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Radiotherapy is a key pillar of solid cancer treatment. Despite a high level of conformal dose deposition,
radiotherapy is limited due to co-irradiation of organs at risk and subsequent normal tissue toxicities.
Nanotechnology offers an attractive opportunity for increasing the efficacy and safety of cancer
radiotherapy. Leveraging the freedom of design and the growing synthetic capabilities of the
nanomaterial-community, a variety of engineered nanomaterials have been designed and investigated as
radiosensitizers or radioenhancers. While research so far has been primarily focused on gold
nanoparticles and other high atomic number materials to increase the absorption cross section of tumor
tissue, recent studies are challenging the traditional concept of high-Z nanoparticle radioenhancers and
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highlight the importance of catalytic activity. This review provides a concise overview on the knowledge
of nanoparticle radioenhancement mechanisms and their quantification. It critically discusses potential
DOI: 10.1039/d3mh00265a radioenhancer candidate materials and general design criteria for different radiation therapy modalities,

and concludes with research priorities in order to advance the development of nanomaterials, to
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1. Introduction

Approximately 50% of all cancer patients have an indication for
radiotherapy at least once during the course of their disease,"
with an absolute number of patients steadily increasing assum-
ing overall cancer rates remain unchanged.? Radiotherapy can
be administered to cure cancer or relieve cancer symptoms,
either as monotherapy or in multimodal cancer treatment in
combination with surgery, chemotherapy or immunotherapy
(Fig. 1).” It is either employed in a neoadjuvant setting to shrink
the tumor before surgery, or in an adjuvant setting to destroy
left-over cancer cells or both. Radiotherapy effects can be
further enhanced by the addition of (nanomaterial-based)
radioenhancers, extending the therapeutic window by increas-
ing efficacy and reducing side effects.® Advanced radiation
treatments and radiotherapy techniques (e.g. particle- vs.
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enhance the efficacy of radiotherapy and to increase at the same time the therapeutic window.

photon-radiotherapy; intensity-modulated radiotherapy and
volumetric arc therapy) are nowadays established in clinical
practice and are well suited for planning and delivering of
radiotherapy with conformity.”® Despite these technical
advances in modern, image-guided, adaptive radiotherapy,
radiation toxicity to co-irradiated adjacent normal tissue still
determines and limits the maximal dose that can be applied to
a tumor, and is a most critical limitation of contemporary
radiotherapy.® To reduce healthy tissue damage in organs at
risk and to overcome radioresistance of tumors (e.g. due to a
hypoxic tumor environment),”* new strategies rendering the
tumor tissue more susceptible are sought after.
Radiosensitizers and radioenhancers in the form of high-Z
metal nanoparticles (NPs) deposited in the tumorous tissue
have recently attracted considerable attention as an alternate
therapeutic route that can overcome these limitations and
widen the therapeutic window. A pioneering study in 2004
demonstrated control of a malignant tumor in vivo by the
administration of gold nanoparticles prior to radiotherapy.'®
Presently, the radioenhancing effect of NPs is widely accepted,
with two candidate materials, AGuIX® (NH TherAguix, Lyon,
France) and CE-certified NBTXR3/Hensify™ (Nanobiotix, Paris,
France), in clinical evaluation."**® In addition to widely stu-
died metal and metal oxide radioenhancer nanoparticles, new
material design strategies offer the possibility of (multimodal)
combination treatments, paving the way to even more effective
cancer treatments in the future. For example, drug-loadable

Mater. Horiz., 2023, 10, 4059-4082 | 4059


https://orcid.org/0000-0002-8568-2674
https://orcid.org/0000-0002-3124-9015
https://orcid.org/0000-0002-3018-6796
http://crossmark.crossref.org/dialog/?doi=10.1039/d3mh00265a&domain=pdf&date_stamp=2023-08-09
https://rsc.li/materials-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mh00265a
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH010010

