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1 | INTRODUCTION

Abstract

Recent advances in bioimaging, biochemistry, and bioinformatics have facili-
tated the development of personalized and precision medicine. Theranostics,
combining imaging modalities and therapeutic agents, have garnered a lot of
attention in this context, owing to their potential to monitor and control treat-
ment for individual patients. A promising strategy to achieve this goal involves
the development of therapy guided by magnetic resonance imaging (MRI). MRI
has a high degree of soft tissue contrast, low invasiveness, high depth of penetra-
tion and good spatial resolution. MRI-guided therapy could thus allow precise
and time-resolved assessment of disease conditions and therapeutic progression.
This article will give a brief introduction to the principles of MRI, and describe
recently developed strategies to produce MRI-guided therapies. A number of
theranostics based on Tj, T,, or chemical exchange saturation transfer (CEST)
MRI have been explored to track the route of drug carriers in vivo and image dis-
eased tissue so as to enhance bioavailability, overcome complex delivery barriers,
and assess therapeutic responses. In addition, the integration of thermal therapy
and MRI imaging offers a strategy to noninvasively identify target areas, plan
treatment, and provide real-time assessment of the efficacy of tumor ablation.
We also discuss advances in intelligent nanoparticles combining small molecule
drugs, thermal treatment and multimodal imaging, arguing that these multifunc-
tional agents can further improve therapeutic outcomes.

have already been approved by the Food and Drug Admin-
istration (FDA).>* However, new concerns arise with these

New insights into molecular pathology have made a huge
difference to the range of therapies available to clinicians
over the last few decades, culminating in the recent emer-
gence of personalized and precision medicine."? A large
variety of targeted therapies have been reported, and some

Abbreviations: CEST, Chemical exchange saturation transfer; MRI,
Magnetic resonance imaging; PAI, Photoacoustic imaging; PDT,
Photodynamic therapy; PTT, Photothermal therapy

formulations because traditional pharmacokinetics stud-
ies measure plasma drug concentrations and do not reflect
the local concentration of therapeutic agents delivered to
the target areas.”® In addition, for the development of
effective personalized medicine, it is important to image
the disease condition and monitor the therapeutic effect
as a function of time. As a result, there is a need to develop
novel approaches to precisely assess the progression of
a disease and monitor drug delivery in vivo. Real-time

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2021 The Authors. VIEW published by Shanghai Fuji Technology Consulting Co., Ltd, authorized by Professional Community of Experimental Medicine, National Associ-
ation of Health Industry and Enterprise Management (PCEM) and John Wiley & Sons Australia, Ltd.

VIEW. 2021;20200134.
https://doi.org/10.1002/VIW.20200134

wileyonlinelibrary.com/journal/view 1o0f15


https://orcid.org/0000-0002-3066-2860
mailto:g.williams@ucl.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/view
https://doi.org/10.1002/VIW.20200134

e | \VIEW

ZHANG ET AL.

monitoring of therapeutic outcomes can help to track
and tailor drug doses in a timely and accurate manner
for patients, allowing adjustments of the applied doses
in order to keep the concentration within the therapeu-
tic window. Reliable in vivo drug release information and
assessment of disease progression can not only help to
reduce side effects but also increase therapeutic efficacy.

One strategy to achieve this goal is theranostics. In
essence, the term “theranostics” refers to the integration of
imaging and therapy, very often based on the use of micro
and nanosized carriers. Taking advantage of molecular
imaging agents, theranostics provide tantalizing potential
for tracking therapeutic agents in vivo.” In clinical practice,
theranostics are often labeled or packaged with imaging
and therapeutic agents, aiming for noninvasive assessment
of local disease progression, quantification of carrier accu-
mulation, and drug release.® This is particularly useful in
the treatment of cancer or central nervous system (CNS)
diseases, where drug delivery faces challenges owing to
narrow therapeutic indices, high renal clearance, compli-
cated physiological barriers and susceptibility to multidrug
resistance. Theranostics can be envisaged with a num-
ber of attractive features, including high loading capacity,
long blood circulation times, selective accumulation at dis-
ease sites, or targeting particular molecular alterations.’
In some cases, controlled/triggered release of therapeutic
agents is preferable in order to better control the thera-
peutic outcome. In an ideal scenario, theranostics would
give enhanced biodistribution of an active agent, allow a
predictable therapeutic outcome, and improve therapeutic
effects with minimized side effects.'”

There exists a wide variety of biomedical imaging modal-
ities; among these, magnetic resonance imaging (MRI)
stands out because of its high degree of soft tissue contrast,
minimal invasiveness, depth of penetration, and spatial
resolution.''> MRI works by detecting the relaxation times
of protons in endogenous molecules such as water, lipids,
and proteins."® In many cases, exogenous contrast agents
(CAs) are required to enhance the quality of MRI images
and permit accurate diagnoses to be made. CAs work to
improve MRI contrast by affecting the local relaxation
behavior of protons. CAs can be incorporated into thera-
nostics to provide detailed information about drug release
and delivery. In 2020, a first-in-human trial was reported
using MRI-guided nanoparticle theranostics, which can be
used to image brain tumor metastases in patients, as well
as quantify the local drug concentration.'* A follow-on
Phase II clinical trial is ongoing. This offers strong proof of
the potential of MRI-guided nanotheranostics in precision
medicine. In this review article, we will focus on recent
progress made in the engineering of MRI-based theranos-
tics to engender in vivo spatiotemporal tracking of active
agents and deliver therapeutic effects with high image con-
trast.

