation gold nanoparticle platform for radiotherapy applications. (A) The synthetic strategy 
of the PEGylated gold nanoparticles followed by conjugation with AF647. (B) Transmission electron micrograph 
of the THPC-coated gold nanoparticles after PEGylation and (C) the confocal fluorescence imaging of HeLA cell 
cultures after uptake of fluorescent gold nanoparticles. 
AF647: Alexa Fluor 647; HV: High voltage; mag.: Magnification; mPEG: Monofunctional polyethylene gylcol; 
PEG: Polyethylene glycol; r.t.: Room temperature; THPC: Tetrakis(hydroxymethyl)phosphonium chloride. 
Reproduced with permission from [44] Translational Cancer Research.
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is currently ongoing. Overall, based on the current litera-
ture review, the data indicate that active targeting would 
be a more efficacious approach for delivery of GNPs to 
the target for RT enhancement. Other third-generation 
nanoparticle platforms, which can also serve as drug-
delivery agents, have been developed including biogenic 
GNPs [84,85], drug-loaded gold plasmonic nanoparticles 
for treatment of multidrug resistance in cancer [86] and 
other applications [87].

It is worth noting that delivery of the GNPs to tar-
get tumor cells could also benefit from approaches 
being considered to facilitate the delivery of drugs 
administered intravenously. Such recently reviewed 
approaches [88], include modifying the tumor micro-
environment to facilitate desired distribution of the 
nanoparticles. Such modification includes normaliza-
tion of the tumor components such as the extracellu-
lar matrix using matrix-modifying agents in order to 
enable the delivery of sufficiently potent concentra-
tions of targeted GNPs to the whole tumor. Although, 
it should be noted that normalization is transient, and 
thus, RT would have to be administered during the 
window of normalization [89,90]. Other studies have 
also shown that normalizing the extracellular matrix 
by degradation of its components, particularly the col-
lagen and glycosaminoglycan content, lead to a major 
improvement (2–10-fold) in drug penetration [91,92]. 
Such degradation would thus increase the accessible 
volume of the diffusing GNPs. More studies would 
be needed to determine optimal combination of these 
approaches appropriate for enhancing RT using GNPs.

Overall, in order to optimize therapeutic ratio due 
to GNP radiosensitization, the optimal nanoparticle 
design should enable maximization of GNP localiza-
tion in the tumor, with cellular uptake of GNPs close 
to the nucleus, while ensuring minimal distribution of 
GNPs to neighboring healthy tissue during RT. It is 
not yet completely clear, based on the current litera-
ture, what the optimal GNP size or shape is to achieve 
this. This is probably a combination of these factors 
and functionalization. In addition, while the EPR and 
associated GNP design considerations are important 
in determining optimal delivery strategy, studies show 
that tumor complexity (tumor type, position, hetero-
geneity and so on) has to be taken into consideration 
and the fact that preclinical models may not accurately 
represent human disease conditions [93–95].

GNPs as radiosensitizers
Theoretical studies
There is now ample theoretical evidence establish-
ing that GNPs can be employed as radiosensitizers to 
enhance RT, due to photon-induced emission of photo-/
Auger electrons from the GNPs [1,2,47,48,50,96,100]. The 

often-cited initial theoretical studies are those of Cho 
and coworkers [47,50], who carried out Monte Carlo 
simulations to investigate the dosimetric feasibility 
of GNP-aided radiation therapy (GNRT) via brachy-
therapy using low-energy γ-/x-ray sources. The main 
conclusion from these studies was that significant 
radiosensitization via photoelectric mechanism may 
be achieved for lower (kV) energy RT photons such as 
those used in brachytherapy, while clinical MV x-rays 
will yield minimal radiosensitization. This conclusion 
was also reached by other authors [101,102] who typi-
cally assumed a uniform distribution of intravenously 
administered GNPs.

In contrast to calculations assuming a uniform dis-
tribution throughout the target volume, Berbeco and 
coworkers [1,97–99] employed Monte Carlo-generated 
spectra for analytic microdosimetry calculations, 
which predicted major dose enhancement to the tumor 
vasculature for both brachytherapy sources and EBRT 
with MV x-rays. The authors recognized that because 
intravenously administered targeted GNPs preferen-
tially accumulate around the tumor vasculature [52,88], 
this could be harnessed for therapeutic gain to deliver 
ablative RT dose enhancement to the sensitive tumor 
endothelial cells while maintaining established dose 
constraints for organs at risk. Further work by the same 
group showed that for such RT beams, greater dose 
enhancement or radiosensitization could be achieved 
for split-IMRT fields and for out-of-field areas of an 
RT linear accelerator machine with no filter to flatten 
the beam [2]. An ensuing recommendation was that 
appropriate mapping of GNP location in tumor and 
normal tissue for individual patients at the time of RT 
is essential for efficient and safe delivery of GNRT.

