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Over the last decade, much work has been dedicated to improving the performance of gadolinium-
based magnetic resonance imaging (MRI) contrast agents by tethering them to biocompatible gold
nanoparticles. The enhancement in performance (measured in terms of ‘relaxivity’) stems from the
restriction in motion experienced by the gadolinium chelates on being attached to the gold nanoparticle
surface. More recently, the unique properties of gold nanoparticles have been exploited to create very
promising tools for multimodal imaging and MRI-guided therapies. This review addresses the progress
made in the design of gadolinium-functionalised gold nanoparticles for use in MRI, multimodal imaging
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and theranostics. It also seeks to connect the chemical properties of these assemblies with potential
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Introduction

Magnetic resonance imaging (MRI) is an extremely important
tool in healthcare, used to detect and monitor a wide range of
conditions, including cancer’ and cardiovascular disease.” When
a patient is placed in an MRI scanner, the magnetic moments of
the 'H nuclei in the body align themselves with the static
magnetic field (either parallel or antiparallel), meaning that the
overall macroscopic magnetisation points in the direction of the
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longitudinal axis.> Following excitation by a radio-frequency
pulse, the macroscopic magnetisation returns to its equilibrium
value via T; and T, relaxation pathways. The time taken for
relaxation to occur is dependent on the type of tissue from which
the signal originates and can therefore be used as a source of
contrast in MRL>

MRI contrast agents are used in order to improve the clarity
and definition of tissues of interest in an MR image. Most MRI
contrast agents used in the clinic are based on trivalent gadolinium
due to the highly paramagnetic nature (f’) of the Gd** ion and its
long electronic spin relaxation time.®” Through its interactions with
endogenous water molecules, the Gd*" ion enhances the intrinsic
contrast in an MR image by increasing the relaxation rate of the "H
nuclei in the water molecules nearby.® The change in relaxation rate,
relative to the concentration of the paramagnetic ion, is known as
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the ‘relaxivity’ and is used to judge the performance of a contrast
agent.” Commercial gadolinium-based contrast agents, such as
Dotarem™, consist of a Gd*" ion encapsulated within a highly
polydentate ligand. They achieve modest longitudinal (7;) relaxivities
in the region of 4 mM ™' s™" at 1.5 Tesla (T) - a typical field
strength for a clinical scanner - with higher relaxivity leading to
a lighter image."°

Although there are many factors that affect the relaxivity of a
gadolinium chelate, such as water exchange rate, Gd. - -H dis-
tance and hydration number (number of water ligands at the
Gd centre), one of the most straightforward to manipulate is the
rotational correlation time."" As the gadolinium chelate rotates in
solution, it creates a fluctuating magnetic field capable of inducing
relaxation of local "H nuclei."” By slowing the rotational motion of
the chelate, the frequency of the fluctuating magnetic field falls to
a value closer to the Larmor frequency, which results in a greater
rate of relaxation.'” This restriction in rotational motion can be
achieved by tethering the gadolinium chelates to a large structure,
such as a nanoparticle.®**

Gold nanoparticles have received much attention in the
literature over the past twenty years due to their biocompatibility
and tuneable morphology, which make them candidates for use in
a wide range of clinical applications."® Functionalisation of gold
nanoparticles with gadolinium chelates to generate high-relaxivity
MRI contrast agents is an active area of research, with over 180
research papers published since 2006. More recently, the focus
has been directed toward developing these nanoparticles for
use in multimodal imaging or combined therapy and imaging
(theranostics). For example, the high atomic number of gold
has been utilised to generate multimodal imaging agents
capable of enhancing contrast in both MRI and computed
tomography (CT),"* while gold nanorods have been functiona-
lised with gadolinium chelates to create a theranostic agent for
MRI-guided photothermal therapy."