2 | MRITHEORY

MRI functions by making use of the nuclear magnetic res-
onance (NMR) effect. In response to a strong external mag-
netic field (B,), spin-active nuclei disequilibrate and sub-
sequently reequilibrate to their original state at a particular
frequency (Rg). This motion is described as Larmor preces-
sion (w; Equation 1), which is linearly related to the applied
magnetic field strength (B,) and the gyromagnetic ratio of
the nucleus (y).

w = —y X Byrads~1. @)

When Ry (often induced by an oscillating electromagnetic
field B; perpendicular to By) is applied, motions of net mag-
netization vectors (the sum of the total magnetic moments
of the individual nuclei with Larmor precession), change
from a position parallel to Bj to one transverse to it. Upon
removal of the applied Rp, the nuclei then undergo a relax-
ation process to return to their original position through
two mechanisms, known as longitudinal (spin-lattice) or
transverse (spin-spin) relaxation.’*"> In an MRI system,
the relaxation process is repeated by application of a rapid
series of spaced Ry pulses so as to generate electric sig-
nals from relaxing magnetic moments and obtain a time-
dependent NMR signal. From this, the relaxation times
(longitudinal, T}, and transverse, T,) can be derived based
on Fourier transformation. Imaging signals are often gen-
erated by monitoring the corresponding longitudinal and
transverse relaxation, which are spatially resolved elec-
tronically. The chemical and physical natures of tissues in
the body result in variations in proton relaxation behavior,
and thus in endogenous MRI contrast. Specifically, local
variations in the water proton density caused by differ-
ences in the water, protein, and lipid concentrations lead
to different T} and T, values. This allows tissues to be
differentiated.'>'

Unfortunately, the low sensitivity of endogenous
contrast in MRI is often not sufficient for diagnosis of
a pathology of interest. Exogenous CAs are required in
these circumstances to deliver better MR images, acting
by locally shortening the T; and T, proton relaxation
times. Typically, CAs contain paramagnetic species (e.g.,
Gd** and Fe?* or Fe’*) with unpaired electrons, and
the corresponding magnetic moments engage in dipolar
and scalar interactions with nearby water protons.!”
Subsequently, the local water protons relax immediately
and quickly exchange positions with another unrelaxed
water proton, therefore shortening the average relaxation
times. Enhancement in contrast can be achieved when
the targeted area possesses either higher vascularity for
the CAs or the CAs have higher affinity for the target than
other areas. This is often the case with diseased tissues;
for instance, tumors differ from healthy tissues in terms of
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metabolism and are more highly vascularized. This means
they can take up CAs to a greater extent than healthy
tissue, resulting in enhanced contrast in MR images.

The proton relaxivity (), defined by Equation (2), relates
to the efficiency of the CAs in terms of signal enhance-
ment. The ability of the paramagnetic atoms in CAs to
enhance the relaxation of endogenous protons is mea-
sured in terms of the change in relaxation rate (A1l/T;,
i = 1,2) versus the millimolar concentration of paramag-
netic agent or metal ion (mM).'® Although most MRI CAs
have effects on both T and T,, they are categorized as
T; (usually paramagnetic complexes) or T, (mostly super-
paramagnetic iron oxides) agents according to whether
their effects are more pronounced for T, or T,."° T; CAs
predominantly reduce the longitudinal relaxation time,
giving rise to hyperintense signals in T}-weighted images
(bright contrast), while T, CAs (or negative CAs) primarily
decrease T, of water protons in the regions they are deliv-
ered to, producing T,-weighted images and darkening the
region of interest."”

= o i=1,2 (2)
3 | THERANOTICS FOR MRI-GUIDED
DRUG DELIVERY

MRI has been widely explored in personalized medicine
to track the route of drug carriers in vivo and provide
structural, functional, and molecular information about
the tumor region. Here we will review the latest theranostic
systems developed for codelivery of therapeutic agents and
MRI CAs. These have been developed to improve bioavail-
ability, overcome complex delivery barriers, assess thera-
peutic responses, and alleviate adverse effects.

31 | T,-MRI

3.1.1 | Overcoming biological barriers

Physiological and pathological barriers challenge drug
delivery. A number of MRI-traceable, targeted, theranos-
tics have been designed to address this issue as well as
providing real-time information on delivery route and
corresponding therapeutic responses. For example, the
blood-brain-barrier (BBB), which protects the brain from
harmful pathogens, comprises a major biological barrier
for drug delivery to the brain. Israel et al. have outlined
various strategies to penetrate or enhance permeability
across the BBB via nonspecific or active magnetic target-

ing using magnetic iron oxide nanoparticles (MNPs).>
These strategies are particularly helpful in the treatment
of solid tumors in the brain, such as glioblastoma (GBM).
Ganipineni and coworkers reported poly(lactic-co-glycolic
acid) (PLGA)-based nanoparticles loaded with paclitaxel
(PTX) and superparamagnetic iron oxide nanoparticles
(SPIONS) to treat GBM via magnetic targeting.”! The BBB
at the GBM site was seen to be disrupted based on MRI
images, and PLGA nanoparticles could be accumulated
in the mouse brain via magnetic treatment in an ex
vivo biodistribution study. Efforts have also been made
to use magnetic resonance-guided focused ultrasound
(MRgFUS) to bypass the BBB. This approach works by
using low energy ultrasound (US) to transiently disrupt
the BBB, and can precisely target systemically delivered
therapy to specific areas in the CNS.?? Fan et al. fabricated
microbubbles loaded with magnetic-labeled doxorubicin
(SD-MBs) that could be accumulated in the brain tumors
of glioma rats with the aid of both of focused US sonication
and magnetic fields, as shown in US and T,-weighted MRI
images (Figure 1A-F).?* Furthermore, the amount of dox-
orubicin (DOX) present could be quantified based on the
T,-weighted MRI signal, providing an advanced molecular
therapy for antiglioma treatment as shown in Figure 1G-1.
A recent trial on patients with amyotrophic lateral
sclerosis demonstrated that MRgFUS can safely deliver
agents to the target areas of the brain, as monitored by
MRI.*