In 2011, Lechtman et al. carried out more Monte 
Carlo investigations assessing implications on clinical 
scenario of GNP radiosensitization with regards to 
photon energy, nanoparticle size, concentration and 
location [101]. The investigations indicated that the 
range of photon-induced electrons escaping a single 
GNP depends on the nanoparticle’s size. This could 
be explained by self-absorption of emitted electrons by 
larger nanoparticles, with the effect apparently mini-
mal for ultrasmall GNPs. In a more recent theoreti-
cal study using Monte Carlo simulations, Zygman-
ski et al. studied the dose enhancement of GNPs at 
nanometer-to-micrometer distances with high spatial 
resolution, while also assessing the dependence of pre-
dicted levels of dose enhancement on spatial geom-
etry [103]. The results revealed strong dependence of 
dose enhancement or predicted levels of radiosensi-
tization on theoretical simulation microgeometry. A 
main conclusion was that careful simulation of the 
irradiation geometry is required to avoid artifacts that 
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tend to exaggerate the computed dose enhancement 
factor as in some previous studies.

Experimental studies
Meanwhile, a significant number of corroborative in vitro 
experimental studies have demonstrated that GNPs 
can significantly enhance RT at kV energies [55,104–108]. 
These include a study by Chithrani et al. focusing on 
the radiosensitization properties of nano particles in 
the size range from 14 to 74 nm [55]. They found that 
radiosensitization was dependent on the number of 
GNPs internalized within the cells. The 50-nm GNPs 
with the highest internalization also showed the highest 
radiosensitization enhancement factor (1.43 at 220 kVp) 
compared with GNPs of 14 and 74 nm (enhancement 
factors of 1.20 and 1.26, respectively).

More recently published in vitro results using 
the third-generation ultrasmall GNP formulation 

described above are shown in Figure 2A for HeLA 
cells after uptake of the fluorescent GNPs [44]. The 
authors reported that nonirradiated (control) cells 
incubated with or without the GNPs formed approxi-
mately 174 colonies. After irradiation with a dose of 
2 Gy, the number of colonies for control cells without 
GNPs decreased to 151, compared with 121 and 42 
for 0.5 and 2 mg/ml GNPs, respectively. Overall the 
survival results obtained indicated major therapeu-
tic enhancement with increasing concentrations of 
GNPs. A number of other in vitro studies [4,55,104–108] 
have also shown significant therapeutic enhancement 
at kV energies, including one study employing GNPs 
as adjuvants to clinically applicable brachytherapy 
sources, 125I [4]. The data (Figure 2B) indicate that the 
biologic effect (residual or unrepaired DNA dam-
age) when irradiating cancer cells in the presence of 
0.2 mg/ml concentration of GNPs is approximately 
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Figure 2. In vitro DNA damage enhancement by gold nanoparticle during irradiation. (A) Surviving fraction of 
HeLA cells irradiated with 220 kVp x-rays (2 Gy) as a function of GNP concentration. (B) Comparison of unrepaired 
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70–130% greater than without GNPs. Meanwhile, 
without radiation, the GNPs showed minimal effect 
on the cancer cells, indicating relative nontoxicity of 
GNPs. As Figure 2A indicates, such enhancement can 
be increased with an increase in GNP concentration.

Most cancer patients are treated with external RT 
using MV-energy photons produced by clinical lin-
ear accelerators. However, few experimental studies 
have been performed with MV beams, partly due to 
the early theoretical studies that predict insignificant 
radiosensitization at MV energies. Following the 
original prediction that significant dose enhancement 
in the immediate vicinity of GNPs can be achieved 
even for MV beams, Berbeco and coworkers also car-
ried out in vitro studies to verify their predictions [3]. 
Figure 2C & 2D highlight some published results from 
this MV x-ray study using 0.05 mg/ml added to HeLa 
cells and incubated for 24 h [3]. The results indicated 
that GNPs increase DNA damage in clinical MV 
beams, and that the damage to tumor cells cultured 
with GNPs increases when the flattening filter of the 
RT linear accelerator is removed. This flattening filter-
free treatment modality is now commercially available 
and is currently becoming more clinically accepted. In 
addition, as the figure shows, damage enhancement 
was observed to increase as a function of increasing 
depth. Altogether, the measured relative DNA dam-
age enhancement results validated the theoretically 
predicted trends [1,99] as a function of depth and deliv-
ery mode for clinical MV photon beams. However, 
the specific concentrations of the GNPs in the HeLa 
cells were not determined in the in vitro study and 
hence the dose enhancement cannot be directly com-
pared with theoretical studies. The additional depths 
and modalities studied by Berbeco and coworkers also 
demonstrate that damage enhancement with GNPs 
depends on treatment factors that affect the proportion 
of low-energy photons within the beam [3].

The in vitro studies by Chitrani et al. did synchro-
nously investigate GNP radiosensitization for EBRT as 
a function of size in the range 14–74 nm; GNPs in the 
size of 50 nm achieved the highest radiosensitization 
for this size range for 6 MVp photon treatment with 
a radiosensitization enhancement factor of approxi-
mately 1.17 when administering a concentration of 
7 × 109 particles/ml [55]. Another study employed 
CT26 murine cancer cells treated with 500 μM of 
ultrasmall (6.1 nm) PEGylated GNPs for 48 h [107]. 
A dose enhancement factor of approximately 1.32 was 
reported. Meanwhile Zhang et al. also reported results 
showing that all sizes of the polyethylene glycol-coated 
GNPs can cause a significant decrease in cancer cell 
survival after irradiation [56]. Overall, the outcomes 
of in vitro studies at MV energies are consistent with 

theoretical predictions that the radiosensitization with 
GNPs at MV energies would be smaller relative to 
radiosensitization at KV energies [42,109].