Open Access Article. Published on 12 1402. Downloaded on 26/09/1404 12:40:52 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

metal-organic frameworks (MOFs) can generate toxic reactive
oxygen species (ROS) during irradiation, offering new prospects
for combination treatments.'”'® Although a vast number of
different nanomaterials have been explored as radioenhancers,
the translation to clinical application is slow.'® Current major
translational barriers include the scalability of high-quality
nanoparticle manufacturing and the significant knowledge
gaps in nanoparticle design, effectiveness and biological
activity."*® In particular, the limited understanding of
nanoparticle-based radioenhancement precludes rational
material designs and limits the full exploitation of the available
materials design space. The scarcity of comparative studies and
benchmarking prevents relative comparison of candidate
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materials and subsequent rational selection of the best per-
forming candidate.>’>* The deficient understanding of radio-
therapy enhancement mechanisms and nanomaterials toxicity
additionally inhibits the design of optimal candidate
materials.'® This gap in fundamental mechanistic understand-
ing implies that potentially considerable gains in performance
can be achieved through rationally designed materials and
appropriate material selection based on irradiation conditions
(external vs. internal radiotherapy, photons vs. protons, beam
energy).

In the following, we provide a concise summary of the
current knowledge on radioenhancement mechanisms. Key
aspects of physical, chemical and biological mechanisms and
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Fig. 1 Schematic illustration of the potential integration of nanotechnology into cancer treatment (a), and a representation of beneficial treatment
settings using radioenhancer nanoparticles (b). Figure created with BioRender.com.

their quantifications during radiation therapy with and without
nanoparticles are discussed. Nanoparticle radioenhancer mate-
rial candidates and their radioenhancing properties from a
preclinical perspective and their clinical progress are pre-
sented. From this, we deduce key materials design criteria
and corresponding considerations for future research in this
emerging field.

2. Principles of radiotherapy: physical,
chemical and biological responses to
ionizing radiation

To delineate the complex processes in between initial energy
deposition and biological responses to irradiation, four stages
can be defined: (i) the physical, (ii) the physico-chemical, (iii)
the chemical, and (iv) the biological stage.” At the physical
stage, ionizing radiation travels in the form of particles or
electromagnetic waves through the target medium and excites
or ionizes the molecules in its path. Initial physical processes in
local track regions happen within the first ~10"> s.'® Dis-
sociative decay, auto-ionization, thermalization, or solvation
characterize the physico-chemical stage (time scale ~10'°-
107'? s). The following chemical stage (~10"'>-107° s) is
associated with the diffusion and production of initial or new
chemical species, resulting in a homogenous distribution of
radiolysis products. Since the water content in tumors, tissues,
and organs typically is around 70-85%,"" water radiolysis takes
on an important role in the cellular response especially to
ionizing radiation at the low LET (linear energy transfer) level
of clinically relevant photon and proton irradiation. The phy-
sical and chemical processes related to water radiolysis are very
well studied: irradiated water after the initial physical stage
contains excited H,0* and the ionized species H,O" and e™.
During the physico-chemical stage, H,O* molecules can dis-
sociate to produce *H and *OH, H, and *O, and H,0" and e~
species or radicals. Further processes such as ion-molecule
reactions (H,O" + H,0) and/or electron and ion hydration lead

This journal is © The Royal Society of Chemistry 2023

to the production of (H3O+)aq, (€ )agy H30', and *OH species.
During the chemical stage, the initially formed radiolysis products
diffuse and interact with each other to create OH™, H,0,, and
additional H, while consuming some of the initially generated
*OH, *H, H;0", and (e"),q species.”'? Yields of the different water
radiolysis products can be found in several simulation reports and
are dependent on the ionizing source used."*™*