3.1.2 | Targeted delivery

MRI-guided theranostics for targeted therapy have been
extensively explored, typically to treat cancer cells over-
expressing particular receptors. Approaches targeting a
single biomarker often reach a cell-binding plateau with
a surface density below the saturation limit, resulting in a
low therapeutic efficiency and increasing risks of off-target
effect.”* Hence, active receptor-targeting and magnetic-
targeting strategies have been combined to enhance
MRI detection and improve therapeutic efficacy.”>?° A
magnetic mesoporous silica nanoparticle coloaded with
a redox-responsive DOX prodrug and the Arg-Gly-Asp
(RGD) ligand was prepared by Chen and colleagues to
improve active-targeting ligand-stimulated endocytosis
with the aid of magnetic targeting.”> The nanovehicles
prepared were proven to be enriched at the target site as a
result of the combined effect of active ligands and external
magnetic targeting. Enhancement in T,-weighted MRI
images of a murine model bearing av3-integrin positive
HeLa tumors was also seen. As a result, the combined
approach led to better therapeutic outcomes than either
the magnetic or biomarker-targeting strategy alone.
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Acoustic performance of SD-MBs: (A) A plot showing enhancement in the US signal and in vivo lifetime with different SD

payloads; (B) opening of the BBB via focused ultrasound (FUS) sonication (top: brain section; middle: corresponding hematoxylin-eosin
staining; bottom: 200X magnification of hematoxylin-eosin staining). In vivo T,-weighted MRI imaging (top: before treatment; middle: 1 h
after treatment; bottom: 3 hours after treatment) for (C) SD-MB, (D) SD + MB + FUS + magnetic targeting (MT), (E) SD-MB + FUS, and (F)
SD-MB + FUS + MT. (G) MRI image and corresponding fluorescent image reflecting the local magnetic-labeled DOX in the brain. Also
shown are the correlations between (H) superparamagnetic iron oxide (SPIO) deposition and AR, values and (I) SPIO deposition and DOX
accumulation. Reproduced with permission.” Copyright 2016, Ivyspring International Publishers

Similar work combining RGD and magnetic targeting was
achieved with RGD conjugated magneto-vesicles (MVs)
carrying DOX .° An in vivo study in mice showed that
the MVs exhibited potent therapeutic efficacy because
of the synergistic effect of active and magnetic target-
ing (Figure 2A-D). Researchers have also proposed a
dual-receptor targeting strategy, which involves forming
multivalent interactions between the drug-delivery vehicle
and multiple membrane receptors before the former enters
host cells. For example, Shen et al. developed RGD and
GX1-peptide-conjugated magnetic poly-L-lysine MNPs
carrying DOX.?’ It was demonstrated that this dual-ligand

MRI probe efficiently binds to vascular endothelial growth
factor and integrin receptors and inhibits the growth of
tumors in vivo more effectively than nanoprobes targeting
a single receptor.

Another targeting strategy is to coat theranostic parti-
cles with cell-based membranes. This can allow target-
ing to cancer cells and alleviate losses from nonspecific
uptake by the immune system.’® Various cells such as
human platelets” or leukocytes®® have been used as a
source of membrane material. A study by Zhu and cowork-
ers explored a number of different types of cracked cancer
cell membranes (CCCM) as a shell coating DOX-loaded
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Schematics showing (A) the fabrication of RGD-conjugated MVs loaded with DOX (RGD-MVs-DOX) and (B) the utilization

of RGD-MVs-DOX for T, MRI-guided magnetic delivery of DOX into tumor-bearing mice. (C) In vivo T,-weighted MRI and (D) fluorescence
image of tumor sites (insets) in tumor-bearing mice 1 hour after the intravenous injection of DOX-MVs and RGD-MVs-DOX, with (+) and
without (-) application of a magnetic field. (E) Quantitative analysis of DOX fluorescence intensity in the corresponding tumor sites in (D).
Reproduced with permission.”® Copyright 2018, American Chemical Society

MNPs.?! These biomimetic systems work by homotypic
targeting and self-recognition, which results in internaliza-
tion of the CCCM-coated theranostics by the cancer cells
from which the membrane originated. However, in the
clinic, the membrane coating would need to come from a
patient’s own cells, which poses challenges. It should also
be noted that it can be difficult to extract the cell membrane
with high purity.*?

