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Magnetic resonance imaging (MRI) is one of the most important techniques in the diagnosis of many
diseases including cancers, where contrast agents (CAs) are usually necessary to improve its precision
and sensitivity. Previous MRI CAs are confined to the signal-to-noise ratio (SNR) elevation of lesions for
precisely localizing lesions. As nanobiotechnology advances, some new MRI CAs or nanobiotechnology-
enabled MRI modes have been established to vary the longitudinal or transverse relaxation of CAs, which
are harnessed to detect lesion targets, monitor disease evolution, predict or evaluate curative effect, etc.
These distinct cases provide unexpected insights into the correlation of the design principles of these
nanobiotechnologies and corresponding MRI CAs with their potential applications. In this review, first,
we briefly present the principles, classifications and applications of conventional MRI CAs, and then
elucidate the recent advances in relaxation tuning via the development of various nanobiotechnologies
with emphasis on the design strategies of nanobiotechnology and the corresponding MRI CAs to target
the tumor microenvironment (TME) and biological targets or activities in tumors or other diseases. In
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addition, we exemplified the advantages of these strategies in disease theranostics and explored their
potential application fields. Finally, we analyzed the present limitations, potential solutions and future
development direction of MRI after its combination with nanobiotechnology.
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1. Introduction

“ Central Laboratory and Ultrasound Research and Education Institute, Shanghai Magnetic resonance imaging (MRI), due to its noninvasiveness
Tenth People’s Hospital, Tongji University School of Medicine, No. 301 Yan-chang-  and nonionizing radiation, is one of the most commonly
zhong Road, Shanghat 200072, China. E-mail: zhangyifeng@tongji.edu.cn, utilized imaging techniques in both clinical and fundamental
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b Shanghai Engineering Research Center of Ultrasound Diagnosis and Treatment, research.”” In addition to the excellent penetration depth of

National Clinical Research Center for Interventional Medicine, Tongji University MRI for tomography, it exhibits high spatial resolution in soft
School of Medicine, No. 301 Yan-chang-zhong Road, Shanghai 200072, China tissues, which has achieved significant progress in the
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diagnosis, treatment monitoring and prognosis evaluation of
many diseases, such as cancers.’ It has been documented that
many atom nuclei can be used in MR, such as 'H, *H, ''B, °C,
9F, 2Na, *'P, and '*°Xe,’ among which 'H-based MRI is the
most prevalent imaging technique in clinical practice and
biomedical research. The high sensitivity and abundance of
"H lead to strong signals in 'H MRI, thus offering precise
anatomical and pathological information. However, 'H also
causes strong background signals, making 'H MRI difficult to
discern the nuance differences between the scarce critical cells
and surrounding irrelevant cells.

In '"H MRI, the relaxation process of hydrogen protons
follows two distinct, independent and simultaneous pathways,
ie., T1 and T2 relaxation.’ To differentiate this nuance differ-
ence, contrast agents (CAs) are usually used to improve the
precision and sensitivity of "H MRI, which shorten either the
longitudinal (T1) or transverse (72) relaxation times of water
protons.® T1-weighted MRI CAs result in a positive/brighter
contrast enhancement, while T2-weighted MRI CAs result in
a negative/dark contrast enhancement.” The basic imaging
principle of heteroatom MRI is approximately identical to that
of 'H MRI.® Among the nuclei, '°F, which has relatively high
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sensitivity and extremely low biological signal background, is
accepted to be an exceptional complement to 'H in MRI;>"°
however, its low sensitivity is still the major obstacle in the
widespread application of '°F MRL

Empowered by the inspiring advancement of nanotechnology,
recently some new nanobiotechnology-enabled MRI modes with
specific applications have been established to vary the longitudi-
nal or transverse relaxations of MRI CAs. Driven by the develop-
ment of nanobiotechnology, novel concepts and advanced tools
have been applied to overcome the shortcomings of conventional
MRI CAs, and simultaneously establish new MRI modes to widen
the application scope of MRL.'" Besides exhibiting unique proper-
ties, these emerging nanobiotechnology-enabled MRI modes also
exhibit unexpected capabilities including lesion target detection,
lesion imaging localization, curative effect and prognosis
evaluations and even imaging-guided treatment, which render
the corresponding MRI CAs multi-functional nanoplatforms."? In
the few past decades, a series of new design and synthesis
strategies for MRI CAs based on MRI principles have been
reported with in-depth and distinctive insights."*> Nanoparticles
for fabricating novel MRI CAs are burgeoning into an advanced
field, and many reviews have been published. Among them, some
focused on special nanomaterials such as superparamagnetic iron
oxide nanoparticles (SPIONs)'*'® and SPION-embedded poly-
meric nanoparticles'® and discussed their biological applications
including MRI CAs. Some reviews summarized the crucial
preparation parameters and indispensable pre-treatment
conditions of magnetic nanoparticles needed in MRL"’ However,
to the best of our knowledge, few reviews have focused on the
advances in the design strategies of nanobiotechnology in smart
relaxation tuning in response to the lesion microenvironment or
specific targets, while their applications in the detection of biolo-
gical targets or activity or monitoring in other diseases besides
tumors have not been comprehensively discussed to date. Hence,
in this review, we systematically summarize the design principles
and potential applications of these new nanotechnology-originated
MRI modes and the corresponding MRI CAs (Scheme 1), hopefully
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Scheme 1 Schematic of the design principles of nanobiotechnology and corresponding MRI CAs with their potential applications. Reproduced with
permission from ref. 51. Copyright 2021, the American Chemical Society. Reproduced with permission from ref. 59. Copyright 2020, Wiley-VCH.
Reproduced with permission from ref. 107. Copyright 2020, Springer Nature. Reproduced with permission from ref. 128. Copyright 2021, the American

Chemical Society.

offering some guidance and distinctive insights into this field.
Initially, the basic principles and classifications of current MRI
and MRI CAs are outlined to give an initial impression,
followed by the systematic elucidation of the cutting-edge
progress in the design strategies of nanobiotechnologies
and corresponding MRI CAs based on relaxation tuning.
Subsequently, the advantages of these strategies over traditional
MRI modes in biomedical and other potential applications will
be exemplified with convincing and typical cases, among which
their design principles are highlighted. Finally, the current
challenges, potential solutions and future development direction
of nanobiotechnology-enabled MRI modes and corresponding
MRI CAs will be analyzed and deeply discussed.

2. Basic principles of MRl and common
MRI CAs

Here, to understand MRYI, its basic principles and common MRI
CAs are introduced. MRI CAs were developed based on MRI,
which can be used to enhance the contrast difference between
the target and adjacent tissues.

2.1 Basic principles of MRI

The basic principles of MRI are shown in Fig. 1. In detail, as an
external magnetic field (By) is applied, the magnetic spin

This journal is © The Royal Society of Chemistry 2022

moments of water protons tend to align with B, resulting in
a net magnetization vector (M,). When an orthogonal radio-
frequency pulse is applied, the system can be energized and
tends to “flip”’ the magnetic moments of proton nuclei towards
the transversal plane. When the radiofrequency pulse is turned
off, the magnetization returns to equilibrium through two
distinct processes, i.e., T1 and T2 relaxation.>®' T1 measures
the recovery time of the initial longitudinal magnetic moments
(M,), while T2 measures the loss level of transverse magnetic
moments due to dephasing.?**'

2.2 Conventional MRI CAs

Based on the principles of MRI, various MRI CAs have been
developed and their electronic configuration has unpaired
electrons, which means that they can change the local relaxa-
tion time of H nuclei. T1 MRI CAs can shorten the T1 relaxation
time, finally leading to brighter images, which contain para-
magnetic complexes or nanoparticles (NPs), e.g., lanthanide
ion gadolinium (Gd*") complexes and transition metal ion
manganese (Mn>")-based NPs.”>>® T2 MRI CAs possess stronger
ability to shorten the 72 relaxation, leading to a negatively
enhanced MR signal and darker images. 72 MRI CAs specially
refer to superparamagnetic iron oxide nanoparticles (SPIONs).
MRI CAs are applied to shorten the relaxation rate (r; , = 1/71/2)
of protons in specific organs, tissues, and disease progression,

J. Mater. Chem. B, 2022, 10, 7361-7383 | 7363
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Fig. 1 Schematic representation of the basic principles of MRI. Reproduced with permission from ref. 19. Copyright 2019, Springer Nature.

thus positively or negatively enhancing their contrast and show-
ing enhanced tumbling rates and increased relaxivity.”®>’