This review focuses on recent research on gadolinium-
functionalised gold nanoparticles as MRI contrast agents but
also seeks to illustrate their versatility as potential multimodal
imaging and theranostic agents. The discussion has been
divided into three parts, which focus on how the chemistry of
the functionalised gold nanomaterials enables their use in an
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Fig. 1 Summary of the surface units and related applications of functionalised
gold nanomaterials discussed in this review.

array of biological applications. The discussion begins by
reviewing the factors that affect the relaxivity of gadolinium-
functionalised gold nanoparticles, including the density of
gadolinium loading and the rigidity of surface linkers. In the
following sections, the discussion is extended to include multi-
modal imaging agents, in which MRI has been combined with
additional imaging modalities such as CT, fluorescence and
photoacoustic imaging. Finally, the development of theranostic
agents, which employ MRI to guide interventions such as photo-
thermal therapy (PTT), photodynamic therapy (PDT) and radio-
therapy, is discussed. These approaches are summarised in Fig. 1
(image does not attempt to show all possible combinations of
imaging and therapy).

Discussion
High performance MRI contrast agents

The enhancement in contrast produced in an MR image by a
gadolinium-based contrast agent can be improved in two main
ways: by boosting the relaxivity of the contrast agent or by
increasing the gadolinium concentration (Fig. 2). Gadolinium
chelates bound to gold nanoparticles are a particularly attractive
prospect in the field of MRI because they exploit both of these
factors. Tethering gadolinium chelates to a large structure, such
as a nanoparticle, slows the rotational motion of the chelate
(‘slow tumbling’) and thus boosts its relaxivity.'®'” Further-
more, nanoparticle-based approaches can exploit the enhanced

Same Gd3* concentration

Same contrast agent

Increasing relaxivity Increasing [Gd3*]

Fig. 2 Phantom MR images of Gd-based contrast agents illustrating
contrast enhancement due to the effect of immobilisation on a nanopar-
ticle surface (left) or increased Gd content (right).

This journal is © The Royal Society of Chemistry 2020
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permeability and retention (EPR) effect, in which nanoscale
materials accumulate in tumours. This effect can be traced to the
characteristically leaky vasculature and poor lymphatic drainage of
the tumour, causing greater accumulation of the nanostructure
than in healthy tissue. With Gd-functionalised nanomaterials,
this leads to increased gadolinium concentration in the tumour
and hence better definition with respect to the surrounding,
healthy tissue.'®

The chelators developed for attaching Gd** to gold nano-
particles are largely based on clinically-approved chelators,
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) and diethylenetriaminepentaacetic acid (DTPA) (Fig. 3).
Earlier examples featured principally the DTPA chelator
(Fig. 3A, C and D) due to its fast metal complexation kinetics
and more straightforward synthetic derivation.'® More recently,
however, the cyclic DOTA chelator (Fig. 3B and E-J) has been
preferred due to its greater kinetic inertness, which stems from
the ability of the rigid, pre-organised macrocyclic structure to
encapsulate the Gd** ion more effectively than the acyclic DTPA
chelator.?® The irreversible encapsulation of gadolinium(m) is
of paramount importance for the safe use of gadolinium in the
body, as free Gd*" is known to have a highly toxic effect due to
its replacement of calcium(u) ions in the body, thus interfering
with key biological processes.”’ An association has also been
found between the administration of Gd-based contrast agents
and the development of nephrogenic systemic fibrosis (NSF) in
patients with severe renal impairment.>” Unchelated Gd** ions
form salts with endogenous anions, such as phosphate or
carbonate, which then enter tissues, stimulating an inflammatory
response and resulting in scarring of the tissue.>® Due to greater
understanding of these effects and the implementation of regulatory
guidance, gadolinium-related NSF is now uncommon.>

The high affinity of gold for polarisable, ‘soft’ donor atoms,
explains the extensive use of sulfur-based linkers for attaching
gadolinium chelates to the surface of gold nanoparticles.>® The
incorporation of a thiol (or thiolate) moiety in the gadolinium
chelate is the most straightforward and widespread method for
binding the Gd unit to a gold nanoparticle. More recently, cyclic
disulfides, which form dithiolates on attachment to the surface
(Fig. 3G-1),>°?® and dithiocarbamates (Fig. 3])**" have also
been employed, as they provide a more secure two-site attachment.
Furthermore, dithiocarbamates have been shown to displace thiols
on gold nanoparticle surfaces but not vice versa, which further
supports the robust nature of their binding to gold.**** The use of
dithiocarbamates avoids issues encountered in designs based on
two thiol groups (Fig. 3A), in which disulfide bridges can form as
well as interactions with the gold surface, compromising the
relaxivity values obtained.**