Targeted delivery systems also can be engineered based
on materials sensitive to various stimuli, including endoge-
nous stimuli (e.g., pH and enzymes), exogenous stimuli
(e.g., US or magnetic) and combinations thereof.** For
example, our group have prepared magnetic nanofibers
for oral coadministration of SPIONs and the chemothera-
peutic agent carmofur, using a pH-responsive polymer.**
These fibers can protect the SPIONs in the acidic gas-
tric conditions and release them at neutral pHs similar
to those in the small intestine and colon. This could ulti-
mately permit targeted and MRI-guided antitumor ther-
apy. Further study showed that carmofur release could be
quantified using T, MR relaxometry.>* Xu and cowork-
ers fabricated magnetically targeted liposomes carrying
SPIONSs, quantum dots, and cilengitide for active-targeted
treatment of C6 glioma cells.®> In vivo studies displayed
enhanced drug delivery at the tumor, and accurate resec-
tion of the tumor site could be achieved with the aid of
dual MRI-near infrared fluorescence (NIRF) imaging. In
another study, polypeptide nanoparticles loaded with the
anticancer agent cisplatin and SPIONs were developed for
stimuli-responsive MRI-guided theranostics.*® This sys-
tem gave release of cisplatin and Fe?*/>* in response to
the acidic tumor microenvironment, and an in vivo study

displayed selective accumulation in the tumor site by T,-
weighted MRI.

32 | T,-MRI
Most of the theranostics discussed so far employ MNPs as
negative CAs for T,-weighted MRI. In some cases, how-
ever, negative-contrast MRI does not allow the CA signal
to be differentiated from artifacts caused by pathological
situations such as internal bleeding or calcification, or the
boundaries between air and tissue.*’-*® To overcome these
issues, a number of T;-weighted MRI-guided theranostics
have been developed.***! Liu and colleagues fabricated
poly(lactic acid)-based particles carrying gadolinium (Gd)
ions chelated by DTPA groups and the chemotherapeu-
tic agent sorafenib, seeking to target tumors overexpress-
ing vascular endothelial growth factor receptor.*’ The con-
trast ability of Liu’s nanomaterials was markedly improved
compared to Magnevist®, a commercially available T; CA.
In vivo studies revealed antitumor effects significantly bet-
ter than those observed with free sorafenib. In another
study, Ling developed a Gd-based nanoparticle-organic
hybrid scaffold in which two chemotherapeutic agents,
DOX and 5-fluorouracil (5-FU), were loaded.*! High cyto-
toxicity to HeLa cells was observed as a result of synergistic
pH-responsive release of DOX and 5-FU. Cellular uptake
could be imaged using fluorescence and T;-weighted MRI
imaging.

To avoid the potential nephrotoxicity of Gd-based CAs,
ultrasmall SPIONSs have been explored as positive CAs.***3
The high surface area of these materials can facilitate the
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interaction of paramagnetic Fe?*/>* centers with water
protons, thus enhancing relaxation. It is reported that a
particle size of approximately 5 nm is optimal to offer a
high r; and a small r,/r, ratio.** For example, Mosafer and
coworkers developed PLGA-based nanoparticles encapsu-
lating SPIONs and DOX and functionalized these with the
AS1411 aptamer (APt), which actively targets nucleolin.*
Greater tumor accumulation of APt-PLGA nanoparticles
was observed in T; MRI, and effective anticancer prop-
erties were seen in mice models. Multifunctional thera-
nostics have also been developed via integrating multi-
ple imaging modalities such as dual T;- and T,-weighted
MRI,* or MRI combined with computerized tomogra-
phy (CT) and NIRF imaging.*” Another approach to avoid
Gd-related nephrotoxicity is to utilize manganese (Mn)-
based formulations. For example, Shi et al. reported 2D
MnO, nanosheets carrying a therapeutic siRNA with high
loading efficiency and evaluated antitumor efficacy in a
mice model.*® The nanosheets displayed tumor microenvi-
ronment (TME)-triggered release of siRNA and permitted
effective inhibition of tumor growth in vivo. This could be
imaged by T;-weighted MRI.

3.3 | Chemical exchange saturation
transfer (CEST) MRI

The MRI signals generated by metal-based CAs can be
affected by many conditions in vivo. To overcome these
problems, the label-free strategy of CEST MRI has been
developed. This is a combination of magnetic resonance
spectroscopy (MRS) and MRI. MRS is a diagnostic tech-
nique that enables noninvasive identification and quan-
tification of exogenous or endogenous chemicals, such
as neurotransmitters, from localized portions of living
tissue.*” Without any magnetic label, chemical com-
pounds (e.g., small molecule drugs) containing exchange-
able protons with a resonance frequency different from
water protons are selectively saturated using a specific MR
frequency in CEST MRI. The magnetization of saturated
protons is dephased into a plane vertical to longitudinal
magnetization.’>>! Exchange between water protons and
saturated solute protons occurs (at exchange rates kg, and
kys; Figure 3A) and subsequently causes a transfer in sat-
uration to water protons, which is controlled by scalar
or dipolar spin-spin couplings (chemical exchange). As a
result of this, the water proton signal in the 'H NMR spec-
trum decreases slightly (Figure 3B). Since the water pro-
ton pools are much larger than the solute proton pool, the
exchanged protons in the solute can be further saturated
and exchanged again. When the protons have a sufficiently
rapid exchange speed, and the saturation time (t,,) is long
enough, the unsaturated protons in the water pool contin-

A solute protons (s) Water protons (w)

(small pool) (large pool)
O /O\
N ke H HPOCH H
Solute H —~w——— ,O\H OH O
Kws H H /M H H
A H HO
~
H W H
B _ 'H spectrum
(]
5 N\ So i Ssat
7} sat
° I
&=
825 4.75 pm 825 475
FIGURE 3 [Illustration of CEST principles and the

measurement approach. (A, B) Solute protons (blue) are saturated at
their specific resonance frequency in the proton spectrum (here
8.25 ppm for amide protons). This saturation is transferred to water
(4.75 ppm) at exchange rate kg, and nonsaturated protons (black)
are returned to the solute. After a period, this effect becomes visible
in the 'H NMR spectrum, as the water proton signals decrease from
Sy (B, left) to S, (B, right). Reproduced with permission.*?
Copyright 2011, Wiley VCH Verlag GmbH

uously take the place of the saturated solute protons. Thus,
an elongated MR frequency can promote this saturation
effect and leads to an enhancement of attenuation in the
water signal, enabling solutes to be indirectly imaged with
high sensitivity.”