2.2.1 Gd-based MRI CAs. Gd complex-based MRI CAs are
used clinically, such as Gd-DTPA, which is frequently utilized as
a T1 agent in clinics, featuring a short circulation time, low
relaxivity and poor specificity.”®*® Intriguingly, once these
complexes are conjugated to nanoparticles, higher relaxivity
can be achieved. As a paradigm, Yang et al.*° utilized graphene
quantum dots (GQD) as a support to carry Gd complexes and
obtained paramagnetic GQDs (PGQD) after grafting polyethylene
glycol (PEG) molecules. They found that regulating the molecular
weight and molecular length of PEG could tune the longitudinal
relaxivity of PGQD, and the largest relaxivity, which was 16-folder
higher than that of Gd-DTPA. Li et al.*' further demonstrated that
the longitudinal magnetic relaxivities (r;) of Gd** loaded on PEG-
modified GQD could be effectively enhanced by modulating the
localized superacid microenvironment to accelerate proton
exchange. However, despite their widespread application in
clinics, Gd deposits in living bodies will cause severe nephrogenic
systemic fibrosis in patients whose renal function is imparied.*>
Furthermore, Gd deposits were detected in the brain tissues of
patients without severe renal dysfuncction.*

2.2.2 Fe-based MRI CAs. Magnetic iron oxide nanoparticles
(IONPs) are usually regarded as T2-weighted MRI CAs given that
they can shorten the transverse relaxation time with satisfactory
efficiency.” Great efforts and advances have been made to improve
the T2-weighted MRI of IONPs by elevating their transverse
magnetic relaxivities (r,). In a recent study, Gu and coworkers>*
reported the preparation of layered double hydroxide (LDH)-

7364 | J Mater. Chem. B, 2022, 10, 7361-7383

stabilized IONPs with increased r, relaxivity, which could be
attributed to the fact that the presence of hydroxyl groups in the
LDH structure could augment the number of water molecules
surrounding IONPs. It has been documented that the doping of
fluoride ions (F~) could also significantly elevate the r, value up to
526.5 by activating the synergistic contributions from the induced
anisotropic morphology and particle aggregation of IONPs.*
Actually, Fe*" ions have remarkable T1-weighted contrast
enhancement effects. The unpaired spins of Fe** ions originate
from their outer unpaired electrons. Based on this principle,
Zhang and coworkers prepared a tumor microenvironment
(TME)-activated nanoprobe for boosting the Fe-based T1 MRI
by rearranging the d-electron spin direction of Fe** ions once
they were released in the TME.*® Also, surface modification
could bind more water molecules adjacent to extremely small
SPIONs via hydrogen bonding with coordinating phenoxide
oxygens after binding with human serum albumin, which also
resulted in an outstanding relaxation enhancement.*’
Inspired by this, as the size of IONPs decreases, their
magnetic moments will be reduced rapidly given that their
surface area is enhanced and their volume magnetic anisotropy
is reduced, which cooperatively suppress the 72 effect of IONPs,
and simultaneously elevate their r; value,*® eventually heightening
the ry/r, value, which is a key parameter in distinguishing 71 and
T2 MRI CAs.”® In this case, these IONPs, which are called
extremely ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO NPs), have gained increasing interest.*>** Especially after
appropriate modification (e.g., Pepstatin A), USPIO NPs showed
incomparable T1 MRI ability with r; = 4.16, which is close to that

This journal is © The Royal Society of Chemistry 2022
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of the clinical Gd-DTPA (4.43),*' whose r,/r; decreased to 5.35,
indicating the high potential of T1-weighted MRI. Intriguingly,
the stabilization of LDH could increase the space between ultra-
small Fe;O, nanoparticles and reduce their magnetic coupling,
which allowed the LDH-stabilized ultrasmall Fe;O, to perfor-
mance much better than free Fe;O, in enhancing the 71 MRI
effect.*>

Biosafety is an important concern considering clinical
translation, which determines that designing USPIO NPs with
excellent biosafety is another direction or hotspot. Actually, due
to their extremely small size (below 5 nm), USPIO NPs can cross
the kidney filtration system, which allows their rapid excretion
in the urine, guaranteeing their easy clearance and favorable
biocompatibility in biological applications.** Xue et al**
developed nano-enabled, iron-based T1 MRI CAs without
nephrotoxicity, which produced a significantly high signal-to-
noise ratio (SNR) and rapid urine excretion, making them
desirable for precisely localizing tumors in vivo. Thus, these
T1-weighted MRI CAs are anticipated to be alternative clinical
Gd-based CAs for patients with kidney dysfunction.

2.2.3 '°F-based MRI CAs. '°F imaging agents are another
type of MR contrast agent that have been generally identified as
"H relaxation agents. Different from 'H agents, which highlight
pathological features by exchanging the relaxation properties of
the 'H spins of the surrounding water molecules, the '°F MR
signal arises merely from the fluorine atoms contained in *°F-
based MRI CAs. The '°F sources that can be utilized in °F MRI
include perfluorocarbons (PFCs), trifluoromethyl compounds,
fluorinated ionic liquids, and other fluorine-containing compounds.
Excellent reviews focused on '"F-based MRI CAs have been
published. Some focused on their structure-property relation-
ships and design parameters,*®> while others summarized the
mechanisms and features of fluoropolymers in specific
applications.”® "*F-based MRI CAs that can be activated upon
interaction with special triggers are gaining increasing research
interest. Zhang et al. fabricated a smart pH-activated '°F MRI
CA, which could be activated within the tumor microenvironment,
detecting cancer with elevated precision and specificity."” The
applications of F MRI technology in various diseases will be
further discussed in the following part of this review.

2.2.4 Multi-modal MRI CAs. It is well known that different
imaging modalities have different merits or defects. To acquire
comprehensive information on one lesion for precisely assessing
the state of an illness, multi-modal imaging is indispensable,
which can make up the shortcomings of each single imaging
modality, such as T1 or T2 MRI, computed tomography (CT)
imaging, fluorescence imaging (FLI), ultrasound contrast
imaging (UCI), photoacoustic imaging (PAI), positron emission
tomography (PET), and infrared thermal imaging (ITI).** The
tremendous progress in nanotechnology, biomaterials, and
materials science has offered more choices with more dual-,
tri- and multi-modal molecular probes, arousing increasing
interest and even driving the development of various multi-
modal imaging apparatus.*® In dual-modal probe design, Yong
et al. combined MRI with CT to elevate the spatial resolution and
realize real-time monitoring for precise tumor localization.

This journal is © The Royal Society of Chemistry 2022
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Specifically, they synthesized an ultrasmall theranostic agent
based on bovine serum albumin (BSA)-coated GdW,;,036
nanoclusters (GdW,;, NCs) for dual-modal bio-imaging.*®
Depending on the high r; relaxivity of Gd-containing polytung-
states and the strong X-ray attenuation ability of Gd and W
atoms, GAW;,@BSA NCs could be used as efficient dual-modal
MRI/CT CAs (Fig. 2a). Chen and coworkers incorporated the
high sensitivity of FLI in MRI and successfully developed an
FLI/MRI dual-modal imaging nanoplatform consisting of a
zinc-doped iron oxide core and fluorescent Cy5.5 tags.’® The
distribution of this nanoplatform in tumor was visualized via
near-infrared (NIR)-FLI/MRI dual-modal imaging in vivo, hence
enabling imaging-guided localization and safe treatment of
tumors (Fig. 2b). Besides dual-modal molecular probes, tri- or
multi-modal probes were also developed to combine more
merits, provide functional and anatomical information and
completely understand tumors, e.g., MRI/UCI/CT,*®* MRI/PET/
NIR,*? and MRI/CT/PAI/ITL.>?

Under the assistance of these molecular probes, imaging-
guided therapy has been established to improve the treatment
efficacy, precision and biosafety.”* Typically, Zou et al. fabri-
cated a dual-modal imaging theranostic system using hollow
mesoporous Mn-doped silica shells modified with NIR-FLI
molecules as carriers to load anti-tumor drugs.>® The biode-
gradation of the Mn-doped shell in the acidic TME enabled
TME-responsive dual-modal MR/NIR-persistent luminescence
(PL) imaging, and concurrently efficiently promoted the con-
trolled release of the loaded anti-tumor drugs for killing tumor
cells without side effects.

3. MRI-guided cancer treatment

Imaging-guided treatment is also prevalent and attractive,
which can elevate the biosafety and precision of disease treatment
especially for interventional ablation and surgery, and meanwhile
can effectively alleviate side effects and complications and repress
tumor metastasis or reucrrence.’® In the laboratory, the develop-
ment of various MRI CAs has flourished in this field, laying a solid
foundation for clinical translation.

