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Magnetic resonance imaging (MRI) has become an indispensable tool in biomedical research and clinical
radiology today. It enables the tracking of physiological changes noninvasively and allows imaging of
specific biological processes at the molecular or cellular level. To this end, bioresponsive MRI probes can
greatly contribute to improving the specificity of MRI, as well as significantly expanding the scope of its
application. A large number of these sensor probes has been reported in the past two decades.
Importantly, their development was done hand in hand with the ongoing advances in MRI, including
emerging methodologies such as chemical exchange saturation transfer (CEST) or hyperpolarised MRI.
Consequently, several approaches on successfully using these probes in functional imaging studies have
been reported recently, giving new momentum to the field of molecular imaging, also the chemistry of
MRI probes. This Perspective summarizes the major strategies in the development of bioresponsive MRI
probes, highlights the major research directions within an individual group of probes (T;- and T>,-
weighted, CEST, fluorinated, hyperpolarised) and discusses the practical aspects that should be
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1. Introduction

Magnetic resonance imaging (MRI) has emerged as a very
important tool in biomedical research and is an essential
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considered in designing the MRI sensors, up to their intended application in vivo.

diagnostic method in clinical radiology today. It is highly
regarded due to its advantageous properties that allow non-
invasive imaging over large regions of tissues and organs,
with high spatial and temporal resolution. Typically, MRI is
performed at the 'H frequency, using the resonance of water
protons in tissues to generate the signal. However, due to its
ability to acquire the signal from various NMR-active nuclei, it
imparts outstanding versatility for studying numerous biolog-
ical phenomena. Indeed, MRI is one of the most important
molecular imaging techniques, enabling the tracking of
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physiological changes noninvasively and allowing imaging of
biological processes at the molecular or cellular level.

The use of MRI probes significantly improves specificity of
the measurements, especially when performing functional
investigations. To this end, a great expansion in the field of (bio)
responsive probes has taken place in the recent years, signifi-
cantly expanding the scope of MRI applications.* These are
substances with molecular sensor features, capable of changing
their NMR and MRI properties along with local environmental
alterations, such as reporting on changes in the concentration
of ions or molecules that reside or fluctuate in their vicinity. The
presence in biological system results in their response to the
ongoing physiological process, which leads to reversible or
irreversible change of MRI signal they generate or affect, thus
making them essential functional markers.

Several approaches of successfully using bioresponsive
probes in functional imaging studies have been reported
recently, giving a new momentum to the field of molecular
imaging, also the chemistry of MRI probes. Importantly, their
development was done hand in hand with the dynamic progress
in MRI methodologies, including improvements in the hard-
ware suitable for studies at high magnetic fields or the
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development of emerging techniques such as chemical
exchange saturation transfer (CEST) or hyperpolarised MRI.
Due to the important role that responsive MRI probes have
recently demonstrated in the development of functional MRI
and molecular imaging, this perspective intends to summarize
the major strategies in their development and highlight the
most successful directions within individual group of probes.
We also discuss the practical aspects that should be considered,
from designing the MRI sensor for a particular biological target,
until its anticipated application in real conditions, i.e. in vivo. In
this work, we do not provide an extensive list of different
responsive probes reported to date, as they were summarized in
several reviews published previously.”” Rather, we aim to
provide a summary of different approaches and types of probes
suitable for diverse functional MRI methods, which can show
a wide scope of potential applications of the responsive probes.
Hence, the classification of following sections has been pre-
sented based on the suitability of probes for specific MRI
method (Ty- or T,-weighted, CEST, *°F or hyperpolarized), while
highlighting their applications within each section.

2. T;- and T,-weighted bioresponsive
MRI probes

MRI contrast agents (CAs), substances that affect the 7;- and 7,-
weighted MR signals, are the most used MRI probes in clinical
practice and research.® They alter the longitudinal (7;) and
transverse (7T,) relaxation times of water molecules, thereby
influencing the contrast in the resulting MR image.” The ability
of MRI CAs to alter the T; and T, relaxation times is expressed
through the longitudinal (r;) and transverse (r,) relaxivity
values, respectively. These parameters are defined as a normal-
ized value of the change in relaxation rate (R; or R,, which is
inverse of T; or T, respectively) per millimolar concentration of
the CA. Further, more powerful CAs tend to have higher relax-
ivity values, whereas the responsiveness of the MRI probe, dis-
cussed in this article, can be assessed by greater differences in
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the relaxivity values before and after the application of the
stimulus or a biological target.