At the biological stage, the responses can be determined at
different spatial and temporal resolution with some biological
processes manifested only months, years or decades after
irradiation (e.g. chronic normal tissue toxicities and secondary
malignancies), phenomena which are beyond the focus of this
review. The immediate biological damage can be induced by
direct or indirect irradiation effects. Direct damage, caused by
incident photons, charged particles and their subsequently
generated electron splashes, is only detrimental when vital
elements of the cell are directly affected. Critically important
cellular components for ionizing radiation-induced damage
include the DNA, the cellular membrane, and essential cell
organelles (mitochondria,'> endoplasmic reticulum, ribo-
somes, and lysosomes)."® Low LET photon and proton irradia-
tion only induce a small proportion of (water radiolysis-
independent) direct biological damage, while its relative impor-
tance increases with increasing LET radiation.’” The dominant
indirect effect of low LET irradiation is mainly induced through
water radiolysis products, which can cause DNA breaks and
complex chromosomal aberrations, protein denaturation, cell
membrane disruption, enzyme inactivation, and DNA or RNA
mutations.’ An important and dominating role driving indirect
damage is attributed to *OH radicals, which are considered the
most powerful oxidant among the water derivatives.® In fact, it
has been shown through the use of hydroxyl scavengers that
60-90% of cellular radiation damage can be attributed to *OH
radicals.””?° This hydroxyl-mediated indirect damage action is
strongly dependent on the oxygen partial pressure (pO,) in the
tumor microenvironment.'® A commonly used explanation for
the observed oxygen enhancement effect is that free-radical-
induced DNA damage is “fixed” in the presence of molecular
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oxygen (“oxygen fixation theory”), thereby making it
permanent.'® Additionally, highly deleterious oxidizing radicals
(superoxide, *0O,", and hydroperoxyl radicals, *OOH) are cre-
ated during the chemical stage of radiolysis in the presence of
molecular oxygen.'* Thus, the presence of oxygen in the target
medium has a crucial impact on the success of the radiotherapy
and tumor hypoxia represents a major radioresistance mecha-
nism. Overall, the complex radiation response on the cellular
and (patho-) physiological level have been described as the 6 Rs
of radiobiology, where a change in any one of the Rs can
increase or decrease the net therapeutic effect of fractionated
radiotherapy (see below).*>*?

3. Nanoparticle radioenhancement
mechanisms

Nanoparticles that can increase the effect of radiotherapy by
altering one or more of the aforementioned response stages can
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be classified as radioenhancers or radiosensitizers (Fig. 2a).
While “radiosensitizer’” defines any substance that sensitizes
cells to radiation therapy, and has thus a more general mean-
ing, the term “radioenhancer” implies an amplification role,
such as delivering a higher dose to the tumor>* or increasing
the chemical ROS species. Therefore, in this review we use the
term radioenhancer for nanoparticles that are able to increase
ionizing dose or ROS inside the tumor, while radiosensitizers
are nanoparticles that biologically sensitize cells to ionizing
radiation.

The processes underlying nanoparticle radioenhancement
can be divided into different stages (Fig. 2b): excitation and
ionization of the NPs (physical stage), generation of reactive
oxygen species (ROS) in the surrounding medium (chemical
stage), and biological implications of increased damage on a
cytoplasmic or nuclear level (biological stage). Furthermore,
NPs can modulate biological processes, thereby sensitizing
cells to ionizing radiation and increasing the effects of radio-
therapy. The exact mechanisms through which NPs enhance
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Fig. 2 Mechanisms of nanoparticle radioenhancement. (a) Metal or metal oxide nanoparticles may be inserted into tumorous tissue, e.g. via injection or
intravenously via the EPR effect, and act to enhance the efficiency and specificity of the applied radiation (e.g. X-rays, protons). (b) The mechanism of
action of nanoparticle radioenhancers can be divided into three stages: a physical, a chemical and a biological stage. In the physical stage, ionizing
radiation leads to the ejection of secondary electrons which can then, in the chemical stage, interact with other molecules, e.g. water, causing the
creation of ROS. In the biological stage, the created ROS interacts with the components of the cell (e.g. DNA), eventually triggering cell death. (c) and (d)
Detailed view of the three stages: (c) physical dose enhancement by NPs located in endosomes decreases with increasing distance from the NP, as well
as beam energy and when photons instead of ions are used as the modality. The higher the atomic number of the particles, the stronger the physical dose
enhancement. (d) Chemically, NPs can contribute to the creation of ROS through photocatalytic activity (top), surface effects (bottom left) or the action
of oxygen catalysts (e.g. Mn) or Fenton and Haber—Weiss reactions (e.g. Fe) (bottom right). (e) Biological nanoparticle enhancement mechanism can be
viewed in context of the 6 Rs of radiobiology. Figure created with BioRender.com.
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ionizing radiation stage-dependent processes on the physical,
chemical, and biological level are influenced by the nanoparti-
cle composition and are the subject of ongoing research.