3.1 MRI-guided photodynamic therapy

Photodynamic therapy (PDT) is a noninvasive therapeutic
method, which employs photosensitizers (PSs) to convert oxygen
into highly cytotoxic singlet oxygen ('0,) under light irradiation.””*®
Although most photosensitizers can spontaneously emit fluores-
cence for FLI-guided PDT, these stimuli-responsive smart
photosensitizers in imaging-guided PDT are also impeded by
low-sensitivity and low spatial-resolution signals. Thus, to address
this issue, An et al*® developed magnetic and fluorogenic nano-
assemblies (NP-RGD) encapsulating PSs via the assembly of cRGD-
and disulfide-containing paramagnetic small molecules (1RGD).
As illustrated in Fig. 3a, NP-RGD exhibited a high MRI signal
with quenched fluorescence and inhibited the PDT effect. Upon
entering tumor cells via avB3 integrin-mediated targeting delivery,
the NP-RGD NPs were reduced by glutathione (GSH) and

J. Mater. Chem. B, 2022, 10, 7361-7383 | 7365
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Fig. 2 (a) Schematic illustration of GdW;0@BSA NCs for dual-modal MR/CT imaging-guided photothermal therapy (PTT)/radiotherapy against cancer.
Reproduced with permission from ref. 50. Copyright 2016, Springer Nature. (b) Schematic illustration of sensitized magneto-chemo theranostic agents.
Reproduced with permission from ref. 51. Copyright 2021, the American Chemical Society.

disassembled into small-molecule probes (2RGD) and organic
PSs (PPa-SH). PPa-SH could bind with intracellular albumin
and trigger the cascade activation of fluorescence and PDT
activity. NIR-FLI and MRI exhibited a synergistic effect to
provide accurate bi-modal imaging information with the strongest
FLI/MRI signal, highest SNR and considerably prolonged reten-
tion time to guide PDT (Fig. 3b and c), consequently resulting in
the largest inhibitory rate (Fig. 3d). Tang’s group reported the use
of upconversion nanoparticles (UCNPs) and aggregation-induced
emission (AIE)-active photosensitizers to fabricate a triple-jump
photodynamic theranostic nanoplatform, exhibiting an unprece-
dented performance in FLI-MRI-guided PDT with high efficacy.*

The PDT efficacy is still hampered by the hypoxic tumor
microenvironment and antioxidant-like GSH, which is another
intractable concern.®’ Thus, great efforts have been devoted to

7366 | J. Mater. Chem. B, 2022,10, 7361-7383

improving the production of reactive oxygen species (ROS)
under the guidance of MRI for precisely and highly efficiently
improved PDT-based anti-tumor effects, e.g., uniting chemotherapy
and Fenton-like reactions enabled by Fe-based NPs to increase ROS
production and alleviate hypoxia.®> Also, catalase (CAT) and MnO,
could be used to produce Mn*" and deplete GSH to break the ROS
and GSH-sustained redox balance, which are available for elevating
the net content of PDT-provoked ROS and improving T1-weighted
MRL®

3.2 MRI-guided chemodynamic therapy

Chemodynamic therapy (CDT) is an emerging field, which has
been systematically explored in cancer treatment. Different
from PDT or sonodynamic therapy (SDT), which needs an
external laser or ultrasound source to trigger ROS, the principle

This journal is © The Royal Society of Chemistry 2022
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10 h. (d) Photographs of harvested U87MG tumors on day 16 after indicated treatments. Reproduced with permission from ref. 59. Copyright 2020 Wiley-

VCH.

of CDT is to harness injected Fenton or Fenton-like agents to
react with intratumoral H,0, for the production of ROS and
executing anti-tumor actions. Therefore, imaging guidance is
more important for localizing, tracing and evaluating the
retention of CDT agents in tumors, wherein MRI alone and
MRI-containing multi-modal imaging have been used.**
Typically, Wang et al. reported a novel in situ activatable CDT
agent capable of inducing Fe®" release to catalyze the oxidation
of ascorbate monoanion (AscH ) and produce H,O, with
improved efficacy, hence resulting in enhanced Fe-mediated
T1-weighted MRL®

3.3 MRI-guided hyperthermia therapy

Magnetic hyperthermia therapy (MHT) relies on the heat
dissipation by magnetic nanoparticles upon exposure to an
alternating magnetic field (AMF).°® The contactless and localized
heat production endow MHT with extraordinary advantages in
the treatment of deep tumors.®”” MRI-guided MHT is easily
accessible given that the existing magnetic IONPs, which are

This journal is © The Royal Society of Chemistry 2022

usually used as T2-weighted MRI CAs, can be harnessed to
enhance MHT.®®7° Shen et al.”! functionalized MnFe,O, NPs
with Ir(m) complexes to construct Ir@MnFe,0, nanoparticles to
elevate the local temperature and induce mitochondrial damage
and cell death upon exposure to AMF, during which Fe(m) was
reduced to Fe(u) by the overexpressed GSH in the mitochondria
of tumor cells, hence offering precise and effective treatment
against cancer. Significantly, to address the failure of magnetic
nanoparticles in providing real-time thermal feedback in MHT,
Erving Ximendes and coworkers’> integrated magnetic nano-
particles with infrared luminescent nanothermometers (LNTh;
Ag,S nanoparticles) in optomagnetic nanocapsules. In this
strategy, the novel nanocapsules acted as multimodal CAs,
providing accurate and real-time thermal feedback during
in vivo controllable MHT and avoiding the collateral damage
caused by overheating. Besides MHT, MRI-guided photothermal
therapy (PTT) was also explored, e.g., polydopamine shell-coated
Fe;0, (ie., Fe30,@PDA) could lead to T2-weighted MRI-guided
PTT against tumors.””

J. Mater. Chem. B, 2022,10, 7361-7383 | 7367
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Our group used porous Fe;O, as carriers to load DL-menthol
and constructed a radiofrequency ablation (RFA)-enhancement
agent (DLM@Fe;0,).”* DL-Menthol (DLM)-induced inertial
cavitation cooperated with Fe;04,-mediatd magnetothermal
transformation to significantly enhance the RFA outcome
against tumors given that cavitation has been widely accepted
to elevate the transformation energy.”>”’” However, cavitation is
uncontrollable, which probably results in injury to adjacent
normal tissues. Fortunately, the loaded DLM made the surface
of the Fe;O, carriers hydrophobic and prevented H,O from
approaching to the paramagnetic Fe centers, receiving the
quenched MRI. As DLM cavitation proceeded, the gradually
decreased DLM in DLM@Fe;0, increased the contact prob-
ability of Fe;O, with H,O and caused the gradual recovery of
MRI. Therefore, the MRI signal variation could be used to
monitor DLM cavitation and controllably and precisely ablate
tumor without injures to adjacent normal tissues.

4. Nanobiotechnology-encoded
relaxation tuning for localizing,
monitoring and predicting diseases

Although the above-mentioned MRI CAs are empowered with
robust T1 or T2 MRI with large r; or r, values, these conven-
tional MRI CAs are local-concentration dependent and suffer
from inherently low sensitivity given that an increase in dose
cannot elevate the SNR, while facilely posing a high biosafety
risk.” Inspiringly, great advances in constructing CAs to achieve
higher relaxivity and/or enhanced accumulation in tissues of
interest have been made to overcome these concerns. Especially,
the stimulus-activated MRI CAs in response to various lesion
microenvironments are favorable to significantly vary the relaxation
time and establish new and distinctive MRI modes for directly
improving the SNR and magnifying and localizing lesions.”®
Conversely, they can reflect and map the stimulated or activated
microenvironment such as pH, hypoxia, specific species and targets
(e.g, lactate acid and enzymes). These biological targets or events
(e.g., pH, GSH, protease activity) have been quantitatively detected
and even traced by FLI and PAI after designing rational molecular
probes or nanoparticles,””®" which is a growing field deserving
deep exploration. Here, we summarize the nanobiotechnology or
MRI CAs-encoded relaxation tuning strategies after rational designs
with emphasis on the created novel MRI modes and discuss
their merits and properties in reflecting specific lesion microenvir-
onments and localizing, monitoring, predicting and evaluating
diseases.