The choice of linker used to connect the sulfur unit to the
gadolinium chelate also has a significant impact on relaxivity. If
a chelate is bound to a nanoparticle using a long, flexible alkyl
chain, the gadolinium chelate will experience substantial rotational
freedom, compromising the beneficial effect on relaxivity of
anchoring it to the surface.?® Longer linkers have also been
found to have a detrimental impact on cellular uptake com-
pared to shorter tethers.*® Shorter, more rigid linkers are thus
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favoured over long, flexible linkages, as can be seen in the
designs depicted in Fig. 3. However, even gadolinium chelates
anchored using relatively short linkers can experience substantial
freedom of movement if the packing of the chelates on the
nanoparticle surface is not sufficiently dense.”®?”

Dense packing of gadolinium chelates on the nanoparticle
surface further restricts the motion of the chelates and boosts
relaxivity.>® Moreover, dense packing also helps prevent trans-
metallation of the Gd*" ions by improving the thermodynamic
stability and kinetic inertness of the gadolinium chelate.*
Meade et al. reported the dense packing of 2375 gadolinium
chelates on the surface of individual 17 nm gold nanoparticles
using a surface unit based on lipoic acid, forming a dithiolate
attachment at the gold surface (Fig. 3H).>”

Polymers are commonly added to the surface of nano-
particles to improve their stability towards aggregation and
increase circulation time by camouflaging the nanoparticles
from the body’s immune system.”® The incorporation of polymers
onto the nanoparticle surface has been known to both improve
and hinder the relaxivity of a surface-bound Gd chelate. In the
majority of cases, relaxivity decreases on the addition of a polymer
surface coating as the polymer restricts the access of water to the
gadolinium centres.*' However, in some cases, it appears that
the polymer restricts the motion of the gadolinium chelates in
the same way as dense packing of the gadolinium chelates,
leading to an improvement in the relaxivity.*> These competing
effects on relaxivity have also been observed when appending
sugars to the surface of gold nanoparticles via linkers of
differing lengths.*®

The presence of a large payload of gadolinium ions per
nanoparticle is a desirable quality of nanoparticle-based MRI
contrast agents, as it enables a high concentration of gadolinium to
be confined to a small area (Fig. 2). This results in a greater number
of water molecules interacting with gadolinium and thus a greater
contrast enhancement.** Covalently binding gadolinium chelates to
polymer coatings, rather than directly to the gold surface, has
proved to be an effective method for increasing the number of
gadolinium units per nanoparticle.”> DNA strands, in particular,
have enabled hundreds of gadolinium chelates to be incorporated
into each gold nanoparticle assembly.****"*8 While the presence of
many gadolinium units is often an advantage, it is the overall
relaxivity that remains the broader goal. Through the rational
design of the nanomaterial surface units and chelates, dramatic
increases can be made in the relaxivity of individual gadolinium
chelates, leading to improved contrast enhancement.

Polyethylene glycol (PEG), is a polymer widely used to stabilise
gold nanoparticles and render them biocompatible. The PEG units
play a key role in the function of a recent ‘smart’ MRI contrast
agent developed by Li et al. that senses tumour microenviron-
ments based on their increased acidity compared to healthy
tissue.”® As the pH decreases, the PEG coating detaches from
the gold nanoparticle surface to reveal alkyne and azide surface
groups, which react via a metal-free ‘click’ cycloaddition reaction to
form large nanoparticle aggregates. Generation of the aggregates
results in an increase in relaxivity and therefore greater contrast
enhancement in the region of the tumour. The authors suggest that

Chem. Commun., 2020, 56, 4037-4046 | 4039
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Fig. 3 Examples of gadolinium chelates used in functionalised gold nanomaterials.
this nanoparticle design could be valuable in guiding brain tumour Although nanoparticles are known to accumulate preferentially
surgery, where accurate assessment of the margins of the tumour is  in tumours over healthy tissue due to the EPR effect (vide supra),
extremely important.* targeting units are still utilised, either to complement the EPR
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effect or target the nanoparticles to an alternative disease to cancer.
A vast array of targeting moieties, including small molecules,™
peptides,® aptamers®* and antibodies® have been applied to the
surface of gold nanoparticles to enhance the concentration of gold
(and therefore gadolinium) at the target site. The modular
approach inherent to nanoparticle-based designs, in contrast to
most molecular agents, means that modification of the nano-
particle to target a different disease or cell type can be achieved
without the need to make significant changes to the overall
assembly.