3.1 Physical enhancement

The physical interaction between NPs and ionizing radiation
depends significantly on the modality of radiation used and
its energy (Fig. 2c). Low energy kiloelectronvolt photons
(<500 keV) interact with NPs via photoelectric absorption,
resulting in the ejection of a photoelectron from the K, L, or
M shell and the subsequent emission of fluorescence and Auger
electrons.?® Regarding secondary electron emission after ioni-
zation of a NP, Monte Carlo simulations have shown that the
NP dose enhancement decreases exponentially with increasing
distance from the NP surface.>® Auger electrons contribute to
enormous low-range (~10 nm) dose enhancement, while elec-
trons of higher energy (photo- or Compton electrons) contri-
bute to micrometer-range (up to 30-40 um) enhancement,
which can lead to direct DNA damage.’®*” The photoelectric
effect probability scales roughly with Z*/E*, rendering high-Z
materials attractive candidates for radioenhancement using
low-energy photon beams.*® However, clinically relevant appli-
cations typically use higher energies, and megaelectronvolt
(MeV) photon interactions with NPs predominantly result in
Compton scattering or pair production with interaction prob-
abilities only linearly proportional to Z.** Physical dose
enhancement for MV photons was simulated to be negligible
in cellular scenarios even for high-Z NPs,> although very
localized nanoscopic dose enhancement around gold nano-
particles remains a topic of discussion.’**™> For a highly
localized dose to grant a therapeutic advantage from secondary
species emission, NPs can be functionalized in order to target
sensitive subcellular localizations. It has been shown that
targeting the cells’ nucleus®**** or mitochondria®*>’
indeed lead to enhanced X-ray treatment efficiency.

The major difference between photon- and particular
proton-based radiotherapy at the macrolevel is their differential
spatial distribution of energy deposition. Photon beams have
the highest dose deposition close to the entrance surface and
continuously deposit dose along the entire path throughout the
tissue. Generally, this involves healthy tissue being co-
irradiated proximally as well as distally of the target volume.
In contrast, proton beams commonly deposit a lower dose in
the entry field, and maximum dose deposition occurs within
the so-called Bragg peak at a depth defined by the velocity of the
applied protons. Behind this Bragg peak region — or Spread-Out
Bragg Peak (SOBP) in clinical applications - no significant dose
is deposited. The reduced volume of healthy tissue exposed to
intermediate and low doses of proton radiotherapy results in
reduced co-irradiation of dose-limiting organs at risk (OAR)
such as brain stem, spinal cord, oral cavity, or the optic nerve
and subsequently also a reduced risk of secondary malignan-
cies in these co-irradiated organs. A physical characteristics of
proton radiotherapy is the increase in LET towards the distal
end of the spread-out Bragg Peak (SOBP).***° Irradiation with
elevated LET induces more complex respectively clustered DNA

can
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lesions than yielded by conventional low LET photon irradia-
tion. Utilizing proton-based instead of photon-based external
beam irradiation alters the beam’s interactions with NPs.*
These positively charged subatomic particles deposit energy
through ionization and excitation of matter via Coulombic
interactions.*" While the beneficial interaction of protons with
NP radioenhancers has been demonstrated,***>™**> a mecha-
nistic understanding at the nanoscale level is very much under
debate. Kim et al. first attributed the observed dose enhance-
ment effects to particle-induced X-ray emission (PIXE).** This
explanation, along with enhancement by particle-induced
gamma-ray emission (PIGE), was later rejected. Other mechan-
isms were considered as being more relevant, such as a very
local (<100 nm range) secondary electron emission through
Coulombic interactions of the protons with the NP.***® Indeed,
Monte Carlo simulations have indicated a potential proton
dose enhancement from small nanoparticles within <10 nm
distance stemming from excess Auger electrons.*” A simulation
with 1.3 MeV protons showed, that the yield of such secondary
electrons from titanium surfaces could even be higher than
from high-Z nanoparticles.*® Auger electrons have the ability to
form ROS by radiolysis of water molecules.*® Other reports,
using a model that underestimates the low-energy electron
emission spectra, have concluded that physical dose enhance-
ment from proton irradiated nanoparticles is negligible, espe-
cially when compared to kV photons.>**® The accurate
reproduction of the low-energy electron emission spectra
remains a key challenge in simulations.”™>* It remains to be
elucidated, if the nanoscale physical effects contribute to
enhanced ROS creation observed during nanoparticle irradia-
tion with protons, or whether they are solely created by catalytic