4.1 Acidic microenvironment-induced generation of Mn”>* for
tuning longitudinal relaxation

Mn-based NPs usually serve as 71 MRI CAs, but they are
confronted with poor T1-weighted MRI ability due to their
low 7, value (<1). Instead, Mn** has a high magnetic moment
and long electron spin relaxation time, which make Mn** ions
ideal T1 MRI CAs with a much larger r; value (> 5).3* Especially
after chelation and modification with ligands, the adsorbed
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water molecules on the outer sphere of Mn>" complexes allowed
molecule rotation to decrease and reinforce the T1 relaxivity of
Mn?" with a considerable increase in r; value.®*

In particular, Mn-based NPs can respond to H' and release
Mn** after the decomposition of NPs,**% enabling intratumoral
signal magnification with a high SNR, precision tumor localiza-
tion, intratumoral pH detection to predict tumor progression and
realizing prognosis evaluation.®®® It has been reported that Mn**
can amplify the MR signals by interacting with proteins.’””*® As a
paradigm, Li and coworkers conjugated ultrasmall manganese
ferrite nanoparticles (UMFNPs) with a class of pentapeptide
Cys-Arg-Glu-Lys-Ala (CREKA) to synthesize an ultrasensitive
T1-weighted MRI probe (UMFNP-CREKA) (Fig. 4a).®° In response
to the unique pathological environments of metastases (low pH =
6.5 and rich H,0,), Mn?** ions were released from the nanoprobe,
successfully contributing to the increase in r; value, especially
after binding with 10% fetal bovine serum (FBS) (Fig. 4b). This
acidic TME-activated Mn*" release successfully elevated the SNR
of T1-weighted MRI images, as shown in 3D T1 MRI (Fig. 4c),
wherein the whole tumor was illuminated after administrating
UMFNP-CREKA, whereas the surrounding normal tissues had no
significant contrast enhancement.

Also, Mi and coworkers designed Mn**-doped calcium phos-
phate (CaP) nanoparticles,”® followed by PEG modification
(Fig. 4d). These MnCaP-PEG nanoparticles were accessible to
subject them to H' erosion for releasing Mn>*, which could be
used to tune the longitudinal relaxation and achieve a larger r,
value after chelating with proteins (Fig. 4e). Based on this, these
types of nanoparticles can be designed to respond to the acidic
TME and specifically magnify the T1-weighted MRI signal of
tumors for localizing undetectable metastatic tumors and indirectly
reflecting the pH distribution after intravenous injection (Fig. 4f).
Considering the fact that the tumor acidity positively correlates
with the lactate acid level, which is manipulated by anaerobic
metabolism (hypoxia), these nanoparticles can also indirectly
map the distributions of hypoxia (Fig. 4¢ and h) and lactate acid
(Fig. 4i and j).

4.2 MRI CA aggregation or disintegration-enabled relaxation
tuning for brightening tumor and detecting targets

MRI CAs have aroused considerable interest given that they can
serve as magnetic signal transducers for magnetic sensing.”™>
However, due to the dependence on the state change of
magnetic nanoparticles, traditional 72-based magnetic immuno-
sensors exert signals that are not sensitive enough to detect the
trace amounts of targets, and meanwhile could be interfered by
nonspecific aggregation easily.”® It has been accepted that the
MRI property is dependent on the structure and surface state of
MRI CAs, based on which the aggregation or disintegration of
MRI CAs is envisioned to switch ‘on’ or ‘off’ the T1 or T2 MRI
signals or vary their longitudinal and transverse relaxations
(r4/r;) in response to biological targets or events including
acidity, GSH, hypoxia, specific species and targets (e.g., lactate
acid and protease) in the disease microenvironment.’* The
alteration in on/off or off/on switching in T1 or/and T2 MRI
signals can reflect or even track these biological targets or events.

This journal is © The Royal Society of Chemistry 2022
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capabilities for illuminating ultrasmall metastases. (b) r; values from T1-weighted MR images of UMFNP-CREKA incubated in the indicated conditions
for 12 h. (c) 3D MR images of the subcutaneous breast tumor before and at 50 min after intravenous injection of UMFNP-CREKA. Reproduced with
permission from ref. 89. Copyright 2019, Wiley-VCH. (d) Structural depiction of the PEG-modified and Mn-doped CaP NPs (PEGMnCa). (e) r; value of
PEG-MnCaP NPs in human serum albumin (HSA)-free or HSA-contained dispersion with varying pH values. (f) 3D MRI images of C26 tumors at pre- and
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Copyright 2016, Springer Nature.

Long and coworkers synthesized two sets of IONPs,”> which
allowed the transformation of monodispersed sate to aggregate
to enhance the 72 signal upon sensing matrix metalloproteinase
(MMP) enzymes (Fig. 5a). Once they entered cells that expressed
MMP2/9 and CXCR4, the nanoengineered novel IONPs would be
activated into a self-assembled superparamagnetic nanocluster
network. Consequently, a 72 signal enhancement with around
160% enhancement from the ‘off state to ‘on’ state was
acquired, providing an opportunity to detect MMP activity at
the cellular level (Fig. 5b). Notably, the disaggregation transfor-
mation into self-aggregation for altering the relaxation or switch-
ing on the MRI signal can be also activated by H', which
indicates the feasibility of H" detection using this strategy.”®
Although the above-mentioned transformation of the mono-
dispersed state to aggregation can enhance MRI, most cases
highlight the aggregation transformation to disintegration
activated by some specific tumor targets for realizing the
switching of MRI signals from ‘on’ to ‘off’ or from T1 to T2,
and vice versa. Typically, Yi constructed NaGdF,&CaCO; co-
loaded nanospheres coated with polymeric shells and cell
membrane in sequence (Fig. 5c), wherein the polymeric shells
served as blocking layers to prevent H' erosion and sustain the ‘off
T1 MRI signal of Gd*>" in NaGdF, by the confinement-blockaded
interaction between H,0 and Gd** (Fig. 5d).”” As the nanospheres
were engulfed by cells, the H' in the acidic microenvironment
could erode and decompose the CaCO; NPs into CO, bubbles and

This journal is © The Royal Society of Chemistry 2022

destroy the nanospheres, consequently making the NaGdF, nano-
particles exposed and changing the aggregation state into a
disintegrated state (Fig. 5d). This promoted the interaction of
Gd*" in NaGdF, and H,O and led to T1 MRI signal recovery
(‘on’ state) (Fig. 5e). This work not only magnified and localized
the tumor with a considerably elevated SNR (Fig. 5f), but also
traced or detected the acidity or pH value in the tumor.

Intriguingly, the T1/T2 signal exchange by varying their
aggregation or disaggregation state to simultaneously tune
their transverse and longitudinal relaxations is also available
for detecting specific tumor targets. As a paradigm, Ma et al.
reported the preparation of USPIO NP-assembled nanoclusters,
and cystamine dihydrochloride (Cys) was used to connect
these USPIO NPs, endowing the nanoclusters with robust
T2-weighted MRI property (Fig. 5g).°® Under the reducing agent
(e.g., GSH) in tumor cells, the disulfide bonds in Cys could
be broken, and the USPIO NP-assembled nanoclusters
disintegrated and became monodispersed. At this time, the
T2-weighted MRI was impaired and the 7T1-weighted MRI
recovered, resulting in ‘off’ 72 and ‘on’ T1 MRI (Fig. 5g), which
was available for detecting the GSH level.

4.3 Aggregated MRI CA disintegration for monitoring drug
release

Actually, aggregation transformation into the monodispersed
sate also favors drug release monitoring, which is beneficial for
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Fig. 5 (a) Schematic illustration of MMP-activated particle aggregation. (b) Transverse (T2) relaxation time of U87 cells highly expressing CD4 and
CXCR4 and embedded in 1% agarose gel containing FezO4 nanoparticles with or without exogenous MMP9 or the CXCR4 blockading agent AMD3100.
Reproduced with permission from ref. 95. Copyright 2014, Wiley-VCH. (c) Structural depiction of NaGdF46CaCOs co-loaded nanospheres coated with
polymeric shells and cell membrane in sequence. (d) Schematic illustration explaining the principles of ‘off’ and ‘on’ states of T1-weighted MRI signals in
response to H*. (e) Gd** concentration-dependent longitudinal relaxivity profiles at different pH values for calculating the r; values and (f) T1 MRl images
and pseudo-color images of one tumor-implanted mouse before (pre-) and after different time points post-administering of these probes. Reproduced
with permission from ref. 97. Copyright 2019 Wiley-VCH. (g) Schematic illustration of the switching of USPIO NP-assembled nanoclusters to
monodispersed sate in response to reducing agent for brightening tumor via switching 72 and T1 MRI signals. Reproduced with permission from
ref. 98. Copyright 2019, the American Chemical Society.

evaluating and predicting treatment outcomes. Enlightened by
the IONP aggregate disintegration-enhanced MRI, anti-tumor
drugs can be co-loaded with particle aggregates in pH-sensitive
carriers. Upon entry in the acidic TME, the carriers are
degraded to release IONPs and anti-tumor drugs, and the
switch of the IONPs state from aggregation to disintegration
can enhance the MRI signal for reflecting anti-tumor drug
release.”® Typically, Zhao et al. loaded manganese arsenite

7370 | J. Mater. Chem. B, 2022,10, 7361-7383

complexes that served as the prodrug of arsenic trioxide
(ATO) in hollow silica vehicles, wherein the loaded manganese
arsenite complexes could respond to the acidic microenviron-
ment and generate Mn>" after their decomposition and release
ATO. Mn>* can enhance T1-weighted MRI, enabling the real-
time monitoring of the ATO release.’® Besides shaping into
pro-drugs via chelation with anti-tumor drugs, Mn-based NPs
could be directly utilized with anti-tumor drugs on MSN, and

This journal is © The Royal Society of Chemistry 2022
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Mn®>" release in response to acid, oxidative stress and redox
elevated 71 MRI visualization to monitor anti-tumor drug
release.”

