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Abstract

The development of nanoparticle agents for MRI-guided radiotherapy is growing at
an increasing pace, with clinical trials now underway and many pre-clinical evaluation
studies ongoing. Gadolinium and iron-oxide-based nanoparticles remain the most
clinically advanced nanoparticles to date, although several promising candidates are
currently under varying stages of development. Goals of current and future generation
nanoparticle-based contrast agents for MRI-guided radiotherapy include achieving
positive signal contrast on T1-weighted MRI scans, local radiation enhancement at
clinically relevant concentrations and, where applicable, avoidance of uptake by the
reticuloendothelial system. Exploiting the enhanced permeability and retention effect
or the use of active targeting ligands on nanoparticle surfaces is utilised to promote
tumour uptake. This review outlines the current status of promising nanoparticle
agents for MRI-guided radiation therapy, including several platforms currently under-
going clinical evaluation or at various stages of the pre-clinical development process.
Challenges facing nanoparticle agents and possible avenues for current and future
development are discussed.
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Introduction
About half of all cancers are treated with radiation therapy, most commonly using mega-
voltage (MV) energy X-ray beams. Radiotherapy treatment involves the use of sophisti-
cated approaches to accurately target radiation to tumours while sparing normal tissue
to the maximum possible extent. In particular, the practice of image-guided radiation
therapy (IGRT) utilises frequent imaging during a course of radiotherapy treatment to
localise the tumour and update treatment accordingly, enabling more precise targeting
of the tumour and sparing of healthy tissue (Grégoire et al. 2020; Jaffray et al. 2007; Ster-
zing et al. 2011). Typically, this is facilitated via kilovoltage (kV) imaging modalities such
as computed tomography (CT) incorporated into radiotherapy treatment units.

An emerging paradigm in IGRT is replacing kV image guidance in the treatment work-
flow with magnetic resonance imaging (MRI) (Keall et al. 2022; Otazo et al. 2021). While
MRI initially was only used to assist in radiotherapy treatment planning and treatment
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response, magnetic resonance-guided radiation therapy (MRgRT) now includes inte-
grated MRI-linac treatment units that enable MRI at the time of treatment (Otazo et al.
2021). Both CT and MRI routinely employ contrast agents to enhance the acquired
images, by highlighting structures of interest on the basis of contrast uptake. In the
case of CT, this involves administration of a contrast agent (usually iodine-based) that
absorbs X-rays and hence appears as having a high X-ray attenuation. For MRI, contrast
agents leverage different physical mechanisms based on differential spin relaxation of 'H
in surrounding water molecules (Matson and Wilson 2010). Typically, this is achieved
with gadolinium-based agents. Parallel developments in the use of nanoparticles for
MRI contrast and for radiotherapy (Schuemann et al. 2020) have raised the prospect
of nanoparticle contrast agents as a potent modality for enhancing the effectiveness of
MRgRT in two ways: (i) MRI contrast enhancement (enabling better visualisation and
delineation of a tumour during planning, treatment and assessing response); and (ii)
radiation dose enhancement, wherein increased local radiation dose increases damage
to the tumour without increasing dose to surrounding healthy tissue, thereby improving
treatment efficacy.

This review focuses on the use of nanoparticle-based agents for enhancing MRgRT.
This is a timely issue given the rapidly growing uptake of MRgRT, facilitated by MRI-
linac technology, and the reliance of MRI on contrast agents, of which several nano-
particle-based candidates present exciting opportunities for clinical translation. The
principles of nanoparticle-based agents are discussed and existing nanoparticle candi-
dates for clinical use are evaluated.

MRI-guided radiotherapy

The potential advantages of MRgRT are considerable. The soft-tissue contrast of MRI
is superior to cone-beam CT and thus enables more accurate delineation of a tumour
against surrounding tissue (Otazo et al. 2021). MRI scanners also do not use ionising
radiation and so repeated MRI scans over the course of a radiotherapy treatment avoids
radiation dose to healthy tissue. In doing so, MRgRT is better able to delineate daily
changes in both the tumour and also organs at risk (OARs) than conventional X-ray-
based imaging modalities (Corradini et al. 2019; Mittauer et al. 2018) (Fig. 1). This could
potentially include real-time imaging of moving tumours (e.g. from respiratory move-
ment), and imaging of anatomical changes over a course of treatment with treatment
plan optimisation (Corradini et al. 2019).

Another technical advantage of MRgRT is the potential for functional imaging,
wherein MRI is able to measure water diffusion or perfusion to tumours (Chin et al.
2020), or biological markers such as tumour hypoxia (Keall et al. 2022; Salem et al. 2019).
This can potentially predict response to radiotherapy or identify areas for dose adjust-
ment; in particular, dedicated MRI sequences may be deployed to assess markers of
radiosensitivity and radioresistance, such as perfusion, cellularity or hypoxia. The clini-
cal utility of such an approach would be to facilitate higher doses to be targeted to more
radioresistant sections of a tumour (thereby limiting the risk of post-radiotherapy recur-
rence) and lower doses elsewhere, thereby increasing the prospect of long-term tumour
control for an equivalent total dose (and associated risk of toxicity) (Brighi et al. 2022;
Keall et al. 2022).
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Fig. 1 Thoracic cone-beam CT (CBCT) image (left) compared to a contrast-enhanced T1-weighted MR
image, demonstrating better identification of a liver tumour (hepatocellular carcinoma, red arrow) within the
gross tumour volume (GTV) (Reprinted from Mittauer et al. (2018), licensed under the Creative Commons
Attribution License)

Dynamic contrast-enhanced MRI involves scans before and after injection of a con-
trast agent (usually gadolinium based), which can quantify parameters such as blood
volume and time to maximum enhancement, providing further opportunities to predict
response to treatment (Chin et al. 2020). One current limitation of this is the impact of
repeated contrast administration on patients, which has potential to cause toxicity due
to gadolinium accumulation (Costa et al. 2018).

The technical challenges of incorporating MRI machines (which rely on high-strength
magnetic fields) into the radiotherapy suite and training staff on new treatment tech-
niques mean MRI-linac systems come at a higher price than traditional radiotherapy
machines (Chin et al. 2020; Keall et al. 2022). While improved treatment efficiencies and
reduced toxicity may offset these costs, solutions to address these technical challenges
are under development,, including novel approaches such as ultra-low field MRI, which
does not require superconducting magnets and hence enables smaller, cheaper, portable
MRI units that can be deployed at point of care (Liu et al. 2021; Sarracanie et al. 2015).

Clinically, randomised controlled trial evidence quantifying the effectiveness of
MRgRT compared to conventional IGRT is being obtained in prospective studies. The
MIRAGE trial is an ongoing phase III trial of CT guidance vs MRI guidance for stereo-
tactic radiotherapy in prostate cancer, wherein MRI guidance has the potential to iden-
tify at-risk structures such as the urethra and image prostate motion in real-time (Ma
et al. 2021). Interim analysis published in February 2022 suggests that this translates to
improved clinical outcomes, including a reduction in genitourinary and bowel toxicity
from 47% in the CT-guided group to 22% in the MRI-guided group (Kishan et al. 2022).
Future clinical experience with MRgRT is anticipated to provide additional evidence
regarding its clinical utility, advantages and appropriate indications (Keall et al. 2022;
Verkooijen and Henke 2021). Another ongoing registry study, the MOMENTUM study,
intends to collect systematic outcome data on patients treated using an MRI-linac (de
Mol van Otterloo et al. 2020).
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Emerging roles for nanoparticles in MRI and radiotherapy

Due to nanoscale geometric confinement, nanoparticles possess unique physical prop-
erties compared to ordinary chemical agents. Their large surface-area-to-volume ratio
enhances interaction rates (e.g. with surrounding biochemical species and charged par-
ticles) and enhances escape probabilities of secondary particles produced by radiation
interactions, leading to greater biological effectiveness of radiation dose. Additionally,
single-domain magnetisation of some nanoparticles enhances spin interactions with 'H
in surrounding water molecules, thereby enhancing MRI contrast (Wang 2011). There
exists a multitude of different nanoparticles in various stages of pre-clinical develop-
ment, however only a few are approved by regulatory agencies for clinical use, thus dem-
onstrating the challenge of clinical translation (Hua et al. 2018).