Multimodal imaging agents

In multimodal imaging, complementary imaging modalities
are combined to create single images that are immensely rich
in information.® The most widely-used form of multimodal
imaging is PET/CT (positron emission tomography/computed
tomography), which is primarily employed to stage the progression
of different cancers by taking into account the morphology (CT)
and metabolism (PET) of the tumour.>® To facilitate multimodal
imaging, multimodal imaging agents have been developed that are
capable of enhancing contrast in more than one type of scan. A
major benefit of using a multimodal agent, compared to admin-
istering multiple imaging agents separately, is that any issues with
differing biodistributions or biological half-lives are avoided.>

Gold nanoparticles are attractive as a basis for novel multi-
modal imaging agents due to the ease with which multiple
imaging agents can be incorporated onto the same gold surface
through sulfur-based tethers. In contrast, agents based on mole-
cular assemblies often require significant design modifications in
order to introduce new moieties into the structure, complicating
the synthetic procedure. A further benefit of using gold nano-
particles in particular (over alternative nanomaterials) is that the
gold nanostructure can itself act as an imaging agent for computed
tomography (CT), photoacoustic imaging (PAI) and fluorescence
imaging, without the need for any additional surface functionali-
sation (Fig. 4).

The contrast in CT is derived from the ability of hard tissues
to absorb X-ray radiation to a greater degree than soft tissues.
Typically, CT contrast agents are based on iodine, which, due to
its electron-dense nature, absorbs more X-ray radiation than
bodily tissues and therefore generates a positive contrast
enhancement in regions of agent accumulation. Iodine-based
agents, however, suffer from very short imaging times due to
their rapid clearance by the kidneys, where they are associated
with renal toxicity.”” Phantom imaging of equimolar solutions of
gold nanoparticles and Omnipaque™, a clinically-used iodine-
based CT imaging agent, revealed that the nanoparticles were able
to generate a greater contrast enhancement due to the higher
atomic mass of gold compared to iodine.”® This aspect, in addition
to the reputation of gold nanoparticles for biocompatibility, makes
gold nanoparticles an appealing alternative to the widely-used,
iodine-based CT agents.

Gold nanomaterials that have been functionalised with
gadolinium chelates have all the components necessary to
provide contrast enhancement in both MRI and CT. Unlike
combined PET/CT imaging, the approach of combining MRI

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Examples of MRI/CT, MRI/FI and MRI/PAI techniques performed
using functionalised gold nanomaterials. Images reproduced from ref. 62,
with permission from Dove Press, ref. 70, with permission from the Royal
Society of Chemistry, and ref. 68, with permission from Springer Nature.

and CT scans has not yet gained popularity in the clinic. At
present, the usual scenario is for the patient to first receive a CT
scan (by far the cheaper imaging modality) and then only being
offered an MRI scan if the results from the CT were
inconclusive.” Despite this, there are a number of examples
of gadolinium-functionalised gold nanomaterials being used to
image tumours in vivo using both CT and MRL>*® The benefit
of using the same multimodal agent for both scans is that the
same biodistribution of the agent can be assumed, which aids
comparison of the two images.

In addition to their application as CT imaging agents, gold
nanomaterials have been used in photoacoustic imaging (PAI)
to detect diseases such as atherosclerosis and cancer.®® PAI utilises
the ‘photoacoustic effect’, which is the ability of a chromophore
to convert absorbed light into heat energy, resulting in rapid
expansion and then contraction of the chromophore, generating
an acoustic wave. Gold nanomaterials are excellent candidates
for PAI agents as their absorption wavelengths can be tuned
away from the visible region of the electromagnetic spectrum,
where endogenous chromophores are known to absorb, and
towards the ‘biological window’ at approximately 800 nm (near-
infrared region).*"® This reduces the level of unwanted back-
ground signal and allows increased penetration depth through
the use of incident light of longer wavelength.