4.4 Distance-dependent relaxation tuning for detecting
targets

Traditional MRI CAs are usually effective in either the T1 or 72
imaging mode. However, the drawbacks such as the short
circulation time of T1 MRI CAs and the susceptibility artifacts
of T2 MRI CAs are always inevitable."®>"'%® The challenges in
combining the strong 71 and T2 contrast effects in a single CA
are mostly ascribed to the strong magnetic coupling between the
CAs of T1 and T2.'** Thus strategies to overcome these setbacks
have been put proposed. Herein, a distance-dependent magnetic
resonance tuning (MRET) strategy was established and the
corresponding MRI CAs comprising a paramagnetic 71 MRI
‘enhancer’ (e.g., Gd-DOTA) and a superparamagnetic 72 MRI
‘quencher’ (e.g., Zny,Fe,¢0;) were developed.'® The MRET
principle was based on the fact that the Gd-DOTA-mediated 71
MRI signal was ‘off as the separation distance between
Zn, 4Fe, (O, and Gd-DOTA was close due to the slow water
proton spin relaxation and the slow electron spin fluctuation

Distance b
| \'/
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in Zn, 4Fe, 604. In contrast, as they were separated from each
other, the water proton spin relaxation and electron spin fluctua-
tion in Zn, 4Fe, (O, were concurrently accelerated, leading to ‘on’
T1-weighted MRI (Fig. 6a and b). According to the cleavage or
binding with different molecules on the enhancer and quench-
ers, respectively, this MRET strategy could serve as an MRI-based
sensor for detecting both molecular interactions (e.g., binding,
cleavage, and reversible protein folding/unfolding) and biological
targets (e.g, H,O,, MMP2, Cu’, DNA, H', Hg' and ethylene
diamine tetraacetic acid (EDTA)) (Fig. 6¢). Besides biological
activities and disease targets, MRET could be used to detect
biological electricity. Typically, Wang et al. reported the prepara-
tion of injectable USPIO NP-aggregated clusters (enhancer)
entrapped in paramagnetic polymers (quencher), wherein the T1
MRI signal of the clusters was quenched by polymers.'®® Once
they entered the epilepsy zone, the abnormal electric discharging
during epilepsy seizure could widen the distance between the
polymer and clusters, restoring the 71 MRI signal and realizing
epilepsy visualization with high sensitivity and SNR (Fig. 6d).
Actually, based on the magnetism-based nanoscale MRET,
dynamical “T2 and T1” dually-switchable MRI CAs could be
developed to simultaneously activate 71 and T2 MRI signals for
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Fig. 6 (a) Schematic of MRET principle for illustrating how the distance variation between the enhancer and quencher influences the electron spin and
proton spin relaxation. (b) Distance expanding schematic (upper) and corresponding MRI images (bottom) of these enhancer—quencher conjugates in
response to their distance variation. (c) Types of quenchers, enhancers, inputs, interactions and outputs in distance-dependent MRET-based probes for
distinguishing biological interactions including cleavage, binding and folding/unfolding and detecting various targets. Reproduced with permission from
ref. 105. Copyright 2019, Springer Nature. (d) Schematic illustration of electrical field-activated MRET for monitoring abnormal electricity in epilepsy
seizure and illuminating the epilepsy zone using T1-MRI. Reproduced with permission from ref. 106. Copyright 2021, Springer Nature.
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detection.”” Wang et al introduced new two-way MERT
(TMRET) nanotechnology with dually-activatable T1 and T2
signals.’” TMRET nanotechnology was constructed via the
co-encapsulation of paramagnetic Mn>* (P-Mn) chelates and
SPIONSs in a disulfide-crosslinked micelle (Fig. 7a). Both the T1
and T2 MRI signals were turned ‘off’ when the TMRET pair was
‘locked’ closely in the micelle core. After interacting with
biological stimuli (e.g., GSH) to modulate the integrity of the
micelles (Fig. 7b), both the T1 and T2 MRI signals were turned
‘on’ as the distance between Mn?' and SPION increased,
enabling the detection of GSH in vitro and in vivo. Pan and
coworkers proposed an in situ stimuli-triggered 71-T2 switch-
able MRI nanoprobe, with IONPs modified with HA,'%® and the
underlining mechanism is illustrated in Fig. 7c. Before mod-
ification with hyaluronic acid (HA), the monodispersed IONPs
chelated with polyacrylic acid showed a strong T1 contrast
enhancement effect with r; = 2.227 mM ' s~ and r,/r; ratio =
3.211 (Fig. 7d). After stimulation in an acid environment, the
HA-modified IONP-polyacrylic acid nanoparticles (IONP-HP)
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underwent self-assembly to form nanoclusters, leading to a
T2 MRI enhancement (Fig. 7e).

4.5 TME-activatable relaxation tuning for monitoring targets
and biological events

Although the MRET and its derived TMRET strategies mentioned
above offer unique approaches to improve the sensitivity in tumor
imaging,"'*>'”” the special structure consisting of an enhancer and
quencher whose selection and connection need precise and
rational design to desired targets or biological process, limits its
application domain. Herein, various microenvironment-activatable
magnetic resonance relaxation tuning strategies have been devel-
oped with the facile synthesis and design of the corresponding MRI
CAs, showing widespread application potential.

Firstly, a new MRI technique, ie., chemical exchange satura-
tion transfer (CEST), was established to indirectly detect non-
labelled and native molecules, wherein the water proton signal
through selective saturation of exchangeable protons could be
manipulated.’® Based on a furin-mediated 2-cyanobenzothiazole
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Fig. 7 (a) Schematic illustration of TMRET nanotechnology. (b) Illustration of the mechanism of T1 and T2 quenching and recovery in the TMRET
nanoprobe. Reproduced with permission from ref. 107. Copyright 2020, Springer Nature. (c) Schematic illustration of the correlation between T1/T2
relaxation and the associated parameters. (d) T1 and T2 relaxation rates of IONP-P, IONP-HP, and IONP-HP clusters at a magnetic field of 1.5 T. (e) T1-
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(CBT)-Cys click reaction, Yuan et al. constructed an intracellular
conjugate molecule consisting of the anticancer agent Olsalazine
(Olsa) and cell-penetrating peptide RVRR (Olsa-PVRR).''® As Olsa-
PVRR molecules entered tumor cells, they further self-assembled
into Olsa-PVRR NPs under the activation of tumor-associated
enzyme furin, consequently varying the CEST MRI signals for
assessing tumor aggressiveness and predicting therapeutic out-
comes (Fig. 8a). Interestingly, this modality could be reinforced
and enriched after incorporating imaging/diagnosis units
(e.g., GA** doping).'"