Critical to the role of nanoparticles in MRI and radiotherapy is their ability to accumu-
late selectively within tumour deposits, for which a number of mechanisms exist. Appli-
cations that exploit this relevant to MRgRT include contrast enhancement in MRI and
local enhancement of radiation, discussed below.

Selective tumour accumulation by nanoparticles

The potential for nanoparticles to improve clinical outcomes in cancer has usu-
ally focussed on improving the effectiveness of existing or novel therapeutic drugs by
enhancing their delivery to target sites, thereby increasing the concentration of the drug
that is delivered to its site of action while minimising its concentration elsewhere. A sim-
ilar strategy is relevant for both MRI and radiotherapy. This can be achieved by passive
targeting using the enhanced permeability and retention (EPR) effect, or via active tar-
geting with targeting ligands (cf. Fig. 2).
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Fig. 2 Graphical depiction of passive targeting via the EPR effect (left) and active targeting (right) of
nanoparticles (NPs) for tumour selectivity (Reproduced from Sanita et al. (2020), distributed under the terms
and conditions of the Creative Commons Attribution [CC BY] license)
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The EPR effect describes a tendency for nanoparticles (and macromolecules) to pref-
erentially accumulate in cancerous tumours (Nakamura et al. 2015; Shi et al. 2020; Wu
2021). The proposed biological mechanism for the EPR effect is increased vascular per-
meability in the tumour environment (itself mediated by the need for tumours to induce
new blood vessel formation to sustain blood supply), wherein the blood vessels in close
proximity to the tumour have “leaky” walls that permit larger molecules to enter (Hou-
ston et al. 2020). A second component is a dysfunctional lymphatic drainage system
from tumours, diminishing clearance of these same structures (Nakamura et al. 2015).
This means particles of the appropriate size may be more likely to enter tumour cells and
less likely to leave them, resulting in a higher intra-tumoural concentration of the parti-
cles, relative to surrounding tissue. If the particles are too small, they are usually cleared
by the renal system too efficiently for any significant tumour uptake to occur, as well as
accumulating in healthy tissues (Nakamura et al. 2015). Most particles that exploit the
EPR effect are roughly 10-100 nm in diameter (Fang et al. 2020).

While the EPR effect relies on an imbalance between vascular uptake and lymphatic
drainage in tumour deposits, active targeting relies on functionalising nanoparticles to
have an affinity for the cancerous cells. The two main forms of active targeting are (Bi
et al. 2016): (i) directed targeting, or nanoparticles that bind to targetable molecules or
structures (e.g. receptors or proteins) that may be expressed exclusively or to a dispro-
portionately high extent by the tumour cells (Pearce and O’Reilly 2019); and (ii) tumour
microenvironment targeting, where nanoparticles respond to the physiochemical envi-
ronment expressed inside the tumour, such as hypoxia or low pH. Among the most
established active targeting strategies is the use of antibodies, which demonstrate high
levels of specificity for their target antigen (Attia et al. 2019; Bazak et al. 2015; Clemons
et al. 2018). Antibody-conjugated iron oxide nanoparticles that target the HER-2 recep-
tor overexpressed in breast cancer cells, for instance, can improve the detectability of
HER-2-positive cancers on MRI (Oghabian et al. 2011).

MRI contrast enhancement

MRI scans operate by utilising a magnetic field to align nuclear spins (most commonly
hydrogen protons in water molecules). The time taken for the 'H nuclei to relax to their
original alignment is termed the “spin—lattice” or T1 relaxation time and is exploited in
T1-weighted scan protocols. The time for the 'H (which upon excitation are in a coher-
ent phase) to decohere with one another is termed the “spin—spin” or T2 relaxation time
(Matson and Wilson 2010).

Clinically, MRI scans often rely on contrast agents based on gadolinium, which is par-
amagnetic due to seven unpaired electrons in its 4f subshell. Importantly, in its most
common oxidation state, Gd", this paramagnetism is preserved upon chelation as the
4f electrons are not involved in bonding. MRI contrast is enhanced by shortening the
T1 relaxation time of surrounding protons (Naseri et al. 2018) causing them to appear
hyperintense (bright) on T1-weighted images. While chemical gadolinium chelators are
widely used clinically, nanoparticle-based contrast agents that incorporate gadolinium
can also be utilised, which appear hyperintense on T1-weighted images also.

In comparison, shortening T2 relaxation times causes hypointensity (dark con-
trast) on T2-weighted scans (Matson and Wilson 2010). T2 contrast can be induced by
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ferromagnetic materials, or superparamagnetism in single-domain particles, referred to
as superparamagnetic iron oxide nanoparticles (SPIONs) (Wei et al. 2017). Due to their
nanoscale size, SPIONs may be able to preferentially accumulate within tumours using
the mechanisms described above, thereby improving tumour identification in MRI scans
(Matson and Wilson 2010). As shall be discussed, some SPIONs also work on the prin-
ciple of accumulation in healthy tissue, suppressing the T2 signal there, while leaving
tumour deposits illuminated (Vogl et al. 1996). Although this may not be as straight-
forward to interpret clinically as increased intensity on T1 images, it nevertheless has
potential applications for specialised imaging purposes.

Although T2 contrast images may be more difficult to interpret than T1 contrast
images, SPIONs are attracting growing interest as an alternative to Gd-based contrast
agents, due to the risk of the rare but serious complication of nephrogenic systemic
fibrosis (NSF), mostly seen with linear-chelating Gd agents, predominantly in patients
with reduced renal function (Rudnick et al. 2021). Although the risk of NSF has been
reduced significantly by macrocyclic chelating agents and restrictive policies around the
use of gadolinium in patients with reduced renal function, it is still recommended that
the risks and benefits of gadolinium-based contrast agents be weighed against the risk of
harm in those with acute kidney injury or reduced renal function (Weinreb et al. 2021).
This could indicate an alternative agent that does not predispose to NSF would be of
use in these patients. Also of concern is the more controversial diagnosis of “gadolinium
deposition disease’, which relates to purported cognitive and neurological symptoms
associated with administration of Gd-based contrast agents (Layne et al. 2020).

Dual-mode imaging (PET-MRI)

A potential opportunity also exists for nanoparticles in multi-modal PET-MR imaging,
which combines the high-sensitivity physiological imaging of positron emission tomog-
raphy (PET) with the high spatial resolution soft tissue anatomical imaging of MRI.
PET images biological function using a trace amount of positron-emitting radioisotope
conjugated to a chemical agent (most commonly FDG). Labelling SPIONs or Gd-based
nanoparticles with PET tracers would enable the nanoparticles to be detectable to both
imaging modalities simultaneously, thereby allowing more accurate delineation for fur-
ther diagnosis, staging and treatment response monitoring, as well as providing impor-
tant information on nanoparticle uptake, biodistribution and clearance (Gholami et al.
2020; Pellico et al. 2021). Nanoparticles under development for this strategy (Abadjian
et al. 2016; Thakare et al. 2019) are further discussed below.