The absorption wavelength of gold nanorods can be tuned to
the near-infrared region by manipulating their aspect ratio (the
ratio of length to width). For example, by increasing the aspect
ratio of a gold nanorod from 4.6 to 13, the wavelength of
absorbed light increases from 885 nm to 1750 nm.*® A gold
nanorod with surface-bound gadolinium chelates and an aspect
ratio of 3.1 was synthesised by Xing et al. for use as a combined
MRI/PAI agent and was found to absorb light at 710 nm and

Chem. Commun., 2020, 56, 4037-4046 | 4041
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have a respectable relaxivity of 11.7 mM ™" s™' per Gd unit at
1.5 T.* Interestingly, the addition of a layer of gadolinium
oxysulfide (GOS) to gold nanorods with an aspect ratio of
2.2 increased the absorption wavelength of the nanorods from
700 nm (without GOS) to 818 nm (20 nm thick GOS layer).**

Although it is advantageous to perform PAI using light in the
near-infrared region, photoacoustic images of a murine brain
tumour have been successfully acquired using a 532 nm laser.*®
Despite the significant photoacoustic signal due to endogenous
tissues, a 75% increase in overall photoacoustic signal was
recorded following administration of the nanoparticles due to
their very high absorption coefficient. In addition, the multi-
layered, core-shell gold nanomaterials used displayed impressive
relaxivity values of 38 mM ™~ * s~ * per Gd unit at 7 T. This equates to
an overall relaxivity of 3 x 10° mM ' s~ due to the vast number of
gadolinium chelates attached to each nanostructure.®® This relaxivity
value is far greater than is typically achieved by gadolinium-based
contrast agents at a magnetic field strength as high as 7 T.

The fluorescent properties of gold nanoclusters have been
coupled with the paramagnetic nature of Gd*" ions to generate
multimodal agents that combine the sensitivity of fluorescence
imaging (FI) with the spatial resolution of MRI®*”® Gold
nanoclusters comprising just 25 gold atoms have been found
to fluoresce with an emission wavelength of 640 nm,”" which is
ideal for in vivo imaging, as it avoids the region between
400 and 570 nm, in which the bulk of endogenous chromo-
phores emit (autofluorescence).”” Furthermore, the addition of
gadolinium chelates to the nanocluster did not affect the fluores-
cence intensity and resulted in a relaxivity of 23.7 mM " s per Gd
unit at 1.5 T.”*

The facile manner in which gold nanomaterials can be func-
tionalised means that weakly or non-fluorescent gold nano-
structures are easily modified for use in fluorescence imaging
through the addition of surface-bound dyes.”® These and other
additional surface units are summarised in Table 1. Cyanine
Cy5 is a popular choice in fluorescence imaging due to its
bright fluorescence emission at 698 nm. This avoids both the
tissue absorption window and the absorption wavelength of
gold, thus preventing immediate reabsorption of the fluores-
cence by either endogenous tissues or the gold nanoparticles.”
A ‘smart’ rhodamine-based dye, which emits fluorescence of
variable intensity depending on local pH, has also been tethered
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to gold nanoparticles for use in cancer imaging.”® Interestingly,
the sensitivity of the dye to changes in pH conditions was found
to increase on binding to the gold nanoparticle surface, possibly
due to the large variation in surface charge experienced by the
gold nanoparticles at pH values between 5.2 and 7.8.7°

Gold nanoparticles have also been used as a platform to
combine MRI and single photon emission computed tomography
(SPECT) imaging agents. DOTA-based chelators designed to encap-
sulate Gd*" ions can also be used to achieve the complexation of
%’Ga®" ions.”® Furthermore, this approach can be extended to the
complexation of therapeutic radionuclides, thus widening the
application of these nanoplatforms to include theranostics.”

Theranostic agents

MRI contrast agents are increasingly being combined with
therapeutic moieties to generate ‘theranostic’ agents for use
in image-guided therapies. Employing a theranostic approach to
treating disease is extremely valuable in the development of
‘personalised’ medicine as it enables treatment plans to be tailored
to the individual based on the images acquired before, during and
after the treatment process. The aim of theranostic agents is to
improve the efficacy of therapies by providing clinicians with real-
time information on the biodistribution of the drug within the
body as well as the progress of the treatment.