A report by Butterworth et al. reviewing some of 
this in vitro evidence highlighted the disparity between 
observed in vitro experimental findings and the theo-
retical predictions, where the predicted dose enhance-
ment or radiosensitization is often different from the 
results observed from in vitro findings [109]. The authors 
highlighted emerging evidence pointing to more than 
just a physical radiosensitization effect via photoelectric 
mechanism, and suggest oxidative stress as one of the 
central mechanisms of radiobiological response. Some 
of this evidence came from a study evaluating cyto-
toxicity and radiation enhancement by GNPs, which 
found that irradiation of cells with 1.9 nm GNPs 
induce a range of cell line-specific responses includ-
ing decreased clonogenic survival, increased apoptosis 
and induction of DNA damage, which may be medi-
ated through the production of reactive oxygen species 
(ROS) [110]. Work by others has also concluded that 
the mechanism of radiosensitization may involve more 
than just via the photoelectric effect [42,111]. Misawa 
et al. concluded that smaller diameter GNPs with a 
larger surface area lead to a greater yield of ROS proba-
bly due to catalytic effects [111]. Higher ROS levels over-
time for smaller GNPs with the same functionalization 
have also been reported by other authors [56,112]. Besides 
size, ROS may also depend on the functionalization or 
surface coating of the GNPs, with one report showing 
that more hydrophobic coatings produce greater ROS 
levels [113]. However, as the most recent theoretical 
work by Zygmanski et al. points out, careful simula-
tion of the irradiation geometry in the theoretical stud-
ies could potentially reconcile some of the discrepancies 
highlighted [103].

Beyond in vitro experimental evidence, the existing 
evidence for GNP radiosensitization in vivo is mainly 
at kV energies [35,45,46,114,115]. This includes the study 
by Hainfeld et al. showing that the 1-year survival 
increased from 20 to 86% for animals irradiated in 
combination with GNPs. More recently Joh et al. have 
also shown in vivo evidence of GNP radiosensitization 
at kV energies for mice with brain tumors [116]. The use 
of GNPs as adjuvants to 175 kVp x-ray irradiations led 
to significantly increased survival of mice with ortho-
topic brain tumors. Another study showed that tumor-
bearing mice exhibited a 1.7-fold improvement in the 
median survival time compared with mice receiving 
radiation alone [114].

Emerging GNRT modalities
A review of currently published studies points to the 
following emerging approaches or directions toward 
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development and potential translation of targeted RT 
with GNPs.

Brachytherapy or superficial RT
Given the demonstrated high levels of GNP radiosen-
sitization at low energies, the conclusions from a num-
ber of studies is that GNRT using brachytherapy is the 
clinically feasible approach [47,48,101,102,117]. However, 
as one of these studies indicates, the clinical challenge 
when using low dose rate (LDR) brachytherapy seeds 
is that the prescribed dose is delivered continuously 
over the span of weeks [101]. In which case, it would 
be necessary to understand the full pharmacokinetic 
dynamics of different-sized GNPs with various conju-
gations to ensure they remain in the cancer cells for 
extended periods. Some of these authors see an easier 
pathway forward if higher dose rate brachytherapy is 
considered including with miniature electronic 50 kVp 
x-ray sources [47,50,101].

A study by Raman et al. also indicates that GNPs 
could be used to enhance RT for cancer patients with 
superficial tumors [104]. Owing to the low penetra-
tion of lower energy x-rays, tumors near the surface 
could potentially be targeted with GNPs and treated 
with x-rays at orthovoltage x-ray energies. This direc-
tion is consistent with the in vivo findings reported in 
the work by Hainfeld et al. with orthovoltage energy 
x-rays, which showed major survival advantage could 
be achieved for superficial tumors represented in this 
case by the tumor xenografts targeted with GNPs 
intravenously [35].

GNPs as tumor vascular-disrupting agents
Another emerging approach supported by theoretical 
[1,2,97,99,118–120] and in vitro experimental evidence [3,4] is 
the one proposed by Berbeco and coworkers to employ 
GNPs as tumor vascular-disrupting agents (VDAs) 
during either brachytherapy or EBRT with 6 MV x-rays. 
VDAs, as originally proposed by Denekamp [121,122], 
are designed to selectively target the established tumor 
blood vessels. This approach thus assumes the feasibil-
ity of specifically targeting the endothelial cells with 
GNPs at sufficiently potent concentrations, enough 
to elicit ablative localized dose enhancement. This 
assumption is justifiable given that preclinical work has 
already demonstrated the feasibility for 7 and 18 mg/g 
concentrations through passive targeting [35]. In addi-
tion, given the greater accessibility to the endothelium, 
and its unique features compared with healthy tissue 
endothelium, it may be possible to adapt the above 
active targeting strategies to realize sufficiently potent 
concentrations around the tumor vasculature. VDAs 
are designed to be administered acutely to secure more 
rapid effects [123]. It is expected that the preferential 

accumulation of potent GNP concentration near the 
vasculature resulting in major endothelial RT boosting 
or vasculature dose painting [98,116] could rapidly dis-
rupt the tumor vasculature. This could, in turn, result 
in massive ‘downstream’ tumor cell killing similar to 
VDAs. Therefore, the preferential accumulation of 
GNPs near the tumor vasculature, when administered 
intravenously [52], could be harnessed in this approach 
with additional active targeting, for example, with the 
third generation GNP platforms. It may be worth not-
ing that in the pioneering study by Hainfeld et al. [35], 
such accumulation of GNPs near the vasculature was 
also reported, and could have contributed to the major 
survival benefits by mice treated with GNPs. Recent 
in vivo work on brain tumors also reported vascular 
dose-painting experiments supporting the notion that 
GNPs could be used to enhance radiation damage to 
tumor-associated vasculature, which would precipitate 
vascular shutdown and extensive tumor cell death [116].