Radio-enhancement

In radiotherapy, the potential for nanoparticles to locally enhance radiation dose and
improve treatment efficacy is being actively investigated (Choi et al. 2020; Jin and Zhao
2020; Kuncic and Lacombe 2018; Schuemann et al. 2020). When irradiated with a pho-
ton beam, high atomic number (high-Z) nanoparticles can produce an excess of sec-
ondary electrons (Choi et al. 2020; Jin and Zhao 2020; Kuncic and Lacombe 2018). At
kilovoltage X-ray energies, interactions with high-Z nanoparticles produce short-ranged
photoelectrons and copious Auger electrons, which may enhance radiation damage in a
highly localised region, on the order of a few cell diameters or less (Choi et al. 2020). This



Smith et al. Cancer Nanotechnology (2022) 13:38 Page 7 of 28

manifests as an effective increase in local physical radiation dose, typically by a factor of
2 at kilovoltage energy ranges (Kuncic and Lacombe 2018). Unfortunately, this effect is
negligible at the megavoltage (MV) X-ray energies used in clinical radiotherapy, Never-
theless, studies have reported nanoparticle-enhanced effects using clinical MV beams,
which has been attributed to molecular biology-driven radiosensitisation (e.g. oxidative
stress, immune responses, as well as DNA damage and repair responses) rather than an
enhancement in physical radiation dose (Butterworth et al. 2012; Jain et al. 2011; Schue-
mann et al. 2020). Furthermore, nanoparticles radiolabelled with therapeutic isotopes
commonly used in nuclear medicine may offer a more promising strategy for radio-
enhancement effects given the relatively low-energy (kV) regime of emitters commonly
used in internal radionuclide therapy (Gholami et al. 2019; Maschmeyer et al. 2020).

The role for theranostic nanoparticles

The principle of theranostic nanoparticles usually refers to the prospect of a single nan-
oparticle system incorporating both diagnostic and therapeutic properties (Chen et al.
2014; Maniglio et al. 2018; Verry et al. 2020). This concept has clear advantages, in that
uptake of the system in the target of interest (usually a tumour) may be directly assessed
during treatment, whilst simultaneously assessing the tumour’s extent and potential
response to treatment. This concept is being utilised clinically in CT-guided radiation
therapy by NBTXR3, which is a functionalised hafnium nanoparticle currently in clini-
cal trials for multiple sites (Hoffmann et al. 2021). On treatment imaging of NBTXR3
can be utilised to monitor tumour uptake and retention of the nanoparticle and for dose
enhancement (Bagley et al. 2022).

For MRI diagnostics, SPIONs or Gd-based nanoparticles could be labelled with a ther-
apeutic radioisotope (e.g. *>Ra, *°Y) or even a theranostic radioisotope (e.g. **Cu, Lu)
for additional imaging with PET or SPECT in a radionanomedicine theranostic strat-
egy (Pratt et al. 2016). In radiation oncology and particularly MRgRT, nanoparticles may
have intrinsic theranostic properties, in that the nanoparticles are detectable to MRI and
also act as a radio-enhancer in their own right. As such, the uptake of these nanoparti-
cles in target sites could be confirmed with imaging. The use of an MRI-linac permits
image acquisition immediately prior to treatment and while the treatment beam is on,
enabling real-time imaging acquisition and modification to the treatment plan (Byrne
et al. 2020; Keall et al. 2014).

Nanoparticles in MRI-guided radiotherapy

Nanoparticles developed for MRgRT can be broadly classified into two categories: gad-
olinium-based nanoparticles (GANPs) and SPIONSs. In addition to enhancing T1 and/
or T2-weighted contrast, studies have investigated the potential for additional benefits
due to local radio-enhancement and active targeting. Specific agents in each category are
discussed herein.

Gadolinium-based nanoparticles

Gadolinium has been the clinical workhorse of MRI contrast since the first gadolinium-
based contrast agent was approved by the United States Food and Drug Administra-
tion in 1988 and is in widespread use across the world. Being a toxic heavy metal (of the
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lanthanide series), free gadolinium is not used clinically; instead, it is combined within
an organic chelating agent.

Given its established use as an MRI contrast agent, it is perhaps not surprising that
gadolinium could serve as a basis for nanoparticles to improve contrast for image-guided
radiotherapy. Indeed, several GANPs are in various stages of development, incorporating
both gadolinium’s advantages as an image contrast agent, and also its potential for dose
contrast enhancement.

AGulX

The GANP “Activation and Guidance of Irradiation by X-ray’; or AGulX, is a poly-
siloxane nanoparticle with chelated gadolinium (Bort et al. 2020; Detappe et al. 2015;
Luchette et al. 2014; Lux et al. 2019; Verry et al. 2021) and as of 2022, is arguably the
furthest-advanced nanoparticle in terms of clinical development for MRgRT. It was ini-
tially developed for MRI contrast enhancement in cancer and non-cancer imaging. An
example of the latter is inhaled AGuIX for imaging pulmonary fibrosis via MRI (Tassali
et al. 2016). Most of its clinical studies to date, however, have been in cancer imaging
and radiotherapy, which is the focus of this review.

The total size of AGuIX is about 4—6 nm with a molecular weight of 10 kDa; in spite
of this small size, the nanoparticles are able to accumulate in tumour models via the
EPR effect (Bort et al. 2020). Each GANP contains an average of 10 gadolinium chelates
(Fig. 3). AGuIX has been evaluated in early-stage clinical studies in humans in tumours
metastatic to the central nervous system (CNS), with trials underway in other anatomi-
cal sites (Lux et al. 2019). The neurotoxicity of AGuIX was compared with the DOT-
AGA chelator agent by Borisova et al., who found that at medically used concentrations
(0.25 mM, equivalent to 0.25 g/L gadolinium), neither agent showed significant effects
on presynaptic neurotransmission (Borisova et al. 2021). At higher concentrations (1.25
to 6 mM), AGuIX showed little effect on neurotransmission, which was inhibited by
DOTAGA over the same range of concentrations (Borisova et al. 2021). There is cur-
rently little convincing evidence of chronic toxicity from AGulX in terms of gadolinium

}chelates of gadolinium

polysiloxane core

N Gd

Fig. 3 Schematic representation of the AGulX nanoparticle (Reproduced from Gawel et al. (2022), distributed
under the Creative Commons Attribution License)
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deposition disease or nephrogenic systemic fibrosis, with animal studies reporting only
transient reductions in renal function occurring after it is administered systemically
(Kotb et al. 2016; Sancey et al. 2015).

Clinically, AGuIX nanoparticles have been evaluated in humans as part of the NANO-
RAD-1 study, which was a phase I study to evaluate the safety and tolerability of AGuIX
as a radiosensitisation agent for whole-brain radiotherapy brain metastases from a range
of primary tumours (Verry et al. 2020, 2021). As part of NANORAD-1, patients were
administered AGulX as a single intravenous dose and underwent imaging with MRI 2 h
after administration and serial follow-up scans with the existing DOTAREM contrast
agent (Fig. 4). All patients had multiple brain metastases, although they were from four
different primary sites (melanoma, lung, breast and colon) (Verry et al. 2020). Whole-
brain radiotherapy was delivered as 30 Gy total dose, with the first fraction being deliv-
ered 4 h after AGulX administration, with 10 sessions in total delivered over 2 weeks.