An active area of research is the development of theranostic
agents for combined MRI and cancer therapy. Current cancer
treatments are intrusive and often involve a combination of
surgery, chemotherapy and radiotherapy. Photothermal therapy
(PTT) is a more recent, minimally-invasive cancer treatment that
causes localised cell death by radiation-induced hyperthermia.””
Gold nanostructures that exhibit a localised surface plasmon
resonance, such as gold nanorods, can be employed as PTT
agents as they are able to convert absorbed near-infrared radiation
into heat energy.”*®' Functionalisation of the gold nanostructures
with gadolinium chelates allows the creation of a theranostic agent
for combined PTT and MRI (Fig. 5).*>*>

Gold nanorods require careful surface functionalisation to
prevent aggregation and avoid the presence of residual surface
units from the synthetic procedure. Traditionally, surfactants
such as cetyltrimethylammonium bromide (CTAB) have been used
to promote colloidal stability, however, non-toxic alternatives are
required for in vivo applications. Aryal et al used PEG as an

Table 1 Additional surface units used in the nanomaterials covered in this review

Category Surface unit Purpose Ref.
Surface unit Dendrimer Increases Gd loading 45
Surface unit DNA Increases Gd loading 46-48
Surface unit PEG, alkyne, azide pH-Sensitive combination 49
Surface unit PEG, Tween ™20, BSPP Increases stability 84
Surface unit Glucose Improves solubility 43
Surface unit Dextran Increases stability 85
Imaging agent Cy5 dye Fluorescence imaging 73
Imaging agent Rhodamine-based dye Fluorescence imaging 75
Imaging agent “Ga SPECT imaging 76
Therapeutic agent Indocyanine green Photothermal therapy 92
Therapeutic agent Graphene oxide Photothermal therapy 93 and 94
Therapeutic agent Porphyrin Photodynamic therapy 95-98
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Fig. 5 MRI/PTT performed using functionalised gold nanorods, nano-
shells and nanostars. Images reproduced from ref. 82, with permission
from the Royal Society of Chemistry, ref. 88, with permission from John
Wiley & Sons, and ref. 89, with permission from Elsevier.

alternative to CTAB and investigated the effect of PEG chain length
on heating efficiency in PTT; reporting a greater temperature
increase for nanorods functionalised with 2 or 5 kDa PEG chains
than those functionalised with longer 10 kDa PEG.** The
successful exchange of CTAB with PEG can been achieved
through the use of Tween®20 (to stabilise the nanorods) and
bis(p-sulfonatophenyl)phenylphosphine (to activate the nano-
rod surface towards PEGylation).?* Dextran is a branched poly-
saccharide that may serve as a more favourable option than PEG
for use in PTT, as it has been found to promote colloidal
stability whilst limiting the impact on heating efficiency.®®

Functionalised gold nanoshells have also been proposed as
potential theranostic MRI and PTT agents.*® A multi-layer
nanosphere consisting of a gold core, silica layer and gold shell
was found to display an absorption peak at around 800 nm,
indicating suitability for PTT, and a relaxivity of up to 24 mM ' s ™"
at 4.7 T.* Silica-gold core-shell nanoparticles that absorb at
800 nm have also been synthesised with an orthopyridyl disulfide
linker to allow attachment of gadolinium chelates to the gold
surface, thereby achieving a relaxivity of 37 mM " s~ " per Gd unit
at 1.41 T for these multi-layer nanoparticles.*®

Gold nanostars, so called due to their spiked appearance,
have been used in vitro and preclinically as near-infrared-
absorbing PTT agents.*® For example, using a gold concen-
tration of 20 ug mL ™", 5 minutes of irradiation at 808 nm was
sufficient to reduce the percentage viability of MDA-MB-231
breast cancer cells to just 10%.5° Furthermore, the relaxivities
of gadolinium chelates attached to nanostars are often far
greater than equivalent nanosphere constructs. Vo-Dinh et al.
achieved a relaxivity of 63.8 mM ' s™" per Gd chelate at 1.5 T for
100 nm diameter nanostars loaded with over 64 200 gadolinium
chelates per nanostar.”® Meade, Hersam, Odom et al. further
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investigated this phenomenon by comparing functionalised
nanostars with functionalised nanospheres and found that it
was the number of spikes per nanostar that correlated with the
boost in relaxivity, rather than simply nanoparticle size.”!