In proposing the VDA approach, Berbeco 
et al. [99]  cited experimental evidence from Garcia-Bar-
ros et al. whose studies indicated that damage to tumor 
microvasculature during RT may be a more important 
mechanism for tumor eradication than clonogenic 
cell death itself [124]. They also cited preclinical stud-
ies by Boerman et al. [125] indicating that a restricted 
or concentrated distribution of radiopharmaceuticals 
around blood vessels is more effective than distributing 
them uniformly within the tumor. Besides the work in 
these citations, there is growing consensus that VDAs 
are more effective as adjuvants to RT [126,127]. This is 
partly because in VDA applications, the rapid induc-
tion of central necrosis may still leave a rim of viable 
oxygenated and possibly malignant cells persisting at 
the tumor–normal tissue interface, which could make 
good target for RT [128]. In the approach considered by 
Berbeco et al., the GNPs would essentially serve as such 
adjuvants – to brachytherapy or EBRT [99]. A major 
advantage of the approach by Berbeco and coworkers 
[1–3,97,99] is the fact that EBRT could also be employed, 
not only brachytherapy. The approach also recognizes 
that for EBRT, the proportion of low energy photons 
in a clinical MV photon beam depends on the depth in 
material and that beam ‘softening’ will occur at depth in 
a patient increasing the potential for photon interaction 
with GNPs for vasculature dose painting.

When using currently available VDAs, the concern is 
that more than just the vasculature may be targeted by 
systemic exposure to the VDAs, with potential damage 
to vascular compartments outside the tumor. This may 
contribute to acute coronary syndromes and thrombo-
embolic events [129]. In fact, close monitoring of patients 
receiving VDAs for any cardiovascular toxicity is usually 
imperative [127]. In this regard, GNPs may actually have 
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an advantage in potential applications as VDAs during 
RT since GNPs are relatively nontoxic [38] by themselves. 
Currently, there are ongoing studies to further cor-
roborate the in vitro findings by Berbeco and coworkers 
in vivo towards potential clinical translation of this novel 
modality, namely, employing GNPs as VDAs during RT.

RT application with in situ dose painting using 
GNPs
In a 2010 study, Cormack et al. proposed that current 
inert IGRT biomaterials (brachytherapy spacers and 
fiducials) routinely used in the clinic to ensure spa-
tial accuracy during RT could be upgraded to smarter 
ones by loading them with radiosensitizing drugs 
which can be released in situ after implantation [130]. 
Cognizant of the existing evidence that GNPs can be 
employed as radiosensitizers during RT, the RT appli-
cation with in situ dose painting (RAID) with GNPs 
approach involves specifically loading these RT bioma-
terials with GNPs, which can be released in situ after 
implantation, to provide subvolume radiation boosting 
or dose painting without an increase in normal tissue 
toxicity. The modus operandi for the RAID approach 
is illustrated in Figure 3 for prostate brachytherapy. In 
current brachytherapy practice, inert spacers (shown 
in white in Figure 3A) are used to achieve a desired 
placement of the radioactive LDR seeds specified by 
the physician’s treatment plan. In the RAID approach, 
the inert brachytherapy spacers will be upgraded to 
smarter ones loaded with radiosensitizing GNPs. Such 
a gold-loaded RT biomaterial (RTB) is shown in gold 
color in Figure 3B. The RTBs are produced by coat-
ing the spacers with polymer films containing GNPs 
similar to procedures for coating fiducials with poly-
mer films loaded with poly(d,l-lactide-co-glycolide) 
nanoparticles [131]. Once implanted, the polymer coat-
ing on the RTB begins to degrade, releasing the GNPs 
in situ, which then diffuse into the tumor subvolume 
(as illustrated on the right of Figure 3B). The sustained 
release of GNPs, in situ, from the RTB and consequent 
3D intratumor biodistribution over time can be cus-
tomized by varying GNP size, initial concentration, 
functionalization, location of smart biomaterial and so 
on. This would address the concern raised by Lech-
tmann et al. on finding ways to continuously radio-
sensitize the tumor with the GNPs during continuous 
LDR brachytherapy [101].

Figure 3C illustrates photon-induced emission of 
micrometer-range photo-/Auger electrons from the 
GNPs to boost dose to tumor cells [47,97,118]. Because the 
dose enhancement is more highly localized than even 
brachytherapy radiation, this subvolume boost may be 
achieved without any significant increase in dose to the 
rectum and other organs at risk not containing GNPs. 

Figure 3D illustrates that the GNP release kinetics from 
RTB can be customized for sustained radiosensitiza-
tion (blue curve) compared with current approaches 
of weekly systemic administration of radiosensitizer 
(multiple peaks) [131].