CEST has a number of advantageous features. By
exploiting an Ry presaturation pulse, the image contrast
can be turned “on” and “off.” As a result, CEST can be used
for in vivo imaging of drug delivery,” or to monitor physio-
logical parameters such as pH>* and metabolite levels,°
with good spatial resolution, excellent specificity and
high sensitivity. A variety of CEST imaging acquisition
approaches have been reported to enhance diagnosis and
monitoring of ailments and metabolic disorders including
cancerous tumors® and cartilage degeneration.”’

Liu et al. found that the antineurodegeneration agent
citicoline (cytidine-5’-diphosphocholine) is a promising
CEST agent with high specificity.® Citicoline displayed
excellent neuroprotective effects in a preclinical study, but
clinical results on large populations were disappointing
because ineffective delivery to the injured brain area com-
promised therapeutic outcomes. However, when concen-
trated in a liposome conjugated with active targeting lig-
ands, citicoline could be effectively targeted and generate
sufficient CEST MRI signal for imaging to be achieved.”
In other work, the chemotherapy drug pemetrexed was
conjugated with peptides and loaded into an injectable
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hydrogel, and the resultant formulation found to permit
noninvasive CEST MRI monitoring of drug delivery in a
mouse glioma model.*’ A more detailed review on CEST
MRI can be found in Ref. (**).

4 | THERANOSTICS FOR MRI-GUIDED
THERMAL THERAPY

Thermal therapies for cancer treatment have gained
increasing traction in recent decades as our understand-
ing of the mechanisms behind heat-induced cell killing
has improved, and advancements in technology have per-
mitted controlled and localized heating. Thermal ther-
apy is often preferred over chemotherapy because it can
be localized and applied repeatedly in a minimally inva-
sive fashion. A variety of techniques are now available
for controlled and targeted heating, including lasers, high-
intensity-focused US, radiofrequency currents or magnetic
hyperthermia induced by MNPs.

MRI-guided thermal therapy is noninvasive and capa-
ble of target identification, real-time monitoring of treat-
ment and closed-loop feedback. The latter can be used
to further adjust the energy deposition pattern based on
MRI. However, the application of high-energy stimuli to
cause heating can lead to severe damage of the skin or
healthy tissues surrounding the treatment areas. In some
cases, the energy source is unable to yield the necessary
extent of ablation (e.g., for large volume tumor masses or
deep lesions). Signal intensity for imaging can also be a
concern, with small lesions often being difficult to image
owing to low MRI contrast. Hence, theranostics with high
hyperthermia efficiency and powerful contrast potency are
required to address these issues. Controlling thermal ther-
apy at the tissue and cellular levels can be realized using
targeting strategies, usually by exploiting nanoscale sys-
tems. Here we will give an overview of the MRI-guided sys-
tems that have been explored for different types of thermal
therapy.

4.1 | MRI-guided magnetic hyperthermia
therapy

Magnetic hyperthermia therapy (MHT) is a process
whereby iron-based nanoparticles, such as SPIONs, gener-
ate heat under an alternating magnetic field arising from
the size-dependent superparamagnetic properties of SPI-
ONs. This can be exploited in cancer therapy because
tumor cells are more susceptible to heat damage (and
indeed other therapeutic interventions) than normal cells
when the temperature ranges from 42°C to 45°C. SPIONs
have been used in thermotherapy for a range of cancers,

VIEW 1=

including brain,®® breast,’’ lung,®’ and liver cancers.®
Since SPIONSs are also excellent T, MRI CAs, they have
been extensively studied as theranostics for MRI-guided
MHT.

In favorable cases, SPIONs can be injected directly into
the target tumor and are largely retained in it during
repeated treatments. However, MHT suffers from prob-
lems with insufficient and uneven heating. When the
tumor becomes smaller, the local concentration of SPIONs
required to generate adequate thermal energy for hyper-
thermia dramatically increases based on a model of heat
transfer in tissues.® Thus, a number of active targeting
agents have been developed to enhance the efficacy of
hyperthermia induction, as well as produce high quality
MRI images to monitor the MHT outcome. In one study,
Soleymani fabricated folate-targeted iron oxide nanoparti-
cles (FA@Fe;0, NPs) for simultaneous MRI imaging and
MHT.% The active-targeted nanoparticles could selectively
accumulate in the tumor site, as monitored by T,-weighted
MRI, and thereby enhance MHT efficacy.