MRI signal enhancement in NANORAD-1 was linearly correlated to the amount of
AGuIX administered, up to a maximum dose of 100 mg/kg (Verry et al. 2020). Signal
enhancement comparable to that attained with DOTAREM was observed in tumours
2 h post-injection for the equivalent gadolinium ion content to the DOTAREM injection
and remained detectable for at least a week. No signal enhancement outside tumours
was observed with AGuIX. It was also possible to quantify the uptake and concentration
of AGuIX in the tumour deposits using their MRI signal enhancement, which may prove
of value in predicting response to radiotherapy (Verry et al. 2020). No dose-limiting tox-
icity was observed for AGuIX at a dose of up to 100 mg/kg.

2h post AGulX

Pre-injection injection 3D view

Patient 3
15 mg/kg

Patient 13
100 mg/kg

Fig.4 T1-weighted MRl scans (3T field strength) for 2 patients in the NANORAD-1 trial, taken prior to
injection of AGuIX (left) and 2 h later (right) (green arrows point to metastatic tumour deposits), that
demonstrate AGulX accumulation post-injection via T1 contrast enhancement, most visible for the higher
dose case. The 3D view demonstrates digital reconstruction of contrast uptake (colour bar) (Reprinted with
permission from Verry et al. (2021), copyright 2021, Elsevier)
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With the completion of NANORAD-1, clinical trials of AGuIX for a number of other
indications are currently underway or in preparation (Table 1) (AGuIX 2021). Accord-

ing to the manufacturer, clinical trials of AGuIX are also being planned in glioblastoma

and cervical cancer, as well as pancreatic and lung cancers as of 2021 (AGuIX). Most of
these trials relate to the use of AGulX as a radiosensitiser, although NANORAD-2 and
NANOSMART also explore its potential for MRgRT.

NANORAD-2 will enrol approximately 100 patients, randomised to receive either

whole-brain radiotherapy alone or whole-brain radiotherapy plus AGuIX delivered

before the first and sixth sessions of treatment (equivalent to once-weekly treatment)

(University Hospital, Grenoble 2021). It only incorporates MRI prior to treatment as

Table 1 Currently active or planned trials incorporating AGulX, as of June 2022

Name and location

Status Clinical site

Details

NANORAD-2, France

NANOCOL, France

NANOSMART

NANOBRAINMETS, United
States

NANO-GBM

Phase Il recruiting ~ CNS metastases

Phase | recruiting  Locally advanced cervical

cancer

Phase I/ll recruiting  Lung cancer and pancreatic

cancer

Phase Il recruiting  CNS metastases

Phase I/Il recruiting  Glioblastoma multiforme

Whole-brain radiotherapy plus
AGuUIX (experimental group)
vs whole-brain radiotherapy
alone

3injections of AGulX given,
within 7 days of commence-
ment of therapy, before 1st
fraction and before 6th frac-
tion, in experimental arm

AgulX (up to 50 mg/kg) plus
cisplatin plus external beam
radiotherapy plus brachy-
therapy

AGuIX delivered on 1st and
11th days of radiotherapy. MRI
performed after AGulX

Stereotactic radiotherapy
plus AGuIX vs stereotactic
radiotherapy alone

AGuIX given 7 or 14 days
before radiotherapy, then with
1st fraction and 4th fraction
in those with radiation over
2 weeks

Both groups receive MRI-
guided stereotactic radio-
therapy

Stereotactic radiotherapy plus
AGuIX, vs stereotactic radio-
therapy plus placebo
Experimental arm will receive
AGuIX 3-5 days before irradia-
tion, before first fraction, and
on third day of irradiation if
more than 4 days of radiation
therapy

60 Gy radiation therapy plus
AGuUIX plus chemotherapy
(temozolomide) vs 60 Gy
radiation without AGulX plus
chemotherapy (temozolo-
mide)

Radiotherapy delivered as

60 Gy over 6 weeks, with four
injections of AGulX
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opposed to imaging during treatment or real-time adjustment of treatment plans. At
present, only NANOSMART incorporates MRgRT during treatment delivered using
an MRI-linac. NANOSMART is a phase I/II study of approximately 100 patients with
either lung or locally advanced pancreatic cancer, consisting of a dose escalation phase
I component to determine safe doses of AGulX, and a phase II randomised component
comparing stereotactic MRgRT with AGuIX (of the dose determined in phase I), or with
placebo (Leeman 2021). The primary outcome of the phase II component is local control
at 12 months with AGuIX plus radiotherapy, vs radiotherapy alone.

Pre-clinical animal studies of AGuIX-enhanced radiotherapy of 9L-gliosarcoma bear-
ing rats were performed by Le Duc et al. (2014). This study compared the effects of
AGulX on image contrast and clinical survival, compared to DOTAREM, a gadolinium
chelate contrast agent. Both AGulX and DOTAREM facilitated enhanced MRI contrast.
However, AGulX conferred a survival benefit compared to radiotherapy with no con-
trast, whereas DOTAREM did not (median survival was 102 days with AGuIX plus radi-
otherapy, 32—43 days with DOTAREM plus radiotherapy and 44 days with radiotherapy
without contrast).

Byrne et al. evaluated AGuIX for MRI contrast enhancement and radiosensitisa-
tion also in 9L-gliosarcoma bearing rats, but using a 1-T MRI-linac research facility
(Byrne et al. 2020). Rats in this study demonstrated marked T1 contrast enhancement
with AGuIX at 20 min after administration. Residual uptake of gadolinium in normal
brain tissue in rats administered AGulX was similar to that for ordinary contrast agents
(Byrne et al. 2020). Importantly, the study by Liney et al. using the same MRI-linac facil-
ity indicated that MRI acquisition at time of treatment was possible and indeed that MRI
acquisition could take place while the radiation beam was turned on, with no effect on
image quality (Liney et al. 2019).

Other animal experiments with AGuIX have explored its role in the augmentation of
radiotherapy at other anatomical sites such as the liver. Hu et al. inoculated nude mice
with hepatic HepG2 tumour models with MRI performed 1, 3 and 6 h after systemic
administration of AGuIX, which showed signal enhancement in the tumour model
maximised at 1 h post-administration (Hu et al. 2019). Fries et al. compared AGuIX
to conventional DOTAREM contrast agents with high-strength (9.4 T) MRI, finding
that the contrast between tumour and normal liver tissue was higher with AGuIX than
DOTAREM by a factor of 2—3. Unlike in CNS tumours, however, AGuIX also enhances
MRI contrast of normal tissue (indeed more than DOTAREM), which is believed to
result from the endothelial structure of the liver permitting larger molecules, including
nanoparticles, to escape the vascular system (Fries et al. 2015).

AGulX with modified ligands

The structure of AGuIX involves, as discussed, a polysiloxane core with multiple chela-
tor molecules attached. This structure readily allows the addition of other ligands via
“grafting” onto the DOTA molecule, or amine groups on the nanoparticle (Dentamaro
et al. 2016). This enables additional functionalisation of the AGuIX nanoparticle to sup-
port further clinical applications, including additional imaging modalities (including
PET and CT), active targeting or its use for applications outside of conventional radio-
therapy (Detappe et al. 2020; Plissonneau et al. 2016; Thakare et al. 2019). Most of these
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applications are still in pre-clinical evaluation, but open the possibility for the develop-
ment of customisable contrast agents using the AGuIX platform.