Typical T; agents contain paramagnetic metal ions such as
Gd(m), Fe(ur), and Mn(u), and primarily enhance MRI signal
intensity on Tj-weighted images.® Aforementioned metal ions
are used because they have multiple unpaired electrons in their
electron shells, which impact water proton relaxation and
exhibit excellent magnetization effects. However, due to the
toxicity of these metal ions in vivo, they must be administered in
the form of complexes that have high thermodynamic stability
and kinetic inertness. At a molecular level, the relaxation
properties of these complexes are derived from their ability to
coordinate with water and exchange quickly with bulk water.
Consequently, to obtain bioresponsive T; probes that vary their
longitudinal relaxivity along with changes in a specific
biomarker in their microenvironment, it is necessary to modify
at least one of the important parameters that affects r; (Fig. 1a),
in specific: (i) the number of inner-sphere water molecules
(hydration number, g) that are directly coordinated to the
paramagnetic metal ion; (ii) the residence time of the water
molecule (7,,); and (iii) the rotational correlation (tumbling)
time of the CA (tgz). However, it should be noted that the
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strategies to alter r; should consider the operating field
strength: changes in q lead to r; alterations at all magnetic
fields, as well as changes in t,,,; however, the strategies that rely
on 1z change have a strong influence on r; only at low to
intermediate magnetic fields (20-60 MHz).!

T, CAs cause significantly reduced signal intensity on T,-
weighted MR images, most of which are based on the super-
paramagnetic iron oxide nanoparticles (SPION), small super-
paramagnetic iron oxide (SPIO) particles, and ultrasmall
superparamagnetic iron oxide (USPIO) particles, while the uses
of superparamagnetic particles based on Dy(u) or Tm(m) has
also been reported.”*® These CAs affect the r, by influencing the
diffusion of water molecules near their surface (Fig. 1f). The
design strategy for T, agents follows different principles than
for T, agents. The r, changes mainly due to the local magnetic
field inhomogeneities, which are mainly determined by two
physicochemical properties: the agent's superparamagnetism
and its tumbling time. Therefore, the size of the particles has
a significant impact on the performance of CAs by influencing
their tumbling time or water accessibility. These properties can
further be adjusted by covering the particles with non-
immunogenic coatings, to avoid their aggregation, improve

Fig.1 Main parameters that influence r; and r,, and typical mechanisms that cause their changes in T; and T, bioresponsive MRI CAs. (a) Typical
T1agents are paramagnetic metalion complexes and the key parameters that influence their ry are: hydration number (g), mean residence time of
bound water (z,,,) and rotational correlation time (zg) of the complex. (b) The recognition unit (yellow cap) of the responsive CA interacts with the
target analyte (e.g. biologically relevant metal ions); the switch of recognition unit concurrently changes the g and r; values of the CA. (c) The
recognition unit on the responsive CA interacts with the target analyte, but also forms ternary complexes with large molecules, such as proteins.
This leads to a decrease in tr due to formation of the high molecular weight species, which increases r; at low-to-intermediate magnetic fields.
(d) The fixed geometry and functional groups of the responsive CA interact with ditopic guests, such as zwitterionic amino acid neurotrans-
mitters. In the absence of the analyte, water is coordinated to the paramagnetic metal ion. In the presence of the ditopic guest molecule, the
formation of the ternary complex with the responsive CA decreases g, and hence the r;. (e) The enzyme activity causes the removal of functional
and paramagnetic ion-coordinating group from the responsive CA, which results in increases of the g and r; values. (f) Typical T, CAs are
composed of superparamagnetic nanoparticles with target-specific coatings on the surface. In the presence of the target analyte, the interaction
between functional surfaces typically induces the aggregation of nanoparticles, which affects the g of the agent and diffusion of water on the
responsive CA surface, resulting in strong r, changes. The processes described here lead to (b), (c), (e), (f) increase, and (d) decrease of the MRI
signal.

20124 | Chem. Sci., 2024, 15, 20122-20154 © 2024 The Author(s). Published by the Royal Society of Chemistry
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biocompatibility and, in the case of bioresponsive CAs, provide
the ability to be influenced by specific targets, resulting in r,
changes and hence the MRI signals.

Obviously, both types of bioresponsive T; and T, agents alter
MRI signals indirectly, by influencing bulk water molecules
through their inherent chemical properties. This effect can
further be enhanced by triggering the stimulation processes
through various endogenous biomarkers or changes in the CAs’
microenvironment. Sources of the triggered signal may be
caused by changes in the ion flux, enzyme activity, neuro-
transmitters, redox states, hypoxia, or other abnormal features
that occur during various biological processes.

2.1. Triggering mechanisms valid for T; and T, MRI sensors

To develop a bioresponsive MRI probe that can alter T; and T, of
water, one needs to be able to modulate its r; and r, values along
with the desired stimulus, i.e. change in the concentration of
the analyte or another type of change caused by the observed
biochemical process (redox change, enzyme activity). The
presentation of the stimulus triggers intra- and intermolecular
changes of the bioresponsive MRI probe (Fig. 1), which causes
its r; and/or r, relaxivity changes. This reflects on the MRI signal
intensity, resulting in the change of the MR image contrast due
to the interaction of the stimulus with MRI sensor and trans-
duction of this recognition signal from the sensor moiety to the
reporting MR unit. In turn, the MRI probe reports on the fate of
the biological stimulus, through the sequence of physico-
chemical events that are concluded with the alteration of the
MRI signal.