In addition to SPIONSs, other metal hybrid inorganic
nanoclusters have also been developed as theranostics for
MRI-guided MHT. For example, a Mn-Zn ferrite magnetic
system was synthesized and conjugated with a fluorescent
dye and peptide ligands to serve as a RGD receptor-tailed,
dual-modal (MRI/fluorescence) agent for MHT.®® How-
ever, it still remained impossible to provide adequate heat-
ing to ablate tumors. This arose due to low particle concen-
trations in the tumor site, despite the enhanced targeting
effect of RGD. In other work, Kwon utilized a viral cap-
sid particle to prepare inorganic nanocluster hybrids con-
sisting of superparamagnetic gold nanoparticles (SPAUNC,
Figure 4A) grafted with peptide ligands targeting the epi-
dermal growth factor receptor (EGFR) ligands overex-
pressed on tumor cells.®” In vivo studies revealed that this
theranostic could actively target tumor cells and enhance
T,-weighted MRI and MHT (Figure 4B-D).

4.2 | MRI-guided US thermal therapy
US is a technique used clinically for both imaging and
therapy. It is characterized by its ability to penetrate deep
lesions. Recently, temperature-sensitive MRI has been
used to guide US surgery for selective tumor ablation
based on calculated results of thermal dose from multislice
images.®®% MRI-guided US surgery successfully removed
tumors within a planned area in the prostates of both
canines and humans using a directional transurethral US
applicator.®”

However, high-energy acoustic waves are required to
heat effectively in US, which might lead to damage to
nearby healthy tissues. As a result, efforts have been
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undertaken to prepare thermosensitive agents to improve
the heating efficiency. For instance, a thermosensitive
magnetic-guided active targeting liposome incorporating
fullerene (Cgp), SPIONs and docetaxel (DTX) has been
developed.”’ This was found able to act as a radiofrequency
thermal therapy agent, which can trigger the release of
DTX as observed in T,-weighted MRI and eradicate the
cancer cells by heat energy generated from radiofrequency
irradiation. A more recent study reported a Gd-labeled
thermoresponsive liposome that can be concentrated in
a tumor.”! A subsequent burst of focused US (3 minutes)
caused it to release a DOX payload, thus allowing highly
targeted treatment. The accumulation of liposomes at the
tumor site also caused a reduction of the T; relaxation time.

To improve therapeutic outcomes, MRgFUS has been
widely studied as a route to use MRI to guide US-mediated
thermoablation.®” In the clinic, the US energy source must

be precisely controlled, which can be achieved in MRg-
FUS by using MRI to provide details of changes at and
around the treatment area. For example, gradient echo
MR imaging can be used to record the temperature in
real time during MRgFUS treatment. This is achieved by
monitoring the relaxation time and exploiting the temper-
ature sensitivity of the proton resonance frequency. Wang
et al. proposed a SPION nanosystem that actively targets
EGFR, since the latter was overexpressed in a number
of epithelial tumors.%” This active targeting system led to
significant enhancement of MRI sensitivity in rat mod-
els. When applying MRgFUS, the SPION-based theranos-
tics could lead to effective ablation of a tumor at a rela-
tively low energy level. Recently, a novel focused US hyper-
thermia approach using ultrashort (~30 seconds) thermal
exposures (~41°C to 45°C) was reported to trigger the
release of DOX from a thermoresponsive liposomal system
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(Figure 5).”” Real-time temperature feedback was obtained

using magnetic resonance thermometry during a hyper-
thermia treatment, and in vivo experiments showed that
tumor growth was significantly inhibited.

4.3 | MRI-guided photothermal therapy
Photothermal therapy (PTT) is another minimally invasive
therapeutic approach that has been combined with MRI.
PTT works to ablate cancer cells by generating heat energy
from electromagnetic radiation. This is generally achieved
by using a photoabsorbing agent to absorb near-infrared
(NIR) light from a laser and convert this to heat. PTT can
be designed to specifically target tumors with spatial and
temporal precision.”* Factors affecting the therapeutic effi-
cacy of PTT include the incident excitation energy (e.g.,
the light intensity) and the dosage and photothermal con-
version efficiency (PTCE) of the PTT agents. A number of
PTT agents based on inorganic, organic, carbon, or semi-
conductor materials have been explored, seeking to pre-
pare systems with (i) high PTCE, typically seeking strong
absorption of NIR light; (ii) excellent targeting capability;
and (iii) low toxicity and high biocompatibility.”

Since MRI CAs (e.g., Gd-based agents and SPIONs) tend
to have low PTCE, they must be combined with pho-
toactive materials for MRI-guided PTT. One targeted plat-
form for theranostic MRI and fluorescence imaging and
PTT was prepared via conjugation of hyaluronic acid and
CulnS,-ZnS quantum dots on the surface of a magnetic
Prussian blue.”* In a murine HeLa tumor model, this sys-
tem exhibited effective uptake in the tumor site using
both magnetic and CD44 receptor active targeting. Uptake
could be monitored by MRI and NIR fluorescence, and
the formulation led to significant temperature rises (up to
around 49°C) and thus had excellent in vivo PTT efficacy.”
More recently, a metal-free nanosystem was designed for
MRI-guided tumor-targeted PTT, as shown in Figure 6.7
This consisted of a glycol chitosan-polypyrrole (GC-PP)
scaffold modified with a nitroxide radical (TEMPO) and
folic acid (FA). The GC-PP@TEMPO-FA nanoparticles
demonstrated a high loading of nitroxide radicals with
excellent stability and prolonged circulation time, and the
paramagnetic property of the TEMPO protons can reduce
water proton longitudinal relaxation times, providing T}
contrast ability. In vivo studies using a tumor-bearing
model displayed enhancement of T;-weighted MRI signals
over 17 hours and generated excellent PTT performance.
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Magnetic targeting has been used to deliver PTT agents
and improve photostability, biodistribution, and pharma-
cokinetics. For example, indocyanine green (ICG) is a
clinically approved photothermal agent for fluorescent-
guided surgery but suffers from poor photostability and
low bioavailability. Incorporating ICG into nanovehicles
increases the circulation time and enhances targeted deliv-
ery into tumors.”” In one study, a magnetic nanoclus-
ter consisting of a Fe;0,4 core and a polydopamine shell
grafted with polyethylene glycol and ICG was fabricated
for combined MRI and PTT.”® The formulation could
be magnetically targeted to accumulate in HepG2 liver
tumors in a mouse model, and improved the efficacy
of PTT because of the presence of two NIR absorbers,
(polydopamine and ICG). The therapeutic process could
be monitored by T,-weighted MRI and an infrared ther-
mal camera. More recently, polydopamine-coated meso-
porous silica particles loaded with manganese ions were
proven to be potent T; MRI CAs and photosensitizing