It is possible to make AGuIX visible to additional imaging modalities as well as MRI,
which can be done either by adding an additional chelation molecule to amine groups on
the AGuIX particle, or by changing the metal ion contained within the DOTA chelator.
For instance, it is relatively straightforward to functionalise AGulX with the NODAGA
chelator, which can be labelled with gallium-68, or the DFO chelator for zirconium-89,
to facilitate dual-mode PET-MRI imaging (Bouziotis et al. 2017) (Fig. 5). Similarly,
incubating AGuIX with copper-64 chloride in solution produces **Cu-radiolabelled
AGulX, visible to PET scanners at lower concentrations than visible on MRI alone (Hu
et al. 2017). Another radiolabelled AGuIX variant involves grafted zirconium-89, with a
longer half-life than gallium-68 (Truillet et al. 2016). Huclier-Markai et al. investigated
the effects of radiolabelling AGuIX with different radionuclides, including copper-64,
scandium-44 and gallium-67. Yields of 60—100% were identified, with the average size of
the modified AGulIX being approximately 3.5 nm (similar to traditional AGuIX) (Huclier
et al. 2019).

For CT image enhancement with AGulX, Detappe et al. combined gadolinium AGulX
nanoparticles with an additional bismuth chelator. The CT contrast enhancement of this
agent was 4.26 HU/mM, which is similar to existing iodine-based CT contrast agents
(Detappe et al. 2017). In the setting of IGRT, these approaches could enable modified
AGuIX to be incorporated into existing clinical workflows, as well as enabling dual-
mode imaging with both MRI and other modalities. Further developments in this field
are likely, with “trimodal” AGulIX nanoparticles containing radiotracers and optical
tracer molecules under development (Thakare et al. 2019).

Another potential adaptation of AGulX, again in the research stage, involves modifica-
tion to facilitate active targeting. In the case of peptide-based conjugation, most studies
to date have evaluated tumour specific peptides conjugated to AGulX for photodynamic
therapy, in which the AGuIX nanoparticle contains a peptide to facilitate targeting and a
photosensitising molecule. This includes peptides with an affinity for NRP-1 (expressed
on glioblastoma cells), along with a photosensitiser (Gries et al. 2020). A recently devel-
oped variant of AGulX, termed “CuPRIX’, has approximately 40% of DOTAGA mole-
cules on the AGuIX particle being “free” (without gadolinium—cf. Fig. 6) (Rocchi et al.
2022). The role of the free DOTAGA is to chelate copper from cancer cells, which is
believed to impair the ability of these cells to metastasise. In vitro studies suggest it
may facilitate this by inhibition of the LOX enzyme involved in metastasis (Rocchi et al.

Fig. 5 AGuIX conjugated with DFO-zirconium 89, facilitating PET-MRI (Reprinted with permission from
Truillet et al. (2016). Copyright 2016, American Chemical Society)
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Fig. 6 Formation of the CuPRiX nanoparticle by gadolinium release from AGulX (From Rocchi et al. (2022),
distributed under the terms and conditions of the Creative Commons Attribution [CC BY] license)
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Fig. 7 T1-MRI enhancement (field strength 3 T) post-injection with gadolinium-doped carbon nanodots
(CDs) in Herps-flank tumour-bearing mice (Reprinted with permission from Du et al. (2017), copyright 2017,
Elsevier)

2022). CuPRIX still retains MRI contrast and radiotherapy enhancement properties sim-
ilar to AGuIX (Rocchi et al. 2022).

At present, none of these modified AGuIX variants have progressed beyond animal
testing, although as the original AGuIX proceeds into human trials, the possibility exists
that modified AGuIX will be able to serve additional MRI and radiotherapy needs as a
customisable platform.

Other gadolinium-based nanopatrticles

Although AGuIX is, as of 2022, the most clinically advanced GANP candidate for
MRgRT, other candidates are currently under development at pre-clinical stages.
Du et al. synthesised gadolinium-doped quantum carbon dots, which formed quasi-
spherical nanoparticles approximately 18 nm in diameter (Du et al. 2017). This was
evaluated in Hep2G cell colonies and in in vivo models in Herps flank tumour-bearing
mice. Tumour uptake was readily apparent on T1-weighted MRI with resultant sig-
nal enhancement (Fig. 7). In mice that received the nanodots (dose 10 mg/kg) prior to
radiotherapy (total dose 9 Gy over one week), tumour volume reduced 53% and median
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survival was 32 days, whereas in mice that received radiotherapy alone, tumour volume
reduced 12% and median survival was 24 days.

Similar results were obtained by Wu et al. who synthesised hyaluronic acid- func-
tionalised gadolinium oxide nanoparticles. These nanoparticles, also tested in HEPG2
cell lines and subcutaneous heps tumour-bearing mice, were approximately 105 nm in
diameter. In addition to the EPR effect, the functionalisation with hyaluronic acid was
intended to facilitate active targeting against cells expressing an excess of hyaluronic acid
receptors (e.g. CD44) (Wu et al. 2020). The addition of the functionalised nanoparticles
had little effect on tumour volume compared to control mice, but when combined with
radiotherapy, resulted in nearly 60% reduction in tumour volume, compared to 38% with
radiotherapy alone. Survival times were not reported.

The impact of these GANPs is anticipated to be further demonstrated in future pre-
clinical and eventual clinical studies and may serve as an alternate source of GANPs for
MRgRT. Other nanoparticles with similar properties to GANPs, such as manganese-
based nanoparticles, are discussed further below.

Superparamagnetic iron oxide nanoparticles (SPIONs)

SPIONS are iron oxide nanoparticles under consideration for applications in MRI con-
trast enhancement (Waddington et al. 2020) and magnetically induced hyperthermia
(Dulinska-Litewka et al. 2019). Some SPION-based agents have been approved for clini-
cal use in humans, albeit not for MRI specifically.

The iron oxide content of SPIONSs can take several forms, including magnetite (Fe;0,)
and maghemite (Fe,O;). For clinical use, they are coated with a biocompatible material
(Dulinska-Litewka et al. 2019), dextran being the most commonly used coating (McCa-
rthy and Weissleder 2008) (Fig. 8). Free SPIONs are readily taken up by the reticuloen-
dothelial system in the liver (Janko et al. 2019) and also by macrophages, which has
enabled their use as contrast-enhancement agents for liver lesions (one of their approved
indications), and potentially for imaging of infection/inflammation by direct imaging of
macrophage influx into inflamed areas (Neuwelt et al. 2015).

~20-150 nm —-

Fig. 8 Schematic diagram of a SPION, showing the iron oxide core and surrounding hydrophobic shell and
antibodies that may be added to the shell to promote active targeting (Reprinted from Dulinska-Litewka et al.
(2019) under the terms and conditions of the Creative Commmons Attribution [CC BY] license)
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The size of SPIONSs varies depending on the production method used and the coating
and can range from <10 nm to over 100 nm (Nelson et al. 2020). SPIONs have a large
magnetic moment and cause localised magnetic field inhomogeneity. This suppresses
their signal on T2-weighted images (causing the SPIONSs to appear dark) (Bakhtiary et al.
2016; Neuwelt et al. 2015; Shan 2004; Wei et al. 2017), although smaller SPIONSs can also
induce positive contrast (appear brighter) on T1-weighted images (Wei et al. 2017).

As of 2022, SPION products that have been developed for use in humans include
(Janko et al. 2019):

+ Ferumoxytol (FeraHeme): for iron deficiency anaemia (currently approved).

+ Ferumoxides (Feridex IV): intravenous contrast agent for MRI imaging of liver
lesions (discontinued).

+ Ferumoxsil (GastroMark): oral contrast agent for MRI (discontinued).

+ Ferumoxtran-10 (Combidex): for imaging of metastatic cancer in lymph nodes (dis-

continued).