Typical T; responsive probes are molecules that chelate
paramagnetic metals with molecular weight of usually up to
~1.5 kDa, although they can also be replaced with proteins as
chelators or can exist in form of macromolecular nanomaterials
loaded with paramagnetic monomeric units. To obtain changes
in relaxivity r;, changes in one or more key parameters (g, tr, Tm)
must be generated after the stimulus presentation, e.g. the
analyte recognition. The relaxivity ; changes are mainly ach-
ieved through the following strategies: (1) upon the analyte
stimulation, the paramagnetic centre of the responsive probe
switches between ‘open’ and ‘closed’ states, changing the
degree of exposure of the paramagnetic centre to bulk water,
which causes the (ir)reversible change in g value (Fig. 1b, d and
e); (2) the binding of the CA to the analyte changes the CA
conformation or forms ternary complexes with e.g. proteins or
macromolecules. This increases the molecular weight of the
probe and rigidifies its structure, thereby affecting its tx values,
hence the r, (Fig. 1c). (3) either of the events additionally affects
the 7, which also influences the r; value; (4) if the bio-
responsive probes are based on nanoparticles (NPs), their 3D
structures may significantly change upon the interaction with
the stimulus, which may affect one or more key parameters that
alter r; (e.g. aggregation or disaggregation is significantly
changing the access of water molecules to the paramagnetic
centres).

T, agents respond to the target analytes differently than the
T, agents, hence the applied design strategies differ

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substantially. The alteration in r, is predominantly reliant on
variations in size and aggregation state of magnetic nano-
particles (NPs). Hence, the bioresponsive 7, agents have
designated functional coatings on the surface of particles that
exhibit excellent biocompatibility. These coatings are designed
to respond to the stimulus, e.g. bind specifically to the analyte,
which typically induces aggregation or an aggregate decompo-
sition, ultimately changing the r, value (Fig. 1f).

Finally, stimulus-induced changes in r; and r, generally go
hand in hand with each other, although they can change with
different rates depending on the size of the probe or applied
triggering mechanism. Namely, small-size probes typically
experience linear change in r; and r,, in which case their T;-
weighted component is dominant in MRI experiment. For NPs,
the situation can be quite different - the change in r, can be
larger than that of r;, which can be exploited during the MRI
acquisition. Namely, the r,/r; ratio also changes with the stim-
ulus in such case, opening additional possibilities for studying
the target biological processes. This so-called ratiometric
methodology may then enable easier analysis of results since
the analyte quantification can be applied."**

Guided by the above principles, many types of bioresponsive
probes for different targets were developed, while the number of
targets (i.e. stimuli) continues to expand, as well as the use of
different mechanistic principles or types of recognition or
reporting moieties. The following content intends to elaborate
cases of various strategies applied until now, although it will not
summarize all of them due to a high diversity.

2.2. pH-based bioresponsive MRI probes

Balanced pH levels play an important role in many biological
processes, which are particularly susceptible to proton
concentration fluctuations and do not have a uniform pH
throughout the body. In living organisms, the CO;* /HCO;~
buffer primarily governs the pH range in the blood, ranging
between 7.36 and 7.42.*° In this regard, several methods have
been developed over the past few decades to detect pH fluctu-
ations. Among these imaging approaches, fluorescence imaging
allows investigations of pH changes at low micromolar
concentration levels of probes."'® However, observational MRI
provides a high-resolution image and deep penetration into the
tissue for mapping the pH. Hence, different types of metal
complexes and NPs were developed as responsive CAs for
functional MRI-based techniques that study pH fluctuations.
A typical example of the reversible pH-responsive probe is
a Gd(m) complex with a 1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid (DO3A), anchoring free terminal amine (probe 1)
and the methylamine (probe 2) (Fig. 2a). In the basic medium,
the amine groups from the DO3A coordinate with the Gd(u)
metal centre, resulting in a lower hydration state. When pH of
the medium changes to acidic, amines protonate, gaining
access of water to the paramagnetic metal centre (g increases),
which also increases r;, revealing the off-on response to pH."
Further responsive CAs of this class were decorated with
nitrophenol 3, sulfonamides 4-6 and alkylphosphonates 7-10,
or tetraamides 11-12 and linear-length chain hydrophilic units