agents with excellent PTCE in an in vivo mice model.””
Beik and coworker established a computational model to
simulate the heat transfer process in the tumor during
PTT, based on MRI data and nanoparticle distribution
in vivo. This allowed accurate predictions of the in vivo
performance.®’

Recent studies have provided a variety of approaches to
enhance MRI-guided PTT efficacy, including employing
absorbance in the NIR-II window (900-1700 nm) to reduce
noise arising from autofluorescence and photon scatter-
ing, and enhance the penetration depth.?*! Other work
sought to combine MRI with other imaging modalities
such as photoacoustic imaging (PAI) or US,**** or use
subcellular targeting strategies to deliver a payload selec-
tively to the nucleus.®* 1D-ferrous phosphide nanorods
were developed by Liu as a multimodal theranostic for T,
MRI/PAI and enhanced PTT.® This formulation allowed
PTT (with high PTCE in the NIR II window) to be com-
bined with chemodynamic therapy, providing a promising



ZHANG ET AL.

VI E\X/ 110f15

platform for targeted, controllable, antitumor treatment
with simultaneous MRI/PAI

PTT can result in local tissue temperatures over 50°C,
which can be harmful to healthy surrounding tissues. To
avoid this issue, mild photothermal treatment (MPTT) has
been devised, seeking to ensure a maximum temperature
of around 45°C. Such low temperatures do not usually
result in effective PTT, because the cell damage induced by
mild heating stress tends to be repaired by a cell’s intrinsic
thermo resistance system with the aid of heat shock pro-
teins. Thus, strategies have been developed to permit effec-
tive PTT at lower temperatures.®

One such approach is to convert oxygen radicals induced
by heat stress to highly toxic reactive oxygen species (ROS)
such as «OH.*” Moderate hyperthermia can increase the
oxygen concentration in cells by reducing oxygen con-
sumption via alternation of cell metabolism pathways
and inhibition of cell respiration.®® In one study, Qiu
et al. fabricated magnetic nanoparticle-iridium (III) com-
plexes that actively targeted mitochondria and could effi-
ciently kill tumor cells upon NIR laser irradiation.®® The
nanoparticles were seen to accumulate in the tumor site
of mouse models, using T,-weighted MRI. Cell apoptosis
was induced by generation of «OH at a local temperature of
42°C. MPTT has also been used to sensitize cancer cells to
immunotherapy and chemotherapy.’”°! In another study,
Huang exploited MPTT as a complementary therapy to
enhance the therapeutic outcome of the chemotherapeutic
drug SN38. In vivo studies showed that the integration of
chemotherapy and MPTT gave better performance in inhi-
bition of bone tumor growth and alleviation of osteolytic
damage at temperatures around 43°C than chemotherapy
or MPTT alone.”?

5 | THERANOSTICS FOR MRI-GUIDED
COMBINATION THERAPIES

Combination therapies are desirable in a number of dis-
ease settings to avoid drug resistance, lower the required
dosage, and reduce adverse effects. In this section, MRI-
trackable theranostics for multimodal therapy will be out-
lined.

5.1 | Photodynamic (PDT)—
photothermal (PTT)—chemotherapy

One major drawback of PTT is the uneven distribution
of heat and restricted tissue penetration, which can lead
to unsuccessful tumor ablation and a high risk of can-
cer recurrence.” The combination of PTT with other
therapeutic approaches such as photodynamic therapy
(PDT)**°® and chemotherapy’’”® has been found help-
ful to overcome this challenge, particularly for complex,
large, and heterogeneous tumors. For instance, an iron-

based nanoparticle with T;/T, MRI contrast ability has
been developed as a theranostic platform to deliver DOX
and conduct PTT.”” In vivo studies in tumor-bearing mice
showed that the system could be accumulated in a tumor
asaresult of the enhanced permeation and retention (EPR)
effect, as well as enhancing both T; and T,-weighted MRI.
Excellent tumor-killing effects were observed as a result of
the synergy between chemotherapy and PTT.