Unfortunately, most of these SPION agents have been discontinued from clinical use,
mostly due to a number of limitations that newer generations of SPION products are
intended to overcome. Chief among these limitations is the issue of negative contrast,
in that the presence of the SPIONs reduces, rather than increases, signal intensity (Wei
et al. 2017; Yin et al. 2018). Other limitations include the relatively large size of some
SPIONS, impairing renal clearance and hence causing prolonged retention (which can
interfere with subsequent scans) (Shen et al. 2017). Some earlier SPION formulations
are associated with anaphylactoid reactions, prompting FDA warnings. To address this,
newer SPION formulations such as “SPIONdex” are under development which incorpo-
rate cross-linked dextran coating to reduce the risk of anaphylactoid reactions (Unter-
weger et al. 2017).

The use of SPIONSs as radiosensitisers is another potential role in addition to MRI
contrast enhancement. Although this application has not been as extensively evaluated,
it has been evaluated in cell lines and animal models (Russell et al. 2021). Russell et al.
evaluated 5-nm magnetite SPIONSs in multiple cell lines, with radiation exposure to 2 Gy
causing increased radiosensitivity in the presence of the SPION (Russell et al. 2021). In
the same study, intra-tumoral injection of SPIONs (23.5 pg/ml magnetite SPIONs in
solution, total volume 50 pl injected) in immunosuppressed mice with orthoptic H460
cell tumours showed significant reduction in tumour growth (24 days to reach maxi-
mum tumour size with SPIONs plus radiotherapy, compared to 12 days with radiother-
apy alone) (Russell et al. 2021).

At present, SPIONSs are used for a number of MRI applications with some radiother-

apy applications, to be discussed herein.

Traditional contrast agents incorporating SPIONs

The potential for SPIONs to shorten T2 relaxation times of nearby water molecules has
been recognised since the 1970s, which led to SPION-based contrast agents including
ferumoxide (dextran coated, 120-180 nm) and ferucarbotran (carboxydextran coated,
45-60 nm) being approved for hepatic imaging (Shen et al. 2017). When administered
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intravenously, these agents are readily taken up by macrophages, the reticuloendothelial
system and Kupffer cells in the liver, suppressing T2 signal intensity there. This permits a
number of applications including imaging of liver lesions, lymph nodes, the spleen, and
blood pool-imaging (Bashir et al. 2015).

In the case of the liver, Kupffer cell uptake permits enhanced differentiation of vari-
ous liver lesions based on relative difference in SPION uptake compared to normal liver
parenchyma (Wang 2011). In particular, malignant liver lesions like hepatocellular carci-
noma have reduced Kupffer cell activity and are less likely to uptake SPIONs, meaning
the relative signal suppression of these lesions is less than surrounding liver parenchyma
(thereby increasing the relative signal intensity of the lesion) (Fig. 9). As such, these
agents were proposed as a sensitive mechanism for differentiating benign lesions from
malignant (Vogl et al. 1996).

Of the “traditional” SPIONS, currently only ferumoxytol is readily available commer-
cially, solely as a treatment for iron deficiency anaemia. It does, however, see continued
off-label use as an MRI contrast agent, which was indeed its original intended purpose
(Bashir et al. 2015; Nguyen et al. 2019). Ferumoxytol is approximately 17-30 nm in
size and coated with dextran (core size is approximately 7-8 nm). It is used as a poten-
tial alternative to gadolinium-based contrast agents for vascular imaging, and also has
potential roles for imaging liver lesions (based on selective uptake by Kupffer cells in the
liver parenchyma), lymph nodes, or other lesions that demonstrate macrophage uptake
(including arterial plaques and intracranial tumours) (Castaneda et al. 2011; Normandin
et al. 2015). Ferumoxytol demonstrates a longer intravascular half-life than gadolinium,
which makes it a useful agent for imaging of vascular structures and perfusion of vari-
ous structures (Fig. 10). It does however, like most traditional SPIONS, persist in some
structures including the liver, spleen and bone marrow for weeks to months, potentially
interfering with subsequent scans (Toth et al. 2017).

In the context of MRgRT, ferumoxytol is also currently being evaluated as a contrast
agent for liver tumours (primary and metastatic) (Kirichenko 2021). Patients with liver
cirrhosis and liver tumours amenable to liver stereotactic body radiation therapy (SBRT)
will receive untargeted ferumoxytol on the day of radiotherapy planning and undergo

1 Iz <

(a) 25 (b) -
Fig. 9 Dynamic MRI (left) vs SPION-enhanced MRI (right) in a patient with hepatocellular carcinoma (SPION
type not specified). On the dynamic MR image, a number of enhancing lesions (arrows) are seen. On the
SPION-enhanced MR], all but one of these are suppressed, with only the hepatocellular carcinoma with
reduced SPION uptake being apparent. At surgery, only the lesion present on the SPION-enhanced sequence
was found to be malignant (Reprinted with permission from Tanimoto and Kuribayashi (2006), copyright
Elsevier, 2006 [arrows enhanced from original])
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Dynamic phase Blood pool phase Delayed phase

Fig. 10 Perfusion and MRI sequences of a patient with CNS lymphoma after ferumoxytol administration. Part
a shows dynamic-phase cerebral blood volume with slightly increased uptake in the tumour. Part b shows
abnormal vasculature on susceptibility-weighted imaging. Part ¢ shows increased blood flow in the tumour.
Parts d and e show T1 hyperintensity and T2 hypointensity, respectively (Reprinted with permission from Toth
etal. (2017), copyright Elsevier 2017)
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Fig. 11 Synthesis of ultrasmall zwitterion-coated SPIONs (Reprinted from Wei et al. (2017), copyright 2017,
National Academy of Sciences)

imaging on an MRI-linac. SPION accumulation in this setting will be used to identify
active liver parenchyma to avoid during radiotherapy treatment. Results of this study are
pending although if successful would represent the first case of successful deployment of
SPIONSs for MRgRT specifically (Lee et al. 2022).

Ultrasmall SPIONs
SPIONSs with a hydrophobic diameter of less than 10 nm, categorised here as “ultras-
mall’; are under development as the next-generation of SPION-based contrast agents
(Shen et al. 2017). The properties of these SPIONs are intended to address some of
the limitations of traditional SPION-based contrast agents. In particular, their smaller
size permits renal clearance (meaning they should not accumulate in the liver or other
organs), and reduces longitudinal relaxation time of nearby protons (Shen et al. 2017;
Wei et al. 2017). This has the effect of reducing the ratio of transverse to longitudinal
relaxivity, thereby showing up hyperintense (appearing brighter) on T1-weighted MRI
sequencies (Wei et al. 2017). At present, these SPIONSs are not yet approved for human
use although a number of candidates are under development.

Wei et al. developed zwitterion-coated exceedingly small superparamagnetic iron
oxide nanoparticles (ZES-SPIONS) as a gadolinium-free T1 contrast agent (Fig. 11; Wei
et al. 2017). ZES-SPIONs have a hydrodynamic diameter of only 5.5 nm and clearance
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by the renal system was confirmed in animal studies, in which over 87% of ZES-SPIONs
administered to mice were cleared via urine within the first 3 h. As such multiple scans
are possible without iron accumulation or retention of the nanoparticle in target organs.

Polyethylene glycol (PEG) coated SPIONs were developed by Tromsdorf et al. (2009).
These SPIONs had a hydrophobic diameter of 10-15 nm. This size permitted positive
T1 contrast enhancement, although was slightly beyond the size at which efficient renal
clearance was possible. The presence of the PEG coating, however, reduced uptake by
macrophages (Tromsdorf et al. 2009). As such, the authors hypothesised that ultrasmall
SPIONSs could serve as blood pool-imaging agents, although clearance at the specific size
tested may be delayed.