Chem. Sci., 2024, 15, 20122-20154 | 20125
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Fig.2 Bioresponsive MRI probes sensitive to pH T;- and T»- weighted MRI experiments in vivo with these probes. (a) The structures of 1-16 that
are responsive to pH. (b and c) The mechanism responsible for pH-dependent r; changes of (b) MSN-NPs and (c) polymer-NP-based responsive
CAs at neutral (left) and acidic (right) conditions. (d) T; and T, maps of NP-SSM-PEG-bearing mice (left) and corresponding R, and R, values
(middle and right) at tumor sites at different time points. (e) T;- and T>-weighted MR images in vivo with NP-SGM-bearing VX2 tumors in rabbits.
(f) Schematic illustration of the assembly and disassembly of the i-motif linker under different pH conditions switching from T to T, effects (top)
and corresponding in vivo small hepatocellular carcinoma diagnosis using responsive and irresponsive ultra-small iron oxide nanoclusters
(bottom). Adapted with permission from (d) ref. 41 Copyright © 2022 Springer Nature, (e) ref. 42 © 2015 Elsevier, (f) ref. 45 Copyright © 2018

American Chemical Society.

along with DO3A to affect the ¢ number or water exchange,
respectively, and hence to achieve the pH-sensitive 7,
changes."®>*

Other noteworthy high-paramagnetic transition metals are
Mn(u/m) and Fe(w), which are abundant endogenous metals in
the human body and are required for various biological func-

tions. T; agents based on the complexes of these metal ions

20126 | Chem. Sci., 2024, 15, 20122-20154

have attracted much attention in recent years because of the
safety concerns related to the nephrogenic systemic fibrosis
disease.” In analogy to the previously mentioned Gd(m)-based
probes, a typical strategy used for the complexes 13-15 based on
Fe(mr) and Mn(u) was to reversibly coordinate pendant arms to
the metal centres, which will de-coordinate with the change in
pPH, resulting in the alteration of r;.>**” Using another principle,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catechol-based Fe(m) complexes 16 showed an r; increase of
130% and 76% in tumour and muscle regions, respectively, due
to the dissociation of the agent in acidic pH. Subsequently, the
probe was used to distinguish the tumour boundary in vivo in
BALB/C mice.*®

NPs were a frequent choice for the development of pH
sensitive probes, since they exhibit features for cancer diagnosis
due to their ability to accurately detect malignancies by
combining single or multiple imaging components in one or
multiple modalities.> To this end, dendrimer-based NPs,
combined with a macrocyclic and pH-sensitive probes were
among the first NPs to be studied for this purpose. A series of
studies was performed on the generation 5 poly(amidoamine)
(PAMAM) dendrimer and a phosphonate-based bioresponsive
monomer. Different combinations of the agent alone, with the
pH-unresponsive or rhodamine-containing probes were tested
to exploit the on-off responsiveness to pH.**-*

Besides dendrimers, various types of NPs were investigated
as pH sensors for MRI. Mesoporous silica nanoparticles (NP-
MSN) provide effective doping with Gd(m) chelates in the exte-
rior pore channel, leading to decreased tumbling or water
exchange rates while maintaining bulk water access (Fig. 2b).
Recently, manganese oxide (MnO) was dispersed and coated
with MSN individually showing the advantage of signal
enhancement in acidic environment. It was successfully
demonstrated in vivo in rabbits and mice respectively.’***
Encouraged by these findings, the further modified mono-
dispersed mesoporous manganese silicate-coated with silica NP
(MMSSN) exhibited a 80% increase in r; from pH 7.4 to 5.4 and
a doubling of r; upon interaction with glutathione (GSH),
followed-up with an in vivo MRI testing in a mouse MDA-MB-
231 xenograft model.>> Another way of incorporating manga-
nese silicate, MnO core and Gd(m) chelates into NPs was using
the polymers based on polyethylene glycol (PEG), poly(lactic-
coglycolic acid) (PLGA), poly(acrylic acid) (PAA) and poly(-
styrene)-block-poly(acrylic acid) (PS-b-PAA) (Fig. 2c). Typically,
these polymers tend to form micelle NPs when the pH changed
from acidic to neutral; this process resulted in the lack of water
interaction with paramagnetic ions, thereby decreasing r;. In
addition, metal organic frameworks (MOF)-based Gd(m)
chelates with surface block polymer showed a collapsed
hydrophilic state at high pH and a prolonged hydrophilic state
at low pH.>**