effects,10:46,53-55
Quantifying physical dose enhancement. To assess
and gain insights into physical dose enhancement by

various NPs, macroscopic calculations®® and Monte Carlo
simulations®”?*?%%” can be employed to predict the physical
NP dose enhancement effect at the nanoscopic to macroscopic
scale. These can be complemented by experimental observa-
tions of physical dose enhancements in acellular (cell-free)
systems, although such observations are generally more
complicated to perform and interpret. A few studies are avail-
able and generally in line with simulations. For instance,
nanoparticle-impregnated pr-Alanin wax pellets have demon-
strated dose enhancements of approximately 60% (for kv X-
rays), 10% (for 10 MV X-rays), and <5% (for proton and
electron beams) for gold nanoparticles.”® Nanoparticle-loaded
water-equivalent PRESAGE dosimeters have been used to show
physical dose enhancement of Au, Bi,S;, and Bi NPs, with a
higher dose enhancement from kV X-rays (12-32%) than from a
clinical 6 MV X-ray beam (2-5%).°> The use of PRESAGE
dosimeters is limited, however, due to the optical readout
method, which is susceptible to NP interference, especially at
higher NP concentrations. Alternative methods using MRI or
CT as readout methods are found in other polymer
dosimeters,”® such as MAGIC (Methacrylic and Ascorbic acid
in Gelatin Initiated by Copper),®"®> MAGAT (methacrylic acid

Mater. Horiz., 2023, 10, 4059-4082 | 4063
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gelatine and tetrakis (hydroxymethyl) phosphonium chloride),*?
or nPAG (normoxic polyacrylamide).®* Most of the studies using
gel dosimeters, or similar methods, focus on dose enhancement
with Au NPs. Thus, a systematic comparison of different NPs in
such systems is missing. A more detailed knowledge of the
system, coupled with Monte Carlo simulations, could provide
useful understanding of the physical mechanisms of nanoparticle
dose enhancement.

3.2 Chemical enhancement

Generally, in vitro and in vivo dose enhancement findings have
greatly exceeded predictions made by simulations of physical
enhancement under clinically relevant photon or particle beam
irradiation conditions, suggesting that chemical and biological
effects play crucial roles.*”**"®” Increased ROS generation has
been suggested as a major driving force of NP-enhanced radia-
tion damage.®® Several in vitro studies have shown that ROS
quenchers decrease the nanoparticle-induced enhancement
effect.”>**”° The mechanisms of NP-based ROS formation in
cells, however, are complex and occur on different levels. NPs
can enhance ROS formation through secondary electron emis-
sion, which is the chemical follow-up stage to the aforemen-
tioned physical dose enhancement processes. Furthermore,
ROS formation can be increased by catalytic nanoparticle sur-
face processes, such as lowering the ionizing potential of
surrounding molecules’* or acting as an electron or hole donor
(Fig. 2d).”>”* The latter process is commonly found in semi-
conductor nanoparticles and is most effective when the poten-
tials of the valence and charge bands are suitable for water
splitting.””® In a comparison of different semiconductor
nanomaterials, our group has shown that TiO, and WO;
nanoparticles have higher ROS generation ability compared to
HfO,, TiN and SiO, during the irradiation with X-rays and
protons.”® The nanoparticles also generated more ROS under
X-ray compared to proton irradiation. Other chemical enhance-
ment mechanisms include upregulation of the local oxygen
concentration via exogenous oxygen delivery or catalytic decom-
position of H,0, (to overcome hypoxia) or turning H,O, into
more toxic *OH radicals via Fenton or Haber-Weiss reactions
(Fig. 2d).**7%”” Successful modulation of the hypoxic tumor
microenvironment has been demonstrated using a variety of
particles (such as perfluorocarbon-, hemoglobin-, metal-
organic framework-, Mn-, Pt-, or Fe-based nanoparticles), and
a comparison of their oxygenation efficiency can be found in a
review by Li et al. (2021).”® Fenton agents for cancer therapy
include Fe-based nanomaterials or redox-active transition
metals (such as Cu, Mn, Ag, V, Co, and W),”® and the reader
is referred to reviews from Cao et al. (2021) and Zhang et al.
(2021) for a perspective on Fenton/Fenton-like agents or ROS
elevating nanomedicines.”””® Interestingly, nanoparticle sur-
face bound ions as well as released ions can contribute to
Fenton reactions. For example, the controlled release of Fe ions
from FePt NPs in lysosomal conditions (acidic pH), led to more
increased ROS formation by the catalytic decomposition of
H,0,.%° In a study with iron oxide NPs and iron ions, ROS
concentrations were increased by ions and by the NP surface
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after X-ray exposure.’’ In another study with CuO NPs
and dissolved Cu ions, it was found that via Fenton-like and
Haber-Weiss reactions the NP surface contributed to a signifi-
cant portion of the observed amount of ROS and plasmid
DNA damage.®” Such reactions with copper ions have also been
shown to enhance ROS and cell death after X-ray exposure.®***
The functionalization of NP surfaces can provide an additional
strategy to modulate ROS generation (Fig. 2d). However, since
surface modifications can decrease the surface reactivity inhi-
biting ROS generation,®> they have to be chosen carefully. For
example, it was shown for different PEG and human serum
albumin functionalizations of Au NPs, that the amount of *OH
radical production and plasmid DNA damage during X-ray
irradiation dramatically decreased with the number of atoms
in the coating.®® On the contrary, surface functionalization can
be used to enhance charge separation and transfer and improve
catalytic reactions,”” or allow the creation of other highly
reactive species such as singlet oxygen ('0,) which can be
produced by e.g. porphyrins.®® Ideally, a nanoparticle coating
has several beneficial therapeutic effects. For instance, surface
coatings of mixed-phase iron oxide NPs resulted in more
reactive surfaces during X-ray exposure while also improving
their biocompatibility.*