The RAID approach recognizes that the tumor is 
heterogenous with high-risk tumor subvolumes (see 
Figure 3A & 3B), and that the GNPs may not distrib-
ute uniformly throughout the tumor. Nevertheless, 
the RTB could be targeted to high-risk tumor subvol-
umes identified, for example, by MRI or PET imag-
ing, in which case a high concentration of released 
GNPs would be around the area where boosting is most 
needed. To illustrate how this would work clinically, the 
color wash in Figure 3A represents the dose distribution 
prescribed by a physician’s treatment plan for a patient 
using 125I seed irradiation only. The small circle is a 
hypothetical high-risk tumor region of interest (identi-
fied e.g., via functional imaging) needing a dose boost, 
which cannot be achieved without increased dose (tox-
icity) to the urethra/rectum. In comparison, Figure 3B 
shows dose distribution using the RAID approach 
when the RTB is used instead of the usual inert spacer. 
In this RAID approach (Figure 3B), the 125I radiation 
plus additional dose from GNPs (see Figure 3C) leads 
to a subvolume boost to the high-risk region of interest 
without increased toxicity to the urethra/rectum.

Other major advantages of the RAID approach 
include the fact that in situ administration of GNPs 
circumvents a central problem in the use of nanoparti-
cles – that is, delivering a substantial fraction of GNPs 
to the intended treatment site, hence bypassing the bar-
riers, restricting the delivery of the nanoparticles. In 
addition, the RAID approach proffers minimal addi-
tional inconvenience to patients, because implantation 
of these RTBs such as spacers or fiducials is already 
part of routine clinical RT practice. Furthermore, even 
though Figure 3 is for prostate brachytherapy, this can 
also be extended to other sites that routinely employ 
these RTBs, for example, in the lung in the case of 
external RT.

With respect to upgrading currently used inert IGRT 
biomaterials to smarter ones loaded with GNPs, a num-
ber of recent studies have demonstrated initial feasibility 
of achieving this where inert biomaterials were coated 
with biodegradable, biocompatible chitosan films con-
taining nanoparticles loaded with a drug model for sus-
tainable release as the polymer degrades [131]. A similar 
approach could be used to develop the smart RT bio-
material loaded with GNPs. Alternatively, GNPs can be 
incorporated in poly(d,l-lactide-co-glycolide) polymer 
millirods during the gel phase of production [132,133]. 
Figure 4 shows an electron microscopy image of such an 
RT biomaterial loaded with GNPs. In vivo studies using 
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such biomaterials towards development of the RAID 
approach are currently ongoing.

Customizable RT enhancement of wet age-
related macular degeneration using GNPs
In a departure from customary investigations of 
GNPs as radiosensitizers for cancer treatment, Ngwa 
et al. recently demonstrated the feasibility of targeted 
RT with GNPs for treating wet age-related macular 
degeneration (AMD) [100]. AMD is the leading cause 
of blindness in developed countries for people over 
the age of 50 years [134,135], with an estimated annual 
financial burden of over US$343 billion [136]. The 
worldwide prevalence of the disease is expected to 
double in the next decade owing to population age-
ing. Photodynamic therapy and antiangiogenic phar-
macotherapy currently represent the standard of care 
for most patients [134,137–141]. However, these therapies 
require repeated treatments or injections, putting the 
patient at risk for cataract formation, endophthalmitis, 
vitreous hemorrhage and retinal detachment, besides 
logistic difficulties and the patients’ discomfort [142,143]. 

Improving these standard treatments or developing 
other effective complementary treatment approaches 
would be of significant benefit to both patients and 
society.