Taking the alternative preparation routes, multimeric and
multifunctional responsive CAs with highly beneficial proper-
ties in vitro and in vivo were developed as agents for dual use,
namely T;- and T,-weighted MRI. A set of core/shell/shell
models of superparamagnetic iron oxide-silicon dioxide-
manganese dioxide (SPIO-Si0,-MnO,) (NP-SSM) nanosystems
have been created, comprising an SPIO NP core surrounded by
SiO, and MnO, made as shells. The PEG-attached SSM NPs are
in the ‘dual quench’ condition displaying weak T; and T,
contrasts at physiological conditions, whereas the dual activa-
tion took place at acidic condition to demonstrate the use of
these NPs in differentiating between normal and diseased
tissue in three different animal models (Fig. 2d).**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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When a hybrid nanogel system functionalized with glycol
chitosan, acrylic acid, and biotin is prepared, it can self-
assemble with SPIO NPs (6 nm) and be decorated with MnOx
to provide dual T; and T, probe for MRI. After injection of the
probe in the VX2 tumour rabbit model, the results showed
a significant enhancement of tumour tissue signal on the T;-
weighted MR images (18%) and a darkening of the signals on
the T,-weighted MR images (45%) after 50 minutes (Fig. 2e).*> In
addition, SPIO-MnOx loaded graphene nanosheets and poly-
lysine polymer coated on SPIO NPs were found to be more
biocompatible and effective in vitro and in vivo in targeting the
tumor acidic microenvironment.****

Finally, several approaches in the design of dual (7; and T5)
activated pH NP-based sensors attempted to take advantage of
the ratiometric (7,/T,) response. This aimed to exploit the
differences in the amplitude of T; or T, changes within the same
probe, but also to materialize the possibility of simplifying the
calculations by eliminating one of the factors that influence the
MRI signal - concentration of the probe.™ To this end, a probe
comprising of ultra-small iron oxide nanoclusters and i-motif
DNA linkers was developed (Fig. 2f). This nanocluster dissoci-
ates from the assembly, thereby decreasing r,/r; relaxivity ratio,
resulting in prompt changes to be detected in MRI under acidic
conditions. This ratiometric approach was validated in vivo to
detect early hepatocellular carcinomas.*® In addition to the iron
oxide NPs, incorporating ZIF-8 exhibited pH and redox-
responsive T,-T; switch in MRI signal, which can be stimu-
lated by an acidic environment and GSH.*® Interestingly, core—
shell NPs were designed from a silica NP core incorporating
Gd(u) chelates and then coated with poly(MAA-co-MBAAm)
polymer by a precipitation method. The shrinking and swelling
of this NPs resulted in a pH-insensitive r,, but pH-sensitive r,
probe, respectively.*”

2.3. Metal ion-responsive probes

Development of MRI probes sensitive to metal-ions, has
attracted a lot of attention upon the great achievements in the
field of fluorescent sensors and switches.*® To this end, various
types of metal-responsive probes were reported meanwhile. In
this section, we focus our discussion on the divalent metal ions
Ca(u), Zn(u) and Cu(u), which have the highest biological rele-
vance and physiological availability that can allow detection
with MRIL.

2.3.1. Calcium-responsive probes. Having the role of
“second messenger” in cells, Ca(u) ions have essential role in
living organisms. Its fluctuations and concentration changes
are deeply involved in the signal transmission processes of
neuronal synapses, while abnormal Ca(u) signalling is associ-
ated with many neurodegenerative diseases. Due to the high
biological relevance, targeting Ca(u1) by means of MRI has been
an attractive field of research, resulting in the first report of the
Ca(u)-sensitive MRI imaging agent in 1999.* This was a gadoli-
nium-based T, agent 17 (Fig. 3a), which used the structural
motif derived from BAPTA (1,2-bis(o-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid) as chelator for Ca(u) and DO3A as
chelator for Gd(m), while four carboxylate groups of BAPTA were
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Fig. 3 Calcium-responsive CAs. (a) Selected T1-weighted bioresponsive CA structures 17—24, which are based on paramagnetic Gd(in) (17-23)
and Mn(i) (24). (b) Schematic illustrations of the Caf(i)-sensitive nanosized CAs, with a dendrimeric core, siloxane core—shell particle core, or
a liposome formulation. Before coupling to the nanocarrier surface, structural modifications must be performed on the responsive CA unit (left)

to allow the conjugation.

postulated to switch and coordinate between Gd(ur) and Ca(u) in
the absence of Ca(u) and its presence, respectively. This pio-
neering work has inspired a lot of research and served as an
exemplary design for development of a wide range of metal ion-
sensitive MRI probes to date, not only those to target Ca(u).
Consequently, a series of Ca(u) sensors for MRI were prepared
and assessed, aiming to improve the Ca-triggered r; changes,
their biocompatibility or MRI signal stability. Most of them
were based on the same Gd(m) chelator (DO3A), whereas several
Ca(n) chelators with different affinities were varied, resulting in
a number of mono- and bismacrocyclic sensors.>® The first
generation of monomacrocyclic sensors was based on deriva-
tives of o-aminophenol-N,N,O-triacetic acid (APTRA) and yielded
reasonably good Ca(u)-triggered r; response. A series of mole-
cules, 18-21, used propionyl linker to connect the Gd-DO3A
complex with the APTRA-based chelator to reach a relaxivity
change of up to 157% (probe 19).