A redox-activatable relaxation tuning strategy for the detec-
tion of GSH was also established and various imaging designs
and corresponding CAs were designed. Typically, Mn-based
nanoparticles with a high valence (e.g., +4) can be reduced to
Mn>" by intratumoral GSH, which can also specifically brighten
tumors and reversibly reflect the GSH level.''* Zhang et al. also
reported an Fe;O, nanoparticle-based GSH-responsive MRI
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probe with simple structure and small dimensions,"** which
exhibited interlocked responses of 71 and T2 signals upon
reaction with GSH. Moreover, according to their theoretical
analysis, they established a mathematic model and realized
quantitative mapping of the GSH distribution in brain gliomas
through MRI (Fig. 8b). In another study, it was reported that
the marriage of concurrent widefield optical imaging and
functional MRI could simultaneously realize the fluorescent
measurement of the whole brain blood oxygen level and whole-
cortex calcium ions for monitoring brain activity, which is
beneficial for a comprehensive understanding of brain
function.™**

Reactive oxygen species or reactive nitrogen species that
sustain the redox balance with reducing species have been
demonstrated to be correlated with many biological processes,
e.g., vascular homeostasis, cancer evolution, stem cell
differentiation, bacterial infection, and inflammation.*****®
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Fig. 8 (a) Schematic depicting the GSH and furin-responsive Olsa-RVRR cleavage and self-assembly for enhancing CEST and shrinking tumor in HCT116

cells that highly expressed furin. Reproduced with permission from ref. 110. Copyright 2019, Springer Nature. (b) Schematic depictions on the principle of
GSH-activated probe aggregation for enhancing T2-MRI. Reproduced with permission from ref. 113. Copyright 2021, Wiley-VCH. (c) Schematic showing
how Fez04—-NO*® probe monitors ROS and reflects autophagy. Reproduced with permission from ref. 123. Copyright 2018, Elsevier Ltd. (d) Schematic to
shed light on the CSRT strategy. Schematic on the relaxation time of water proton spin (e) and the bonded number of water and the exchange lifetime
(f) in CRST strategy. Reproduced with permission from ref. 124. Copyright 2018, Wiley-VCH.
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Their levels decide the different application categories, e.g.,
tissue repairment or regeneration, tumor treatment, and
inflammation alleviation. Considering this, elevating, reducing
or sustaining the levels of ROS or reactive nitrogen species
(RNS) has been harnessed using different methods (e.g., PDT,
CDT, SDT, GSH synthesis inhibition, GSH depletion and nano-
enzyme-mediated ROS scavenging) to target these different
applications,"**"?° which inevitably demand the precise mon-
itoring of ROS or RNS. MRI also provides a candidate for
tracing the reactive species. Autophagy plays an extraordinary
role in tumor progression by selectively removing damaged
organelles under cellular stress, indicating that the in vivo read-
out of autophagy is of great significance to illustrate the
therapeutic and fundamental effect."*""*** Intriguingly, track-
ing cellular stress can monitor the autophagy flux. Therefore,
Zhang et al. synthesized NO* radical-conjugated Fe;O, nano-
particles (Fe;0,~NO® NPs), acting as a dual-modal CA capable
of analyzing autophagy dynamics under MR guidance.'** In
their investigation, the onset of autophagy causing the mass
production of ROS would quench the NO*-induced T'1-weighted
signal, whereas the 7T2-weighted signal was condition-
insensitive and remained constant due to the stability of the
Fe;O, nanoparticles upon autophagy, as shown in Fig. 8c.
Therefore, the T1-signal variation could reflect the ROS level
in a quantitative manner by benchmarking the 72-weighted
signal in the autophagy dynamics.

Our group established a coordination-substitution-based
relaxation tuning (CSRT) strategy for monitoring disease
targets,'** and its principle was shown in Fig. 8d. In detail, as
Mn*"-containing MRI CAs (C-A-M) touched biological targets
(B), Mn** (M) ions were captured via coordination exchange by
B to generate B-M (Fig. 8d), resulting in alterations in the water
proton spin relaxation time and the number of bonded water
protons and proton residence lifetime compared to C-A-M
(Fig. 8e and f). By utilizing CSRT and designing the corres-
ponding MRI CAs (C-A-M), GSH and hyaluronic acid (HA) were
successfully detected and mapped.

Hypoxia is a specific hallmark of tumor progression,
emerging in most solid tumors. It also severely resists ROS-
based anti-tumor methods, e.g., chemotherapy, SDT, PDT, and
CDT, and thus great efforts have been devoted to alleviating
hypoxia and improve anti-tumor outcomes.”*>'* In this
regard, mapping hypoxia and detecting its level are also impor-
tant for predicting tumor progression and evaluating curative
and prognostic effects. Gregorio et al. utilized red blood cells
(RBC) as vehicles to simultaneously conjugate with Gd-DOTP
and Gd-HPDO3A, wherein Gd-DOTP and Gd-HPDO3A served as
a hypoxia-responsive agent and RBC concentration reporter.'®
Relying on the hypoxia-activated longitudinal relaxation varia-
tion, these biomimetic probes were equipped with the ability to
map hypoxia in a xenografted tumor-bearing mouse model.

Neural activity is closely correlated with intracellular
calcium ions, and thus monitoring calcium ions is of great
importance for assessing Ca®>* abnormality-related nerve
diseases, similar to the aforementioned abnormal electric dis-
charging. Alan Jasanoff et al. synthesized ManICS1-acetomethoxyl
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MRI CAs." After entering cells, these MRI CAs underwent
esterase cleavage, eventually enabling intracellular calcium
levels to be monitored by MRI. As shown in Fig. 9a, the
entrance of MRI CAs into cells led to the cleavage of AM esters,
further liberating the calcium-free “off” state and eliciting a
low MRI signal. Upon binding with calcium ions, the MRI
signal could be enhanced again due to the blockade interac-
tions between BAPTA and the paramagnetic platform. Besides
monitoring the dynamic level of Ca**, neural stem cell (NSC)
tracking is also favorable for evaluating the repairing progres-
sion of structural and functional damage after stroke and
predicting the prognosis by co-delivering SPIONs and small
interfering RNA/antisense oligonucleotides (siRNA/ASO)
against Pnky long noncoding RNA (IncRNA) (Fig. 9b)."*® In
detail, in vivo histologic analysis revealed that the neuronal
differentiation (red) of the green fluorescence protein (GFP)-
NSCs (green) indeed occurred at the transplantation site in
stroke mice at 2 and 4 weeks after receiving Pnky-SPIO-PALC- or
SCR-SPIO-PALC-transfected GFP-NSCs (Fig. 9c). Based on the
cerebral infarct volume measured in the T2-weighted images,
this multifunctional nanomedicine targeting IncRNA harvested
a considerably-elevated treatment outcome in shrinking the
cerebral infarct volume over time (Fig. 9d).

4.6 TME-activatable relaxation tuning for therapeutic gas
monitoring

Gas therapy is another cancer therapeutic modality that utilizes
gaseous molecules (e.g., carbon monoxide (CO), nitric oxide
(NO), and hydrogen sulfide (H,S)) to elicit a therapeutic effect
with negligible side effects.'**"*" Nevertheless, the precise deliv-
ery and controllable release of these therapeutic gases are still
challenging, indicating that imaging-guided gas therapy is desir-
able and urgently demanded. Wu et al.™*> proposed a “TME
remodeling” strategy, which could achieve the controllable and
in situ release of CO. As reported in their research, the decom-
position of manganese carbonyl could be caused by acidic TME
remodeling, under which the H,0,-enriched TME could also
stimulate CO gas release and paramagnetic Mn** ion generation
for enhancing T1-weighted MRI. Therefore, the treatment pro-
cess could be real-time monitored by T'1-weighted MRI, avoiding
the undesirable CO leakage.

H,S plays an important role in various physiological and
pathological processes, thereby arousing interest in qualitative
and quantitative detection techniques for assessing the H,S
level in vivo. Based on the fact that Cu,O can in situ respond to
endogenous H,S in colon tumors, Yan’s group’" constructed a
core-shell-structured MRI/PAI dual-modal probe (Fe;0,@Cu,0)
for the detection of H,S. In detail, the outer Cu,O shell could
adsorb H,S on its surface, thus decreasing the distance between
hydrogen protons and Fe, which resulted in a T1-weighted
MRI enhancement, consequently visualizing H,S in colorectal
cancer. Similarly, a new type of FeS@BSA nanoclusters for MRI-
guided synergetic tumor therapy was fabricated."* In the acidic
TME, the FeS@BSA nanoclusters degraded to simultaneously
release H,S gas and Fe*>*, where the released Fe** not only could
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Fig. 9 (a) Design of cell-permeable sensors for calcium-dependent molecular fMRI. Reproduced with permission from ref. 127. Copyright 2019,
Springer Nature. (b) Schematic depicting the directed neuronal differentiation of transplanted NSCs by silencing Pnky IncRNA and MRI tracking of NSCs in
a mouse stroke model. (c) Confocal micrographs showing neuronal differentiation (red) of GFP-NSCs (green) in the transplantation site in stroke mice at 2
and 4 weeks. (d) Coronal T2-weighted MR images of stroke mice transplanted with Pnky-SPIO-PALC- or SCRSPIO-PALC-transfected NSCs and stroke
mice. Reproduced with permission from ref. 128. Copyright 2021, the American Chemical Society.

induce ROS production effectively via Fenton reaction, but also
enhance the on-site T2-weighted MRI signals.