To this end, a noninvasive, kV stereotactic radiosur-
gery system has recently been developed and commer-
cialized for the treatment of neovascular AMD (Oraya 
Therapy™; Oraya Therapeutics Inc., CA, USA) 
[144–146]. The rationale for such a RT approach is based 
on evidence that the rapidly proliferating neovascular 
endothelial cells that drive AMD development are rela-
tively more radiosensitive than quiescent or less actively 
dividing cells [147,148]. The Oraya Therapy system can 
accurately deliver a radiation dose of up to 24 Gy to 
the radiosensitive choroidal neovasculature during a 
single treatment session, while maintaining dose limits 
to neighboring organs at risk [145,149]. A novel multimo-
dality approach comprising Oraya Therapy  of 16 or 
24 Gy, and concomitant treatment with a VEGF inhib-
itor has also been developed [150] and implemented in 
clinical trials with no radiation-related adverse effects 
at 6 months [151–153].
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Figure 3. Radiotherapy application with in situ dose painting. (A) 125I radiation-only dose distribution. (B) Dose distribution using 
the radiotherapy application with in situ dose painting approach where a gold-loaded RTB is used instead of usual inert spacer. 
(C) Not to scale. Tumor cell in high-risk ROI receives a dose boost due to 125I-induced emission of photo-/Auger electrons. (D) GNP 
release kinetics can be customized for sustained in situ radiosensitization (blue curve) compared with the current approach of weekly 
systemic administration of radiosensitizer (multiple peaks). 
GNP: Gold nanoparticle; ROI: Region of interest; RTB: Radiotherapy biomaterial.
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Given that the Oraya Therapy system delivers kV 
energy x-rays and specifically targets the choroidal neo-
vasculature, Ngwa et al. proposed and demonstrated 
in a theoretical study that GNPs would significantly 
enhance kV stereotactic radiosurgery for neovascular 
AMD [100], representing a departure from previous 
GNRT work, mainly focused on potential cancer ther-
apy applications [42,101,154–156]. Justification for pursu-
ing such a targeted RT with GNPs for wet AMD also 
comes from studies showing that nanoparticles can be 
specifically targeted to the AMD choroidal neovascu-
lature [143,157,158]. Kim et al. have shown that passively 
targeted 50-nm GNPs administered intravenously 
could be safely distributed in different retinal layers 
depending on their size, while 100-nm GNPs would 
not penetrate the retinal–blood barrier [159]. The size of 
the GNPs could thus be customized to enable trapping 
of the GNPs in the fenestrated wet AMD neovascula-
ture. However, active targeting methods such as those 
discussed in the section entitled ‘Design considerations 
of GNPs for targeted RT with GNPs’ above would be 
more appropriate. This was demonstrated in recent 
mouse studies where systemically administered func-
tionalized nanoparticles could specifically target the 
neovascular AMD endothelial cells [134,143,157]. In ddi-
tion, a preclinical study investigating the use of GNPs 
for the photothermal treatment of choroidal neovas-
cularization in AMD has been reported [160]. In that 
study, gold nanorods conjugated with RGD peptides 
were administered intravenously in a mouse model 
and shown to be localized in retinal endothelial cells. 
Further development of such choroidal neovasculariza-
tion-targeting approaches for optimal application in 
humans would be valuable in potential development of 
this novel customizable RT enhancement with GNP 
modality. The customizable RT enhancement with 
GNP approach, under development by Ngwa et al. at 
Harvard Medical School (MA, USA), for enhanced 
treatment of AMD is illustrated in Figure 5.

Future perspective
While the above emerging GNRT modalities show 
promise at this stage, a significant body of work 
remains to be performed before the discussed modali-
ties can be possibly translated into the clinic. This 
includes more in vivo studies not only for kV energies, 
but also for MV-based EBRT. Synchronous develop-
ment of advanced imaging modalities with GNPs will 
also be important, taking advantage of the fact that 
GNPs can serve as in vivo imaging contrast agents 
[41,161,162], allowing for useful delineation of the tumor 
vasculature and tumor volumes [162,163].

Following successful demonstration of enhanced 
therapeutic efficacy in vivo, further research and 

development on imaging would also greatly avail treat-
ment planning towards potential clinical translation. It 
is expected that such imaging of GNPs could comple-
ment other imaging approaches currently being devel-
oped using MRI, ultrasound and so on [164]. Recently 
published work highlights the development of a new 
GNP imaging method that works by detecting the 
L-edge x-ray fluorescence emitted when gold is irradiated 
with kV energy x-rays. The technique is said to achieve 
increased detection sensitivity at greater depths than cur-
rent optical modalities [165]. More of such developments 
would be a very useful advance for developing GNRT.

Going forward, there is also a need for more Monte 
Carlo simulations that can facilitate the development 
of treatment planning software tools. Such studies 
could also better elucidate mechanisms behind GNP-
enhanced tumor cell killing and help reconcile the dis-
parities between theory or calculations and experimental 
measurements. The development of treatment planning 
software tools for GNRT modalities would allow for 
correspondence between imaged GNP distribution and 
planned dose enhancement.

Further work is also necessary in understanding 
the behavior of GNPs in the tumor microenviron-
ment taking into account physiological barriers in 
the tumor microenvironment. Such work will have to 
take into account the highly heterogeneous and con-
tinuously evolving nature of the tumor microenviron-
ment, with expressed differences from one tumor to 
the next, from primary tumor to its metastasis, from 
1 day to the next in the same tumor and the changes 
induced by treatment. Jain and Stylianopoulos have 
proposed some basic guidelines for the construction 
of nanotherapeutics based on approaches that reduce 
this heterogeneity, whose guidelines could benefit the 

Figure 4. Electron microscopy image (1 x 1 μM) of smart radiotherapy 
biomaterial loaded with stealth nanoparticles. The arrow shows a gold 
nanoparticle embedded in the polymer matrix indicated by the ‘X’.
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development of GNRT [88]. One suggestion is that the 
size, shape and surface chemistry of a nanoparticle 
needs to be optimized for each tumor. In addition, the 
authors indicate that nanoparticles could be developed 
that respond to properties of the tumor microenviron-
ment (e.g., low pH and partial oxygen pressure) or to 
external forces such as electric pulses, magnetic field, 
ultrasound, heat and light. Further more, the addition 
of targeting ligands should be carefully considered, as 
the addition increases the size and biological reactivity 
of the particles, which could limit penetration of the 
nanoparticles.