PDT is a minimally invasive and targeted therapy, which
works by local generation of highly active ROS. These
are formed by energy transferred from light activation
of photosensitizers.'°%!°! PDT agents are nontoxic in
the dark, which makes the therapeutic process highly
controllable. Recently, MRI-trackable agents to combine
PDT-PTT therapy have attracted increasing attention.
For example, a multifunctional smart nanoplatform was
developed for combined PTT-PDT therapy, which could
be imaged by T,-weighted MRIL.!%? The formulation was
composed of a tumor-microenvironment sensitive carbon
nanotube scaffold loaded with a photosensitizer (Ce6),
and MnO,. In the low pH of the TME, Ce6 was rapidly
released for PDT, and Mn?* was freed into solution
for T; MRI. The authors showed that MnO, helped
to catalytically decompose the excess H,O, present in
the tumor into O, which can further promote ROS
production and enhance PDT efficacy. Guo and cowork-
ers prepared a MnO, based nanoenzyme loaded with
polypyrrole and evaluated its therapeutic effect as an
MRI-guided PTT-PDT agent in tumor-bearing mice.'%*
The results showed that the nanoenzyme gave enhanced
T contrast and outstanding tumor ablation performance.
Another PDT-PTT-chemotherapy platform based on
black phosphorus nanosheets (BPN) was reported by Wu
et al.'% When decorated with MnO, nanosheets, the BPN
system exhibited enhanced phototherapeutic potency.
The time-dependent accumulation of the formulation in
the tumor site was clearly shown in T;-weighted MRI
images. In other work, Lin et al. reported a Prussian
blue nanoparticle grafted with polydopamine and Ce6
as a multifunctional theranostic for combined PTT and
PDT.! Both In vivo and in vitro studies confirmed
inhibition of tumor growth and moderate enhancement
in T,-weighted MRI.

Feng and coworkers fabricated a combined PTT-PDT-
chemotherapy theranostic consisting of magnetic meso-
porous CusS particles loaded with DOX.!°° When exposed
to NIR irradiation DOX release could be triggered, and
PTT-PDT combined therapy was achieved via localized
surface plasmon resonance and increasing ROS levels
caused by the leakage of copper ions. T, MRI can be used
to monitor the resultant therapeutic effects. Using multi-
ple targeting approaches can further enhance the efficacy
of chemotherapy-PTT, while combining this with MRI
capabilities enables accurate and real-time imaging of the
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therapeutic effect. A variety of active targeting plat-
forms have been developed to this end, such as: folate-
conjugated Ag-Fe;0, particles carrying DOX®'; EGFR-
targeted erbitux-modified liposomes loaded with gold
nanorods and DOX”®; PLGA-coated Fe;0, graphene oxide
nanomaterials containing 5-fluoruracil (5-FU)'%7; and
polymer hybrid MNPs carrying the photosensitizer IR820
and PTX.” All the systems have been shown to be potent
in MRI-monitoring of PTT-chemotherapy treatments.

5.2 | Magnetic hyperthermia
(MHT)—chemotherapy

As discussed above, MHT can be an effective treatment
for cancer, enabling an elevation of local temperature to
promote other treatment such as chemotherapy.'’® SPI-
ONs can thus be used to make cancer cells vulnerable, and
additionally have inherent MRI CA properties. A magnetic
targeting thermoresponsive theranostic nanoplatform was

devised by Li and coworkers to combine MHT with
magnetothermally-facilitated release of DOX.'”” In vivo
T,-weighted MRI experiments proved that, via magnetic
targeting, the formulation was accumulated at the tumor
with a prolonged retention time. This reduces DOX
distribution to off-target tissues including the heart and
kidneys, and promotes the cellular uptake of DOX. More
recently, Manigandan et al. fabricated a av{3-targeted
chitosan micellar nanoplatform carrying DOX-SPION
complexes (Ab-CS-Dox-SPION).!'® This material inte-
grated chemotherapy and MHT to treat mice bearing
triple-negative breast cancer (TNBC) tumors. TNBC is the
most lethal metastatic breast cancer, with average survival
times of only 13-18 months.""! Manigandan’s system
showed effective targeting, with greater accumulation at
the tumor site than nontargeted particles (as shown in
T,-weighted MRI), and MHT-chemotherapy significantly
inhibited both primary tumor growth and metastasis
(Figure 7A-D). In another study, magnetic nanocrystals
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were developed by Liu et al., who synthesized RGD-
conjugated Mn-Zn ferrite particles (MNCs) loaded with
PTX in a lipid surface layer."" In a breast tumor-bearing
mouse model, the RGD-MNCs-PTX nanoparticles dis-
played high negative MRI contrast and outstanding
magnetism-induced heat generation. With the aid of in
vivo MRI, the formulation was seen to be effectively tar-
geted to tumor neovascular epithelial cells. Upon reaching
the target site, the local temperature increase caused by
MHT subsequently led to a burst release of PTX.

6 | CONCLUSIONS

Nanotechnology makes it possible to integrate active tar-
geting with MRI and other imaging/therapy modalities
and thereby improve the efficacy of personalized medicine.
Recent developments of multifunctional theranostics are
discussed in this review, with a focus on formulations com-
prised of targeting agents, therapeutic molecules and MRI
CAs. We discuss these in the context of MRI-traceable tar-
geted and controllable drug delivery, using MRI to guide
thermal treatments such as PTT and MHT, and MRI-
guided synergistic therapy, as well as considering theranos-
tics with multimodal imaging capabilities. Many of these
systems have shown promise in in vivo experiments, and
some have begun translation to the clinic. Future tactics to
improve therapeutic outcomes are likely to involve combi-
natorial therapies, especially in the case of aggressive het-
erogeneous and multidrug resistant tumors. Nanoparticles
are ideally suited to this goal. However, complex synthe-
sis protocols are often required to generate nanoparticulate
theranostic formulations, which poses challenges in terms
of reproducibility and translation from bench to clinic. Few
studies have focused on this issue, and in the authors’ view
future research should focus on finding solutions to pro-
duce nanoplatforms via facile routes suitable for clinical
translation.
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