4.7 Activatable MRI for tracking cell trajectory and change

Due to the high spatial resolution, inherent soft-tissue contrast
and ion-free radiation, MRI is a promising visualization tool that
has been utilized to qualitatively track large numbers of cells
in vivo,"** among which immune effector cells and immunosup-
pressive cells are highlighted because their distribution and
infiltration directly decide the success or failure of anti-tumor
immunotherapy.”**™*” Luo et al. developed a bioactivated in vivo
assembly method and synthesized a CD206-targeting molecular
MRI probe with cathepsin B-sensitive linker. As the probe
entered macrophages, the intracellular cathepsin B degraded
the linker and induced the probe to assemble into nanofibers
with enhanced T1-weighted MRI, which allowed the real-time
tracking of macrophage migration (Fig. 10a)."*® In another study

This journal is © The Royal Society of Chemistry 2022

that focused on dendritic cell (DCs)-activating magnetic
nanoparticles,"*® researchers revealed that the inclusion of iron
oxide could improve DC transfection, and also enable tracking
the migration of DCs with MRI. As illustrated in Fig. 10b,
researchers successfully fabricated *I0-RNA-NPs by combining
IONPs and mRNA encoding tumor antigens in translated lipids.
In the presence or absence of a magnetic field, the co-incubation
of ®I0-RNA-NPs with DCs resulted in profound DC activation and
enabled the MRI-based detection of DC migration. In brief, this
nanoplatform furnished a powerful tool to activate DCs and
predict individual treatment responses to DC vaccines before
tumor progression-related signs emerge. Furthermore, myeloid
cells including immunosuppressive myeloid-derived suppressor
cells (MDSCs) were also successfully tracked using '°F MRI after
developing the corresponding CAs."*°

Stem cells are prevalent in damage repair, indicating that
monitoring the viability, migration, homing and differentiation
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Fig. 10 (a) Schematic showing the principle of the bioactivated in vivo assembly method. Reproduced with permission from ref. 138. Copyright 2022,
the American Chemical Society. (b) Schematic illustration of 2lO-RNA-NPs. Reproduced with permission from ref. 139. Copyright 2019, the American
Chemical Society.

of stem cells is of importance. The NIR-FLI/MRI dual-modal reported to achieve noninvasive and real-time tracking for up
imaging-guided tracking of labeled mesenchymal stem cells in  to 14 days."*' To reveal the in vivo fates of stem cell transplants,
the brain of a mouse photothrombotic stroke model was which is a promising treatment option for brain injuries, Deng
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Fig. 11 (a) Schematic illustration of self-assembled multi-responsive probes for cascaded °F signal activation/amplification. (b) °F NMR spectra of 1-
ICG nanoparticles in 500 uL of 10% D,O/H,O (after incubation with GSH for 2 h) upon 808 nm laser irradiation. (c) SNRs of *F NMR of 1-ICG
nanoparticles in 500 pL of 10% D,O/H,O (after incubation with GSH for 2 h) upon 808 nm laser irradiation. (d) SNRs of 1°F NMR of 1-ICG nanoparticles
(1368 uM; ICG, 21 ng mL™Y with 808 nm laser irradiation at different power intensities for 10 min after incubation with GSH for 2 h. Reproduced with
permission from ref. 146. Copyright 2020, the American Chemical Society. (e) Schematic illustration of FILAMP for stimuli-responsive *°F MRI.
Reproduced with permission from ref. 147. Copyright 2020, Elsevier. (f) Schematic illustration of fluorinated gadolinium chelate-grafted nanoconjugates
for contrast-enhanced T1-weighted *H and pH-activatable 19F dual-modal MRI. Reproduced with permission from ref. 148. Copyright 2020, the
American Chemical Society.
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et al. constructed a 72 MRI CA for labeling transplanted
stem cells via electroporation.’** As exocytosis or cell death
occurred, the released MRI CAs could induce a signal enhance-
ment in the surrounding tissue, and thus the labeled cells
could be distinguished from hot tissue, concurrently providing
abundant information on the in vivo fates of stem cell
transplants.

Specific molecular MRI probes enable the characterization
and visualization of molecular and cellular processes in diseases,
thereby enhancing the therapeutic effect and monitoring disease
progression, e.g., thrombosis."*® In a preclinical study, MRI
uncovered the presence of multiple brain metastases in 15
patients bearing melanoma, lung cancer, colon cancer, and
breast cancer in the first-in-human phase 1 clinical trial that
received a single intravenous administration of Gd-based AGuIX
nanoparticles.'** The diagnostic value of Gd-based AGuIX nano-
particles for detecting brain metastases was measured to be
equivalent to that of commercial clinically used CAs.

View Article Online
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4.8 Activatable °F-based nanoprobe for MRI and target
detection

As stated above, '°F is an exceptional complement to 'H in MRI
given that it has relatively high sensitivity, low biological back-
ground, and broad chemical shift range compared with other
competitors. Modulating the relaxation of '°F nuclei is the major
design strategy of '°F MRI nanoprobes. As stated above, the '°F
sources that can be utilized in '°F MRI include perfluorocarbons
(PFCs), trifluoromethyl compounds, fluorinated ionic liquids,
and other fluorine-containing compounds.'*® Tang et al'*®
synthesized a cascaded multi-responsive *°F-bearing nanoprobe,
where the '°F signals could be firstly activated in the reducing
TME, and subsequently the photothermal process could amplify
the signal (Fig. 11a). The experimental results indicated that the
external NIR light irradiation treatment indeed led to higher and
sharper '°F nuclear magnetic resonance (NMR) peaks (Fig. 11b)
and elevated SNR as the irradiation time or the power density
increased (Fig. 11c and d). In vitro and in vivo imaging

Table 1 Summary of types of stimulations and the responsive triggers together with the changes upon exposure to the related stimuli

Nanocomplex MRI CAs Trigger Responsive mechanism Ref.
NaGdF,&CaCO;-co-loaded T1 (Gd*") Endogenous pH (acidity) Acid-activated release of Gd*" due to the disintegration of 97
nanospheres NaGdF,
Gd(m)-based probe 2 (PCP-2).  T1 (Gd*") Endogenous GSH GSH-mediated self-assembly into nanoaggregates 150
P-CyFF-Gd T1 (Gd*) Endogenous alkaline ALP enzyme-responsive particle aggregation. 151
phosphatase (ALP) enzyme
P-FFGd-TCO T1 (Gd*") Endogenous ALP enzyme ALP enzyme-responsive particle self-assembly 152
MSNs-PEG T1 (Gd Exogenous high-intensity HIFU stimulation cleave PEG shedding and Gd (DTPA)*~ release 153
(DTPA)*")  focused ultrasound (HIFU)
Electrically responsive hybrid ~ T1 (Gd*'- Exogenous electric field ~ External electric field triggered particle disintegration 106
micelle (EM) DTPA,
USPIO)
DNA-Mn hybrid nanoflower T1 (Mn*") Endogenous pH (acidity)  Acid-activated release Mn** 154
(DMNF)
Si0,@Au@MnO,-DOX/Apt T1 (Mn*") Endogenous GSH GSI—ZI;mediated MnO, decomposition and Mn** reduction into 155
Mn
DOX/MnO,@PVCL NGs T1(Mn*") Endogenous GSH GSH-triggered Mn>" release 156
Mesoporous Cu/Mn,SiO; nano- T1 (Mn*") Endogenous GSH GSH-triggered mCMSNs degradation and Mn>" release. 157

spheres (mCMSNSs)

DL-Menthol (DLM)@Fe;0, T1 (Fe;0,4)
ablation

USPION-DOX nanovesicles (USD T1 (USPIONs) Endogenous GSH

NVs)

IONPs T2 (Fe30,4)
loproteinase (MMP)
enzymes

Chlorin e6 (Ce6) & Fe;0,4-co- T2 (Fe;0,)  Exogenous PDT-provoked

loaded polymeric micelles (Ce6/
Fe;04-M)

singlet oxygen

Cystamine dihydrochloride T2 to T1 Endogenous GSH
(Cys) connected USPIO NPs
USPIO NP-aggregated clusters T2 to T1 Endogenous abnormal

entrapped in paramagnetic

polymers

Co-encapsulating paramagnetic 71 and T2
Mn”* (P-Mn) chelates and

SPIONSs

IONPs modified with HA T1 and T2
Fe;0,-NO*® NPs T1 and T2
'9F-bearing nanoprobe 1-ICG ~ '°F
nanoparticles

epilepsy seizure
Endogenous GSH

Endogenous pH (acidity)
Endogenous autophagy

External NIR light
irradiation
Endogenous pH (acidity)

Fluorinated ionic liquids (ILs) 'F
19r&T1(Mn>") Endogenous pH (acidity)