Nevertheless, the development of ultrasmall SPIONs may serve to overcome the exist-
ing limitations of SPION-based contrast agents and permit novel gadolinium-free con-
trast agents. The possibility of blood pool-imaging may also serve as another possible
approach for tumour imaging and radiotherapy planning in future studies.

Targeted SPIONs

Another potential approach to facilitate SPION-based imaging, outside the liver or
reticuloendothelial system, is to functionalise SPIONs with various targeting moieties
(Bakhtiary et al. 2016). This can involve a number of different molecules depending on
the target, with most focusing on either antibodies/aptamers, or small molecules tar-
geted to receptors over-expressed on cancer cells. Several SPIONs are under develop-
ment for this purpose.

Yoo et al. evaluated folate-expressing SPIONs (approx. 18.5 nm size) for lung cancer
imaging, which demonstrated increased uptake in mouse models, but this uptake could
be suppressed by administration of folic acid before administering the nanoparticle, sug-
gesting overexpression of folic acid receptors was responsible for the uptake (Yoo et al.
2012). Similarly increased uptake in MTT cells was observed by Liao et al. (2011). Lee
et al. developed antibody-conjugated SPIONs conjugated to trastuzumab, which dem-
onstrated uptake in mouse models, facilitating imaging of tumours as small as 50 mg in
mass (Lee et al. 2007).

Antibody-conjugated SPIONSs include antibodies to prostate-specific membrane anti-
gen (PSMA) conjugated to polyethylene glycol-coated iron oxide nanoparticles (110 nm
size), developed by Tse et al. (2015). These nanoparticles, when evaluated in prostate
cancer cell lines, caused no significant toxicity. In orthotopic prostate cancer models in
mice, they caused signal suppression on T2 MRI (Fig. 12).

Novel and emerging nanoparticle candidates

Of the general classes of nanoparticles discussed thus far for MRgRT, GANPs and SPI-
ON s are as of 2022 the most clinically advanced. Nevertheless, other candidates remain
under development, mostly in pre-clinical stages. Individual candidates may exhibit spe-
cific properties of clinical use for defined indications, which will hopefully be demon-
strated further in pre-clinical and eventual clinical trials.
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MNP alone J591-MNP

2h

24 h

Fig. 12 Systemic administration of antibody-conjugated SPIONs (J591-MNP) against PSMA in mice,
compared to unconjugated SPIONs (MNP alone), measured on a T2 MRI scan. Injection was performed
when tumour size (measured by bioluminescence, shown in the figure inserts) reached target values
antibody-mediated uptake in the conjugated example enables greater total uptake in the tumour (red
arrows) (Reproduced with permission from Tse et al. (2015), copyright 2015, Future Medicine Ltd)

Manganese dioxide

Manganese oxide nanoparticles have been developed previously as contrast agents for
MRI (Cai et al. 2019). The toxicity of manganese, a potential challenge for these nano-
particles, can be mitigated somewhat with coating the nanoparticle in polyethylene gly-
col (PEG) (Cai et al. 2019). Similarly, polymer-coated manganese dioxide nanoparticles
have been reported as having modulating effects on the tumour environment (specifi-
cally tumour hypoxia) with a radiosensitisation effect in animal models (Abbasi et al.
2016). Preliminary evaluation of these nanoparticles is underway for their suitability as a
theranostic (MRI and radiotherapy enhancement) agent, with positive results (Yen et al.
2021). In animal models, the nanoparticles were retained in tumour deposits for about
4 h and cleared from normal organs within 72 h. Although positive results on survival in
animal studies have been determined including improved survival and reduced tumour
volumes in animals treated with these nanoparticles in combination with radiotherapy;,
human trials are yet to commence.

Liu et al. developed manganese dioxide nanoparticles approximately 125-150 nm
across, containing the chemical radiosensitiser acridine orange (Liu et al. 2020). These
nanoparticles degraded in the acidic tumour environment, releasing free oxygen
and manganese ions (Fig. 13). The intention is to reverse the hypoxic environment of
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Fig. 13 Manganese dioxide nanoparticles, with T1-MRI contrast enhancing properties, loaded with
Acridine Orange (AQ), degrading inside hypoxic tumour cells to release oxygen and enhance sensitivity to
radiotherapy (Reprinted with permission from Liu et al. (2020), copyright 2020, American Chemical Society)

tumour cells, increasing response to radiotherapy. Meanwhile the release of manganese
enhances T1 contrast on MRI scans. Animal studies with intra-tumoral injection fol-
lowed by radiotherapy showed positive results, with significant suppression of tumour
volume compared to controls; future studies are planned to evaluate the effects of sys-
temic administration (Liu et al. 2020).

Nanopatrticles with multiple active elements

The following details a number of nanoparticles with multiple active elements contained
within to facilitate dual imaging and radiotherapy enhancement within a single particle.
In particular, elements that facilitate MRI contrast may be combined with high-Z ele-
ments to facilitate radiotherapy enhancement.

Combined gold manganese nanoparticles were synthesised by Wang et al., in which
a gold shell was applied to a manganese dioxide core, surrounded by hyaluronic acid
(Wang et al. 2019). These nanoparticles, evaluated in vivo in 4T1 orthoptic tumour
models, inhibited tumour growth in conjunction with radiotherapy, and lead to tumour
regression with radiotherapy and phototherapy, to a significantly greater extent than
untreated or radiotherapy-only controls (Wang et al. 2019).

Kuang et al. developed combined gadolinium-hafnium nanoparticles loaded with the
chemotherapy agent cisplatin. With a total size of 5 nm, within the range of renal clear-
ance, these nanoparticles were visible in T1-weighted MRI scans (Kuang et al. 2020). The
nanoparticles were intended to facilitate multi-modal treatment including slow-release
chemotherapy, phototherapy and radiotherapy in resistant tumours. As such, it serves as
a potential platform for MRgRT, a concept demonstrated in animal models (Kuang et al.
2020).
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Nanoparticles incorporating bismuth, selenium and manganese oxide on a bovine
serum albumin template were created by Yao et al. (2021). Intended as a multimodal
platform for image contrast and radiotherapy enhancement, the manganese oxide com-
ponent is intended to catalyse the conversion of hydrogen peroxide (present at increased
concentration in tumour cells) to oxygen, overcoming radioresistance in hypoxic tumour
cells. The presence of high-Z bismuth also facilitated increased local radiation effects.
The nanoparticle induced positive T1 contrast on MRI scans and considerably reduced
tumour growth in combination with radiotherapy (Fig. 14).

An additional combined nanoparticle formulation in the pre-clinical stage was devel-
oped by Maniglio et al., which incorporates both iron oxide and gold (Maniglio et al.
2018). Similar to pure SPIONS, it exploits the superparamagnetic property of iron oxide
as an MRI contrast agent. Consequently, it appears dark on T2-weighted MRI sequences.
The core of this nanoparticle is gold, whose higher atomic number is intended to enable
an enhanced radiosensitisation effect, thus suitable for MRgRT (Maniglio et al. 2018).
These hydrophobic nanoparticles demonstrated limited intrinsic cytotoxicity and were
taken up by osteosarcoma cells in in vitro assays.

Li et al. developed a core—shell nanoparticle platform incorporating a gold core with
a manganese sulfide inner shell, a zinc sulfide outer shell and a PEG outer coating, with
a hydrodynamic diameter of approximately 100 nm (Li et al. 2016). The intended struc-
ture was for the gold core to provide local radiation enhancement, the manganese shell
providing T1 image contrast and the zinc shell protecting against oxidation, respectively.
This nanoparticle, intended specifically for MRgRT, showed little intrinsic toxicity but
considerably inhibited tumour growth in combination with 6 Gy radiotherapy in a 4T1
breast cancer model.