Quantifying chemical enhancement. Several methods are
available to detect ROS such as electron spin resonance (ESR/
EPR), fluorescent/chemiluminescent probes or proteins, chro-
matography/spectrophotometry methods, and electrochemical
biosensors, each having its advantages and disadvantages.”®
Fluorophores or chemiluminescent probes provide an
easy means of measuring irradiation-induced ROS in cells or
in acellular nanoparticle solutions using a microplate reader
or fluorescence microscope. To measure ROS in acellular
nanoparticle solutions, assays need to be optimized and nano-
particle-fluorophore interferences need to be understood
and minimized.’*"** Frequently used ROS fluorophores include
2,7-dichlorofluorescein diacetate (DCFDA; unspecific ROS or
nitrogen species),>>°"** coumarin-3-carboxylic acid (3-CCA)/
7-hydroxycoumarin (*OH specificity),”>®” Amplex® Red
(H,0,),”® dihydrorhodamine (DHR; °®O,”, ONOO~, °OH
specificity),”'*° 3-(p-aminophenyl) fluorescein (APF; °OH,
ONOO™, OCl™ specificity),**°*> dihydroethidium (DHE; *OH,
*0,” specificity),”®'°* singlet oxygen sensor green (SOSG; 'O,
specificity),’® CellROX (unspecific ROS),'** and MitoSOX
(mitochondrial *0,~ specificity).®®*'**'% Indirect harvesting
methods can also show the importance of certain radicals
during nanoparticle-enhanced radiation therapy. Dimethyl
sulfoxide (DMSO), for instance, has been applied as a hydroxyl
radical scavenger during the irradiation of cells with and with-
out nanoparticles to show the importance of those radicals in
successful radiotherapy and nanoparticle enhancement
mechanisms.>>¢%7%10¢

3.3 Biological sensitization mechanisms

In radiotherapy, tumor control and normal tissue toxicity are
determined by the total dose, fraction size, number of fractions,
time between fractions and the overall treatment time.
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Materials Horizons

Increasing the fraction size and decreasing the time between
fractions and the overall treatment time improve tumor con-
trol, but at the same time, decrease the normal tissue protec-
tion effect of fractionation. Mechanistically, the differential
tumor and normal tissue responses could be linked to the so-
called 5 Rs of radiotherapy, namely repair, redistribution,
repopulation, reoxygenation and intrinsic radiosensitivity.
These “hallmarks of radiotherapy” group the plethora of
molecular processes induced by fractionated radiotherapy into
biologically relevant concepts. Lately and based on the advance-
ment of immunotherapy and single high dose radiotherapy, an
additional 6th R has been proposed, which is the reactivation of
anti-tumor immune response. These Rs of radiotherapy have
often been used as guidelines for the development of novel
combined treatment modalities, to understand differential
response patterns to low dose fractionated versus hypofractio-
nated radiotherapy and to different radiation modalities. Nano-
particle radioenhancers will sensitize both tumor and normal
cells to ionizing radiation and it will be important to identify
which R of radiotherapy and related biological process is most
affected or could be exploited to further increase a therapeutic
window and to even design a personalized regimen with NPs
(see Fig. 2e).