In a parallel research effort, the bismacrocyclic probes 22-23,
which use a chelator based on the EGTA (ethylene glycol-bis(2-
aminoethylether)-N,N,N',N'-tetraacetic acid) were explored in
depth.>* Those probes can elicit a ‘doubled signal’, ie.
a relaxivity response from two Gd(m) concurrently, after
chelating one equivalent of Ca(u). The affinity of 22-23 for Ca(u)
is reduced by converting one of the carboxylates on each
terminal side of the EGTA into amide groups and using them to
conjugate to DO3A with appropriate linkers. The probes
exhibited 69% and 83% relaxivity enhancement per equivalent
of Gd(m) in the presence of Ca(u) for the ethyl and propyl linker,
respectively,”* while this effective molecular structure was
further functionalized using a solid-phase synthesis method-
ology, resulting in more biologically potent and target-specific
probe.** However, the bismacrocycle 23 was shown to have

20128 | Chem. Sci, 2024, 15, 20122-20154

a significant potential for in vivo applications, after being used
as a sensor probe to monitor the fluctuation of extracellular
Ca(u) during cerebral ischemia caused by the transient middle
cerebral artery occlusion (tMCAo). In this study, 23 was
continuously infused into the somatosensory cortex of the rat,
while the MCAo-induced ischemia and the subsequent tissue
reperfusion was controlled remotely. The MRI signal experi-
enced immediate changes that followed changes in extracel-
lular Ca(u) concentrations, while such change was not observed
in the calcium-insensitive control probe experiments (Fig. 4a).>

A demand to improve practical features of Ca(u)-responsive
MRI probes and make their studies in vivo feasible inspired
further studies and development of a range of DO3A-based
complexes coupled to peptides or nanosized carriers.>**” This
optimization can effectively slow down the diffusion rate of the
probes and increase their retention (Fig. 3b). To this end, the
effective structures of the bismacrocycle probes 22-23 have
been modified by converting them to the EGTA-containing
monomacrocyclic units with the aryl isothiocyanate group
that can be coupled to dendrimer- or siloxane-based NPs. The
effectiveness of this strategy was subsequently tested in vivo in
the rat cerebral cortex, and the results showed that probes
bound to dendritic molecules had much slower diffusion in vivo
than small molecule probes.*® Moreover, the combination of the
probe and siloxane NPs effectively detected changes in MRI
signal intensity in the renal pelvis and renal parenchyma to
follow the Ca(i) changes, which was the first proof-of-concept
validation of Ca(u)-sensitive MRI probes in vivo.*® Using
a similar modification method, one of the GADO3A units from
the bismacrocycle was replaced with lipophilic long carbon
chain to allow its incorporation into a liposome formulation
with good pharmacokinetics and biocompatibility. An

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calcium-responsive probes (second part). Functional MRI experiments in vivo with Cal(i)-sensitive CAs. (a) MRl images of probe 23 in the
rat somatosensory cortex (upper left) and the regions of interest (ROIs) with signals enhanced by a paramagnetic probe <3 mm away were
recorded and analyzed (upper right), while transient cerebral ischemia was induced via occlusion of the middle cerebral artery. The collected
signals showed significant signal fluctuations using probe 23 (lower left) compared to the control probe that is Ca(i)-insensitive (lower middle)
during the pre-ischemia, ischemia, post-ischemia periods. Average values of the detrended signals indicate that only 23 can detect changes in
the Ca(i) concentration (lower right). (b) The use of probe 24 to detect neural activation in rat brain. Infusion of 24 or the control agent (left and
right, respectively) into the rat striatum resulted in the signal enhancement (upper left), with an average MRI signal increase by 20 + 2% (upper
right); under K() stimulation, only the brain area perfused with probe 24 showed an increase in MRI signal (lower left). The time course of mean
MR signals exhibited significantly greater changes during K()) stimulation with probe 24 then both control experiments using Na() stimulation with
probe 24 or K(1) stimulation with the control probe (lower right). (c) Mechanism of Cal(i)-triggered T;-weighted MRI change of the NP-cal-
protectin; in the presence of Ca(il), NP-calprotectin prevents the contact between free paramagnetic Mn(i) and water, reducing MRI signals. (d)
Mechanism of Ca(i)-triggered T,-weighted MRI change of the probe NP-MaCaReNa. In the presence of Ca(i), the C2AB moieties (red) induce the
aggregation of nanoparticles prepared by coating oleate-stabilized magnetic iron oxide cores with a mixture of PC and PS (grain), changing MRI
signals. (e) MRI experiments with NP-MaCaReNa in living rat brain. MRl signal increases in the presence of NP-MaCaReNa but not controls (right
and left, respectively)(upper left). The time courses of MR signals near areas of contrast-agent delivery show that K(1) infusion (grey shading) in the
presence of NP-MaCaReNa induces clear responses (red trace), whereas controls barely affect the MRI signal (upper right). The average time
courses of three consecutive K(1) stimuli (grey shading) show the reproducibility of NP-MaCaReNa responses (bottom). Adapted with permission
from: (a) ref. 53 Copyright © 2019 National Academy of Sciences, (b) ref. 59 Copyright © 2019, The Author(s), (e) ref. 63 Copyright © 2018, The
Author(s).
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appreciable increase of ~420% in ry, from 7.3 mM 's ' to 38.1
mM 's 'at 25 °C and 21.5 MHz in the absence and presence of
Ca(u), respectively, was obtained with this method.*® The
relaxation change observed is a result of both the inherent g
changes of small molecule probes and the 7 changes caused by
restricted local rotational motion after liposome binding.
Using entirely different paramagnetic centre, Mn(u)-based T;
contrast agent 24 has also been developed. In this case the
bioresponsive probe exhibited excellent cell permeability, hence
it was designed to detect intracellular Ca(u) fluctuations. This
MRI sensor consists of an Mn(u)-based complex and a BAPTA-
based calcium chelator, which is modified by acetylmethoxy
(AM) ester groups to enable crossing the cell membrane. Upon