Functionalisation of gold nanospheres with gadolinium chelates
and near-infrared absorbers, such as indocyanine green and
graphene oxide, has also proved to be an effective way of
generating MRI/PTT agents.”® " These highly functionalised
gold nanospheres demonstrated a PTT effect similar in efficacy
to the nanorods, nanoshells and nanostars while bypassing the
need for strict control over the nanoparticle morphology. The
combination of a Gd unit and a near-infrared absorber provides
the functionality required to identify the location of the assembly
using MRI before initiating the photothermal effect. This reduces
collateral damage and increases the likelihood of a successful
therapeutic outcome. Photosensitizers used in photo dynamic
therapy (PDT) have also been attached to gold nanomaterials to
allow delivery of localised cancer treatment through the generation
of singlet oxygen.””°® A particularly noteworthy example featured a
photosensitizer attached to a gadolinium-functionalised gold
nanoshell for combined MRI, CT, PTT and PDT.” This approach
highlighted the potential for gold nanomaterials to incorporate
a combination of therapies into the same assembly, thereby
augmenting the therapeutic potency. The ease with which this
can be achieved relies heavily on the existing and well-established
approaches developed for the generation and functionalisation of
gold nanostructures.

In addition to their use as PTT agents, gold nanomaterials
have also shown promise in radiotherapy, as their electron-
dense nature makes them strong absorbers of high frequency
electromagnetic radiation.’® Radiotherapy is a cancer treatment,
commonly used alongside chemotherapy, in which X-ray or
gamma radiation is used to cause destruction of cancerous
tissue. Large atoms, such as gold, improve the efficacy of
radiotherapy by absorbing the X-ray or gamma radiation, con-
sequently ejecting an Auger electron, which causes cell death in
local tissue through ionisation and radical formation.'” In a
number of in vivo studies, the increase in tumour volume was
reduced and survival times increased when gold nanoparticles
were used in radiotherapy, compared to when radiotherapy was
performed in the absence of gold.'*'* This could have significant
implications in the clinic as it would enable the same result to be
achieved with a reduced radiation dose, which is particularly
important for radio-sensitive organs like the brain. However, the
impact of gold on the efficacy of radiotherapy is strongly dependent
on the concentration of gold in the target tissue.'®® Functionalisa-
tion of gold nanomaterials with gadolinium enables the level of
nanoparticle accumulation to be assessed by MRI prior to treat-
ment. Such an approach would ensure that the nanoparticles have
maximum impact during radiotherapy.'®

Conclusions and outlook

While gold nanomaterials have been investigated for many
years, their applications in medical imaging and therapy are
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only now being realised. The recent developments highlighted
here are an important part of this trend and suggest a bright
future for gadolinium-functionalised gold nanomaterials in
MRI, multimodal imaging and theranostics. As MRI contrast
agents, these materials consistently out-perform the molecular
complexes used in the clinic, largely due to the restriction in
motion they impart on the surface-bound gadolinium chelates.
In contrast to the non-specific biodistribution of current con-
trast agents, the modular design of the nanoparticle surface
architecture also allows targeting to be achieved. As multi-
modal imaging agents, gold-based nanomaterials have shown
great potential, particularly in cancer imaging, allowing the
spatial resolution of MRI to be combined with the sensitivity of
other modalities to generate clear and information-rich medical
images. Furthermore, their use as a platform for pairing MRI with
therapy introduces a powerful concept that will undoubtedly lead
to more effective treatments in the future and better prognosis for
patients. Through selected examples, this review has illustrated the
rich versatility of these nanomaterials, in terms of size, shape and
functionalisation. Although much has been achieved, there is
still great scope for further development of multimodal and
theranostic gold nanomaterials functionalised with gadolinium
units. Of course, a limitation of using nanoparticles over low
molecular weight agents is their more complex pharmaco-
kinetics, which makes regulatory approval more challenging. The
great variety that exists among gold nanomaterial formulations
also complicates the approval pathway as changes in the size
and functionalisation of gold nanostructures can influence their
behaviour dramatically in vivo. For this reason, the approach to
nanoparticles followed, for example, by the US Food and Drug
Administration (FDA), is to avoid a categorical decision on the
safety of nanomaterials but instead assess each new formulation
independently. The successful clinical trials'®*'® for the PTT
agent, AuroLase™, and the protein-functionalised anti-cancer
agent, Aurimmune™, point towards the great potential for clinical
translation of multifunctional, theranostic nanostructures based
on gold.
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