Damasco et al. synthesised ultrasmall nanoparticles containing ytterbium and gadolin-
ium as a multifunctional imaging and radiosensitisation platform (Damasco et al. 2021).

Fig. 14 Tumour MRI contrast enhancement in a mouse model after injection of bismuth-manganese
albumin templated nanoparticles (Reprinted with permission from (Yao et al. 2021), copyright 2021 American
Chemical Society)
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These nanoparticles were conjugated with folate, aiming to facilitate active targeting of
glioma cell lines. In rats, the conjugation of these nanoparticles increased penetration
of the blood-brain barrier from 5% in untargeted nanoparticles, to 17% in folate-con-
jugated nanoparticles. In in vitro studies, irradiation of C6 rat glioma cells with 2 Gy of
X-ray photons reduced colony survival by 20%, compared to 60% reduction in the pres-
ence of the nanoparticles. No intrinsic toxicity was reported from the presence of the
nanoparticles (Damasco et al. 2021).

Challenges and opportunities for nanoparticles in MRI-guided radiotherapy
Arguably the biggest challenge faced by the field of cancer nanomedicine has been clini-
cal translation. In the specific context of MRgRT, the subject of this review, GANPs and
SPIONS face a similar challenge, albeit somewhat subdued by the promising clinical tri-
als of AGulIX and the history of clinical use of SPIONs. Nevertheless, as imaging agents,
these nanoparticles must compete with small-molecule agents for whom pharmacoki-
netic evaluation may be more straightforward (Kiessling et al. 2014). For many earlier-
generation agents, particularly SPION-based agents, much of the imaging potential has,
as discussed, focused on blood pool-imaging or uptake in the reticuloendothelial system;
in the case of blood pool-imaging, competition with techniques such as time-of-flight
MRI (which requires no contrast) may limit the application of this approach in certain
indications (Kiessling et al. 2014).

In the case of cancer imaging, next-generation nanoparticle products need to reduce
clearance by the reticuloendothelial system, whilst still being taken up by tumour depos-
its (Chapman et al. 2013). This is increasingly being overcome with smaller nanoparti-
cle sizes, targeting ligands and optimisation of nanoparticle properties including surface
charge. Shielding nanoparticles with polyethylene glycol (PEG) may limit reticuloen-
dothelial uptake at a potential cost of somewhat reduced tumour uptake (although this
may be offset by increased circulation time). As such, combination with active targeting
ligands, or optimising size and surface charge to maximise the EPR effect, have been
considered (Chapman et al. 2013). The emergence of nanoparticles with positive T1
contrast is also a welcome development that is likely to make these agents more widely
accepted among radiologists for imaging purposes.

In contrast, tumour microenvironment targeting, another approach for active target-
ing, exploits the chemical and physical properties that differentiate them from normal
tissue, including hypoxia, acidity and increased concentrations of specific enzymes (Fer-
nandes et al. 2018; Uthaman et al. 2018). While such an approach may be advantageous
for promoting specificity uptake of anti-cancer agents into tumour cells, it is less likely
to promote retention of nanoparticles in tumour deposits, and so it is not considered for
radiotherapy or MRI contrast enhancement.

Similarly, for nanoparticle agents that use the EPR effect, challenges for targeting very
small tumour deposits (<1 mm minimum dimension) may occur as the development
of “leaky” vasculature may not occur at this stage; targeting ligands may be effective at
overcoming this (Chapman et al. 2013). Challenges with targeting ligands do also exist,
particularly in that their presence may tend to reduce total circulation half-life (as target-
ing ligands may make nanoparticles more amenable to clearance). This can potentially
reduce total uptake compared to passively targeted nanoparticles (Chen et al. 2012).
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It is also recognised that the EPR effect is not entirely homogenous and appears to
be influenced by factors such as the tumour histological subtype (Wang 2015), size and
vascular infiltration (Maeda 2015; Pasut 2019). Some authors have proposed the devel-
opment of radiolabelled nanoparticles to enable in vivo confirmation of the EPR effect in
individual patients in whom they are administered. This could be done by administering
nanoparticles labelled with a PET or SPECT radioisotope to determine quantitatively,
the extent to which EPR-mediated nanoparticle uptake occurs and where it does so
(Wang 2015). This would then justify irradiation of nanoparticle-rich tumours to exert a
radiosensitisation and dose enhancement effect.

Other generalised challenges with nanoparticle agents include the risk of toxicity and
the need for specialised approaches to evaluate the potential toxic effects of the nano-
particles. In particular, a need exists for nanoparticles to accumulate in tumour deposits
to a sufficient extent to enhance radio-therapeutic efficacy, whilst not inducing clinically
significant toxicity (Schuemann et al. 2020; Wilhelm et al. 2016). It has been proposed
that increasing standardisation of nanoparticle design and evaluation will help in the
identification of toxic effects associated with particular nanoparticle components, ena-
bling reduced toxicity in subsequent generations (Hofmann-Amtenbrink et al. 2015). To
help reduce the risk of toxic effects in future generations of nanoparticle products, the
application of versatile, standardised platforms (such as that used by AGuIX) with lim-
ited intrinsic toxicity may be effective. This would enable customisation to given clinical
indications by way of addition of specific ligands to a standardised structure, may facili-
tate a lower risk of toxicity.

A final challenge for nanoparticle agents in their clinical translation is ensuring their
cost-effectiveness and ability to remain financially competitive against other agents
(Chapman et al. 2013). Given their relative complexity compared to certain small-mole-
cule agents, and the need for specialist expertise in their manufacture and characterisa-
tion, the cost of developing nanoparticle-based contrast agents is potentially high. In the
MRI contrast context, this has made it difficult for traditional SPION-based agents to
find widespread clinical use (Chapman et al. 2013). However, the increasing advantage
of ultrasmall SPION agents, or the theranostic potential of nanoparticles for MRgRT,
offering clinical advantages not readily achieved by standard small molecules, may pre-
sent clinical justifications for nanoparticle agents and support their clinical utilisation.
Furthermore, expansion of the imaging applications of nanoparticle agents may further
justify their commercialisation; in the case of SPIONS, a notable example is the develop-
ment of SPION agents as contrast agents for portable low-field MRI (Stein 2022; Wad-
dington et al. 2020), substantially increasing their overall clinical utility.

Conclusion

A number of nanoparticle agents at varying stages of development present exciting
opportunities for synergistic effects in MRI-guided radiotherapy, potentially enhancing
both image contrast and radiation dose contrast. As of 2022, gadolinium-based nano-
particle agents are now in human clinical trials for MRI-guided radiotherapy. At the
pre-clinical stage, newer iron oxide nanoparticle solutions and novel labelling and func-
tionalisation approaches to existing nanoparticles are under development. The authors
contend that nanoparticle-enhanced MRI-guided radiotherapy is on the verge of rapid
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uptake into clinical use and that it is an ideal time to consider the potential applica-
tions of such agents into clinical radiotherapy workflows. Furthermore, the nanoparti-
cle platforms currently undergoing clinical evaluation in humans both demonstrate the
potential for further adaptation and functionalisation with future nanoparticles under
development with additional properties. It is anticipated that the promise of nanoparti-
cles and MRI guidance will further enhance the clinical utility of radiotherapy and fur-
ther improve outcomes for cancer patients.
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