© 2024 The Author(s). Published by the Royal Society of Chemistry

cell internalization, esters are hydrolysed in vivo, activating the
BAPTA and its coordination with Ca(u) to cause the MRI signal
changes.”® When 24 is infused into the rat striatum and the
region rich with the MRI sensor is stimulated, a substantial T;-
weighted MRI signal enhancement can be recorded, which
persists for over 90 minutes. The average T;-weighted signal
enhances ~20% due to probe infusion and corresponds to 19
UM calcium-free concentration in tissue (Fig. 4b).

The same type of paramagnetic metal was used to develop
a calprotectin protein-based T3, T,-dual modal agent NP-cal-
protectin. When Ca(u) is present, their binding to calprotectin
shields Mn(u), thereby blocking their impact on water and
weakening MRI signals (Fig. 4c). The in vitro tests in
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hippocampal cell lysate reveal an increase of 18.7 £ 2.5% in T}
and 77.5 £ 1.5% in T, with a fixed amount of calprotectin and
Mn(u) at 40 uM and 30 pM, respectively.®® Although this relax-
ation time change is comparable to other types of CAs, the use
of this bioresponsive probe to follow Ca(u) signalling in the
body remains to be demonstrated. The same is valid for the
generation 4 (G4) dendrimer-based nanosized probe of the
previously discussed class (Fig. 3b), which can change both T;
and 7T, along with changes in Ca(u) concentration. Besides the
standard g change that induces T; effect, even greater T, effect
is caused by swelling and shrinking of the dendrimeric probe in
the absence and presence of Ca(u), respectively. A Ca-dependent
difference in T,/T; ratio was used to demonstrate a possibility of
following Ca(1u) concentration changes by employing a balanced
steady-state free precession imaging protocol.** Besides being
independent of the probe's concentration (see above the
discussion on ratiometric pH-sensitive probes), this protocol
can also rapidly report on concentration changes, as it can
record MRI signal much faster compared to the standard T;-
and T,-weighted imaging protocols.

Finally, the Ca(u)-sensitive MRI probes suitable exclusively
for T,-weighted MRI used magnetic NPs as materials origi-
nating from calcium-binding protein calmodulin, which was
used as coating for SPIO NPs to associate and dissociate
reversibly as function of Ca(u) concentration.®* More recently,
its improved version based on the synaptotagmin protein was
developed and reported. This highly cooperative sensing
mechanism utilized a natural Ca(u)-sensitive protein that is
a component of the synaptic neurotransmitter-release
machinery, and phosphatidylserine-containing lipid vesicles,
which drive clustering of the probe when exposed Ca()
concentrations above 0.2 mM. Hence, the NP-MaCaReNa sensor
was prepared by mixing lipid-coated iron oxide nanoparticles
(LCIOs) with the fused Ca(u) sensitive domains of synapto-
tagmin (Fig. 4d). The transverse r, relaxivity of NP-MaCaReNa
increased from 151 + 15 mM ' s " to 261 + 21 mM 's ' when
Ca(u) concentration changed from 0 mM to 1.2 mM in vitro.
Subsequently, selected rat brain areas infused with NP-MacC-
aReNa showed an MRI signal change following dynamic Ca(n)
fluctuations induced by K(1) or electrical stimuli, to allow bright
perspectives for monitoring extracellular Ca(u) signaling of
diverse biological phenomena (Fig. 4e).*