Although this review has been focused on GNRT 
with photons, some scientists are beginning to consider 
the use of other types of RT including electron beam 
therapy [104,166,167] and proton therapy [168]. In one study 
using 6 MeV electron beams, Chang et al. demonstrated 
that electron beam therapy with GNPs significantly 
retarded tumor growth and prolonged survival com-
pared with the radiation alone controls (p < 0.05) [166]. 
The authors concluded that the results demonstrated the 
clinical potential of GNPs in improving the outcome of 
melanoma RT. Meanwhile, in one proton therapy study, 
prostate tumor cell killing was reportedly increased 
by approximately 15–20% for those cells containing 
internalized GNPs [169]. A proton beam was utilized 
to irradiate nanoparticles with a single Bragg peak set 
to occur inside a tumor volume (fully absorbed) or to 
occur after the beam had traversed the entire body. The 
dose -dependent increase in complete tumor regression 

was 37–62% in the fully-absorbed irradiation group or 
50–100% in the traversing irradiation group, respec-
tively, compared with the proton-alone control mice. The 
1-year survival was 58–100%  in the fully-absorbed irra-
diation group and the traversing irradiation group versus 
11–13% in the proton-alone group. The dose-dependent 
increase of intra cellular ROS level was 12–36% at 10 Gy 
compared with the proton-alone control cell. Therefore, 
the future of GNRT may incorporate RT modalities 
different from those employing photons. Other GNP-
assisted mechanisms, such as hyper thermia and che-
mosensitization, may also be developed in synergy with 
GNRT [46,170].

In addition, while GNPs are the focus of this study, 
recent studies have investigated the use of other high-
Z nanoparticles to enhance RT. Part of the motiva-
tion for considering other high-Z nanoparticles is the 
concern that if successfully translated, the additional 
costs from use of GNPs for GNRT would be signifi-
cant. A further concern is the poor clearance of large-
size GNPs when administered intravenously, due to 
potential long-term retention in the liver, spleen and 
other tissues [171]. For studies considering other high-Z 
nanoparticles, calculations in one study showed higher 
dose enhancement by bismuth nanoparticles relative to 
GNPs [172], which is expected given the higher Z-value 
for bismuth. Significant but lower dose enhancement 
was also predicted for platinum-based nanoparticles and 
gadolinium nano particles [173]. It is expected that such 
nanoparticles would be further investigated given their 
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Figure 5. Gold nanoparticle-aided Oraya Therapy™ (Oraya Therapeutics Inc., CA, USA) dose distribution. (A) Spatial 
map of Oraya Therapy™ (Oraya Therapeutics Inc., CA, USA) dose distribution (in Gy) within the eye of a patient with 
an anterior–posterior diameter of the eye of approximately 24 mm. (B) Idealistic spatial map of Oraya Therapy dose 
distribution illustrating a possible treatment scenario when using gold nanoparticles. In this scenario, the directly 
administered Oraya Therapy dose is reduced by a factor of greater than 3 (corresponding to dose enhancement 
factor level), while the dose to the choroidal neovasculature is maintained due to dose enhancement by targeted 
gold nanoparticles. Such a scenario would lead to significantly reduced dose to neighboring healthy tissue. 
Reproduced with permission from [101] © IOP Publishing.
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potential advantages in certain situations, for example, 
gadolinium nanoparticles when additional contrast for 
MRI may be useful.

Over the 20th century, following the findings by Wil-
helm Röntgen and Marie Curie that spawned RT, the 
discipline developed from an experimental application 
of ionizing radiation to a highly sophisticated treatment 
modality for cancer. Whereas the emphasis in the past 
and ongoing research has been on refining techniques 
to ensure the accurate delivery of radiation, it has been 
indicated [174] that the future of RT may lie in working 
more with biologists to exploit the genetics and structure 
or the tumor microenvironment for better designed or 
effective personalized treatment. This review highlights 
the need for working with nanotechnologists as well. A 
PubMed search of the keywords ‘gold nanoparticles’and 
‘radiotherapy’ reveals that over 42% of publications in 
this interdisciplinary area were published in the last 
2 years, with the first listed work by Hainfeld et al. in 
2004 [35]. The accelerating pace of work in this area in 
collaboration with nanotechnologists clearly signals that 

nanotechnology with GNPs will be at the cutting edge of 
research in the next years to further enhance therapeutic 
efficacy with RT. With this pace and continuous cross-
disciplinary collaboration, it may be possible within the 
next decade to advance the emerging GNRT modalities 
highlighted in this review (and Figure 6) to clinical tri-
als, and towards their establishment as more effective 
RT treatment options for patients with cancer and other 
diseases.
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AMD: Age-related macular degeneration; GNP: Gold nanoparticle. 

future science group

Targeted radiotherapy with gold nanoparticles: current status & future perspectives    Review



1076 Nanomedicine (2014) 9(7)

References
Papers of special note have been highlighted as: 
•  of interest; ••  of considerable interest

1 Detappe A, Tsiamas P, Ngwa W, Zygmanski P, Makrigiorgos 
M, Berbeco R. The effect of flattening filter free delivery on 
endothelial dose enhancement with gold nanoparticles. Med. 
Phys. 40(3), 031706 (2013).

2 Tsiamas P, Liu B, Cifter F et al. Impact of beam quality on 
megavoltage radiotherapy treatment techniques utilizing gold 
nanoparticles for dose enhancement. Phys. Med. Biol. 58(3), 
451–464 (2013).

3 Berbeco RI, Korideck H, Ngwa W et al. DNA damage 
enhancement from gold nanoparticles for clinical MV 
photon beams. Radiat. Res. 178(6), 604–608 (2012). 