Repair. Human cells have developed sophisticated DNA
damage repair machineries to guarantee genomic integrity
after an insult. NPs have been shown to interfere with a cell’s
DNA repair system, reducing the capability of cancer cells to
respond to ionizing radiation-induced DNA damage and
thereby increasing treatment efficacy. Au NPs may be capable
of slowing down the repair machinery'® "% (as opposed to
inducing more DNA double-strand breaks) and downregulating
DNA repair genes such as BRCA1,''® MSH3,"'! and MRE11A™"!
[see also review by Penninckx et al. (2020)""? for details]. How
exactly Au NPs exert this influence is unclear and requires
further investigation. Effects on DNA repair have also been
observed with other materials. For instance, Wojewodzka et al.
(2011) reported that Ag NPs delayed repair of DNA damage
inflicted by kv X-rays in human HepG2 cells, while TiO, NPs
were less effective.''> However, a prolonged, 2 month exposure
to TiO, has been shown to impair DNA repair processes in A549
cells, suggesting that chronic exposure to TiO, sensitizes cells
towards genotoxic agents.''*'"> In another study, Ti nanotubes
were shown to decrease DNA repair efficacy in human glioblas-
toma cells.'*® A study by Stefanéikova et al. (2016) indicated
that Gd-based NPs (AguIX), currently in phase 2 clinical trials,
had no impact on the creation of DNA lesions or DNA repair in
glioblastoma cells under irradiation with gamma rays.'*” Nano-
materials can be categorized into 4 main groups in an attempt
to forecast the modes of action not only towards apical toxicity
effects, but also towards impacting DNA repair processes: (i)
soluble nanomaterials that would release metal ions in their
surrounding environment (e.g. Ag, ZnO, CuO, or CdSe NPs); (ii)
biopersistent high aspect ratio nanomaterials which show
fibre-like effects (e.g. carbon nanotubes); (iii) passive nanoma-
terials that carry a non-reactive surface; and (iv) active nano-
materials with reactive surface properties that may activate or
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inversely inactivate biological molecules and reactions (e.g.
TiO, or Ce0,).""®'® One common mechanism influencing
DNA repair, that can apply to nanomaterials of all 4 groups,
is the sequestration of DNA repair proteins in the nanomaterial
protein corona.''®

Redistribution. A classic rationale for the use of fractionated
radiotherapy is the differential radiosensitivity of cancer cells in
different phases of the cell cycle, which may be exploited to
synchronize cancer cells into radiosensitive phases.'* Interest-
ingly, nanoparticles can also lead to cell cycle synchronization.
However, this might be highly cell specific, and might also be
influenced by nanoparticle size or surface. For instance, some
groups could not show that Au NPs have significant cell cycle
effects,'?1?17123 \while others could demonstrate an NP-
induced shift of the cellular cell cycle distribution into a more
radiosensitive cell cycle phase thereby increasing the response
to irradiation."*'*° Altered gene expression, for instance of
cyclins and checkpoint inhibitors, might be one of the under-
lying mechanisms,">*#*?>'?” but a detailed understanding is
currently lacking. In addition to Au NPs, Gd NPs'*® and Ag
NPs'?® were also reported to display G2/M phase arrest in F98
rat glioma and U251 human glioblastoma cells, respectively.

Last but not least, a NP-dependent increase of ROS-
generation in response to irradiation might also lead to
enhanced levels of DNA damage per se, with subsequently more
cytotoxic chromosomal aberrations and differential cell cycle
checkpoint activation. Corrupted DNA repair machineries and
cell cycle checkpoints, which are often abundant in tumor cells
but not in untransformed cells, might thereby contribute to an
increased therapeutic window, and could be further enhanced