Mn-LDH@PFPE nanoparticles
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Exogenous radiofrequency DLM-induced inertial cavitation cooperated with Fe;O,-mediatd 74

magnetothermal transformation
GSH-responsive USPIO particles disaggregation 158

Endogenous matrix metal- MMP enzymes-responsive self-assembled superparamagnetic 95

nanocluster network

Singlet oxygen shortened the transverse relaxation time (72) 159

GSH-responsive USPIO NPs disintegrated and become 98
monodispersed
Abnormal electric discharging widens the distance between 106

electric discharging during polymer and clusters, restoring the 71 MRI signal

GSH modulated the integrity of micelles and turned ‘on’ both T1 107
and T2 MRI signals

Acid-activated self-assembly of monodispersed IONPs 108
Endogenous autophagy quenches the T1-signal of NO® 123

Endogenous reducing TME Cascaded activated in the reducing TME and subsequently the 146

photothermal process
Acid-activated release of trapped ILs to switch on *°F signal 147

Acid-activated release Mn>" reduced the effect of paramagnetic 47
relaxation
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experiments also demonstrated the feasibility of '°F signal
activation/amplification in monitoring the reducing TEM and
the photothermal process. Fluorinated ion liquids (ILs) is a new
type of fluorine MRI CAs, which could be engineered into
activatable "°F MRI nanoplatforms.'*” Upon exposure to biolo-
gical stimuli such as low pH, the '°F signals would be obviously
elevated given that the trapped ILs are released to switch on the
9F signal (Fig. 11e). When acidity-activatable '°F MRI was
integrated with stable 'H MRI in a MRI nanoconjugate, it
provided a ratiometric dual-modal imaging probe for quantita-
tively detecting pH in tumors (Fig. 11f) using the pH-sensitive
variation in the 'F MRI signal as a pH indicator and "H MRI as
the reference tag.'*®

Intriguingly, *°F MRI could be also engineered into a theranostic
nanoplatform capable of monitoring protease activity. As a para-
digm, Ding and coworkers reported a protease-controlled strategy,
which combined simultaneous 72 'H MRI enhancement and '°F
MRI “turn-on” effect in one nanoplatform when bridging an '°F
compound (ie., 4-(trifluoromethyl)benzoic acid (TFMB)-Arg-Val-
Arg-Arg-Cys(StBu)-Lys-CBT) with Fe;0,.'* Aggregation of Fe;O,
produced a stable T2-weighted "H MRI signal, while the detach-
ment of the TFMB-ArgVal-Arg-Arg-OH residue from the nano-
complex in response to protease attenuated the paramagnetic
relaxation enhancement (PRE) effect and turned on the °F MRI
signal, enabling the detection of protease activity.

Taken together, it can be considered that ‘“structure deter-
mines function” is one of the basic principles of designing new
MRI modalities and corresponding MRI CAs. In general, the
design strategy of novel MRI nanocomplexes is usually inspired
by the bio-application demand and distinctive insight into the
characteristics of nanomaterials. Various strategies for the
stimuli-responsive triggered “on/off” effect were introduced,
and the “on” and “off” states reflect the changes in the structure
of MRI CAs induced by the disease environment, thereby
enabling the detection of the disease environment including
targets, biological activity and processes. We systematically illu-
strated the novel MRI modes reported to date in this review and
we intend to exemplify the bio-applications of these strategies,
hopefully establishing the relationship that bridges the structure
of MRI-based CAs with the advantages of their application.
Herein, we present a simple summary on the responsive triggers
and the used mechanisms as well as the composition and
structure of the corresponding MRI CA in Table 1.

5 Summary and future perspectives

In this review, we summarized the recent advances on T1 and
T2 relaxation tuning with emphasis on the design strategies of
nanobiotechnology and corresponding MRI CAs after a simple
introduction of the basic principle of MRI. Especially, we
elucidated the design principles and clarified the advantages
of these MRI modes and corresponding MRI CAs in disease
theranostics with an in-depth discussion on bio-applications.
This review can offer distinctive insights into the design
strategies of nanobiotechnology and corresponding MRI CAs
based on relaxation tuning for different scientific communities.
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It is also believed that the presented MRI-guided therapeutic
strategies in this review will significantly contribute to tackling
clinical problems with the help of materials science.

Although nanobiotechnology-enabled MRI modes have been
deeply investigated with increasing interest, there are still
obstacles preventing their further clinical application. Firstly,
most procedures for the synthesis of nanocomplexes function-
ing as MRI CAs are uncontrollable and variable to some extent.
Hence, researchers should make efforts to pursue stable and
mature preparation methods that are greener, cheaper and
easier to mass production. Nanobiotechnology development
can furnish reliable tools and rationalize the design or synth-
esis of MRI CAs, where intelligently-responsive and resizable
nanoparticles gradually become the mainstream trend to rea-
lize the goal of multi-functions. Secondly, although impressive
progress in biomedical applications has been achieved, it is
worth noting that most strategies are still in the proof-of-
concept stage. The aim of most researchers is to attain disease
cure in clinic, dictating that the translation from laboratory to
clinic is of great significance. Thereby, it is vital to perform in-
depth studies on the biodistribution, biocompatibility and
interaction of MRI CAs with biological systems before their
translation to clinical applications. Meanwhile, preclinical and
clinical research should be urgently accelerated. Thirdly, dur-
ing the past decade, the utilization of water-soluble fluoropo-
lymers in biomedical applications has grown rapidly and '°F
MRI has been developed as a convenient diagnostic technique.
Nevertheless, few fluoride-based MRI CAs have been systematically
investigated in comparison to "H MRI CAs. When designing
fluorinated nanocompounds for biological applications, the impor-
tant safety concern should be considered, where chemically-stable
fluorine-containing molecules without releasing polyfluoroalkyl
substances in the environment and human body are preferable,
and thus require meticulous exploration. Also, the imaging sensi-
tivity needs to be elevated, where the introduction of paramagnetic
units with a relaxation enhancement effect in the course of
fluoride-based CA design is considered to further improve the
imaging sensitivity. Finally, more attention and efforts are needed
for the exploration of refractory diseases besides cancer.
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MRI Magnetic resonance imaging

CAs Contrast agents

SNR Signal-to-noise ratio

SPIONs Superparamagnetic iron oxide nanoparticles
GQD Graphene quantum dots

PGQD Paramagnetic GQD

PEG Polyethylene glycol

DOX Doxorubicin

Ce6 Chlorin e6

UMFNPs Ultrasmall manganese ferrite nanoparticles
HSA Human serum albumin

FBS Fetal bovine serum

BSA Bovine serum albumin
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IONPs
MMP

LDH
USPIO NPs

HA
MRET
TMRET
NIR
NMR
PRE
ALP
HIFU
GSH
CT
PAI
PET
NIR-PL
PDT
SDT
CDT
PSs
CAT
UCNPs
MHT
AMF
RFA
DLM
PTT
P-Mn
EDTA
RBC
CcO
NO
H,S
TME
RNS
ROS
DCs
NSCs
MDSCs
GFP
CEST
CBT
TFMB
CSRT
FLI
PFCs
ITI
NPs
ASO
ATO
MMP
Olsa
CSRT
UCI

Iron oxide nanoparticles
Metalloproteinase
Layered double hydroxide

Ultrasmall superparamagnetic iron oxide nano-

particles

Hyaluronic acid

Magnetic resonance tuning
Two-way MERT

Near-infrared

Nuclear magnetic resonance
Paramagnetic relaxation enhancement
Alkaline phosphatase
High-intensity focused ultrasound
Glutathione

Computed tomography
Photoacoustic imaging

Positron emission tomography
Near-infrared persistent luminescence
Photodynamic therapy
Sonodynamic therapy
Chemodynamic therapy
Photosensitizers

Catalase

Upconversion nanoparticles
Magnetic hyperthermia therapy
Alternating magnetic field
Radiofrequency ablation
DL-Menthol

Photothermal therapy
Paramagnetic Mn**

Ethylene diamine tetraacetic acid
Red blood cells

Carbon monoxide

Nitric oxide

Hydrogen sulfide

Tumor microenvironment
Reactive nitrogen species

Reactive oxygen species

Dendritic cells

Neural stem cells

Myeloid-derived suppressor cells
Green fluorescence protein
Chemical exchange saturation transfer
2-Cyanobenzothiazole
4-(Trifluoromethyl) benzoic acid
Coordination-substitution-based relaxation tuning
Fluorescence imaging
Perfluorocarbons

Infrared thermal imaging
Nanoparticles

Antisense oligonucleotides
Arsenic trioxide

Matrix metalloproteinase
Olsalazine
Coordination-substitution-based relaxation tuning
Ultrasound contrast imaging
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