••	 Provides	experimental	evidence	of	gold	nanoparticle	
enhancement	for	different	clinical	MV	photon	beams.	It	
is	also	the	first	experimental	evidence	of	radiosensitization	
by	gold	nanoparticles	during	continuous	low-dose-rate	
I125	brachytherapy.

4 Ngwa W, Korideck H, Kassis AI et al. In vitro 
radiosensitization by gold nanoparticles during continuous 
low-dose-rate gamma irradiation with I-125 brachytherapy 
seeds. Nanomedicine 9(1), 25–27 (2013).

5 Chang JY, Zhang X, Wang X et al. Significant reduction 
of normal tissue dose by proton radiotherapy compared 
with three-dimensional conformal or intensity-modulated 
radiation therapy in stage I or stage III non-small-cell lung 
cancer. Int. J. Radiat. Oncol. Biol. Phys. 65(4), 1087–1096 
(2006).

6 Begg AC, Stewart FA, Vens C. Strategies to improve 
radiotherapy with targeted drugs. Nat. Rev. Cancer 11(4), 
239–253 (2011).

7 Barnett GC, West CM, Dunning AM et al. Normal tissue 
reactions to radiotherapy: towards tailoring treatment dose 
by genotype. Nat. Rev. Cancer 9(2), 134–142 (2009).

8 Nguyen PL, D’Amico AV, Lee AK, Suh WW. Patient 
selection, cancer control, and complications after salvage 

local therapy for postradiation prostate-specific antigen 
failure: a systematic review of the literature. Cancer 110(7), 
1417–1428 (2007).

9 Agarwal PK, Sadetsky N, Konety BR, Resnick MI, 
Carroll PR. Treatment failure after primary and salvage 
therapy for prostate cancer: likelihood, patterns of care, and 
outcomes. Cancer 112(2), 307–314 (2008).

10 Westphalen AC, Coakley FV, Roach M 3rd, McCulloch CE, 
Kurhanewicz J. Locally recurrent prostate cancer after 
external beam radiation therapy: diagnostic performance 
of 1.5-T endorectal MR imaging and MR spectroscopic 
imaging for detection. Radiology 256(2), 485–492 (2010).

11 Stephenson AJ, Eastham JA. Role of salvage radical 
prostatectomy for recurrent prostate cancer after radiation 
therapy. J. Clin. Oncol. 23(32), 8198–8203 (2005).

12 Zelefsky MJ, Yamada Y, Fuks Z et al. Long-term results 
of conformal radiotherapy for prostate cancer: impact of 
dose escalation on biochemical tumor control and distant 
metastases-free survival outcomes. Int. J. Radiat. Oncol. Biol. 
Phys. 71(4), 1028–1033 (2008).

13 Pollack A, Hanlon AL, Horwitz EM, Feigenberg SJ, 
Uzzo RG, Hanks GE. Prostate cancer radiotherapy 
dose response: an update of the fox chase experience. 
J. Urol. 171(3), 1132–1136 (2004).

14 Al-Mamgani A, Van Putten WL, Heemsbergen WD 
et al. Update of Dutch multicenter dose-escalation trial of 
radiotherapy for localized prostate cancer. Int. J. Radiat. 
Oncol. Biol. Phys. 72(4), 980–988 (2008).

15 Al-Mamgani A, Van Putten WL, Van Der Wielen GJ, 
Levendag PC, Incrocci L. Dose escalation and quality of 
life in patients with localized prostate cancer treated with 
radiotherapy: long-term results of the Dutch randomized 
dose-escalation trial (CKTO 96–10 trial). Int. J. Radiat. 
Oncol. Biol. Phys. 79(4), 1004–1012 (2010).

16 Bachand F, Martin AG, Beaulieu L, Harel F, Vigneault E. 
An eight-year experience of HDR brachytherapy boost for 

future science group

Review    Ngwa, Kumar, Sridhar et al.

Executive summary

Design considerations of gold nanoparticles for targetedradiotherapy
•	 Nanomedicine holds advantage over conventional medicine because nanoparticles can be designed to enable 

the preferential delivery of drugs or radiosensitizers to tumors owing to the enhanced permeability and 
retention effect, and the fact that nanoparticles can be programmed to sustainably release therapeutic agents 
including in situations that could benefit combination therapy. Gold nanoparticle (GNPs) can serve as both 
radiosensitizers and drug-delivery agents.

GNPs as radiosensitizers
•	 There is now significant evidence of radiosensitization with GNPs, although the exact mechanisms of 

radiosensitization are not completely clear. There is need for more in vivo studies at clinically applicable 
energies, appropriate for the emerging GNP-aided radiotherapy (GNRT) modalities.

Emerging GNRT modalities
•	 Promising emerging GNRT modalities include: brachytherapy or superficial radiotherapy, GNPs as tumor 

vascular-disrupting agents, radiotherapy application with in situ dose-painting using GNPs and customizable 
radiotherapy enhancement of wet age-related macular degeneration using GNPs.

Future perspective
•	 It should be possible within the next decade to advance the emerging GNRT modalities highlighted in this 

review to clinical trials, and towards their establishment as more effective radiotherapy treatment options for 
patients with cancer and other diseases.
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