2.3.2. Zinc-responsive probes. Zn(n) is a necessary divalent
cation in the living systems, which participates in or regulates
many essential physiological processes. The role of Zn(u) is
closely related to over 300 different cellular processes, including
DNA synthesis, signal transduction, and enzyme activity, while
the disruption of Zn(i) homeostasis is associated with various
diseases, such as cancer and diabetes. Having great biological
importance, Zn(u) is a high valued target for the MRI sensors,
albeit its detection is limited mainly on free Zn(u) due to the low
sensitivity of MRI. Consequently, two approaches have been
established for Zn(u)-sensitive probes. They both mainly affect
r, and are based on the previously described mechanisms: the g-
and tg-modulation. The former includes the recognition of
Zn(u) by the side arm that chelates between Zn(u) and Gd () to
change the number of g. The latter mechanism relies on the

20130 | Chem. Sci., 2024, 15, 20122-20154
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Zn(u)-assisted ternary complex formation with the protein HSA
(human serum albumin), which results in a slower molecular
rotation and hence higher r; (Fig. 1b and c).

The first reported Zn(m)-sensitive CA, 25 (Fig. 5a), was based
on the GADTPA (Gd-diethylenetriaminepentaacetic acid) and
served as the MRI reporter, tethering two bis-pyridyl-ethylamine
(BPEN) units as the chelators for Zn(u).** To acquire a more
appropriate probe, a series of GADO3A based probes 26-29
(Fig. 5a) were explored to establish an effective mechanism of
Zn(u) binding and reporting of this event through the MR-active
unit.®**® The results indicated that effective r, response can be
achieved if two requirements are met. Firstly, the structure of
the MRI sensor should contain at least one aminoacetate group
that will coordinate with Gd(m) in absence of Zn(u), to lead to
a low starting r;. However, another functional group should
effectively bind with Zn(u) together with the aminoacetate, to
obtain signal changes. The most prominent example of using
this g-modulated mechanism is probe 30. It consists of di-(2-
picolyl)lamine (DPA) as the Zn(u) recognition moiety and
GdDO3A as the MRI reporter, which are spaced with a modified
tyrosine (Tyr) unit. This structure involves the addition of
a carboxyl group to the phenolic moiety of Tyr, providing
a critical collaborating assistance to DPA for Zn(u) recognition.
In detail, when Zn(u) is absent, the phenoxyacetic acid group
coordinates with Gd(m), preventing water from approaching
Gd(m), thus producing a low initial 7, value. In the presence of
Zn(u), the phenoxyacetic acid group undergoes a coordination
to Zn(n) together with the DPA group, releasing the coordination
space of Gd(m) for water, and resulting in a significant increase
in r;. The corresponding variations in r; reach ~400% or
~300%, at 25 °C or 37 °C and 7 T, respectively.®” Interestingly,
an analogous probe 31 that has carboxyl group replaced for the
methyl ester on the tyrosine exhibits weaker r; relaxation
changes, which may be due to the higher tendency for aggre-
gation in the presence of Zn(u).*® Nevertheless, this platform
based on the DPA with the Tyr linker provides great potential for
future studies of biological role of Zn(u) in vivo.

Another set of very important studies on Zn(u) sensing was
made using macrocyclic Gd(m)-based systems where the r, is
changed after the probe interacts with HSA.*® In this case, the
probe 32 is based on a GdDO2A motif (DO2A - 1,4,7,10-
tetraazacyclododecane-1,7-diacetic acid) and uses two BPEN
units to bind Zn(u) and further interact with HSA. Although the
structure of the MRI probe is somewhat similar to that of 25, it
exhibits moderate relaxation enhancement after binding to
Zn(u). However, when the probe forms a complex with Zn(u), its
affinity for binding to HSA increases, which subsequently
supports formation of a ternary complex with large molecular
weight, and the r; significantly increases (165%). In vitro studies
at 9.4 T have shown that the probe can detect Zn(u) concen-
trations as low as 30 uM, while it maintains selectivity for Zn(u)
versus its physiological competitors Ca(u) and Mg(u). Further in
vivo studies have been successfully applied to glucose stimu-
lated co-release of insulin and Zn(u) in the pancreas.” When the
mice is injected with glucose, significant signal enhancement
can be observed in the region corresponding to the pancreas,
which is caused by the Zn(u) release and its detection by 32

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Zn(i)-sensitive CAs and functional MRl imaging experiments in vivo with these probes. (a) The structures of Zn(i)-sensitive CAs 25-36. (b)
MR images of the probe 32 before (left) and 10 min after administration of glucose (right) in the pancreatic tissue of mouse, which causes the
release of Zn(i). (c) MRl in vivo of the prostate during various states of tumor development before and after the administration of probe 33 (left).
The average signal enhancement results indicate the lower MR signal intensities in the tumor cells, which is related to progressively lower Zn(i)
secretion (right). (d) MRI in vivo of Zn(i)-sensitive CAs with different affinities. Saline was co-injected with the probes in the controls (upper
panels), whereas Zn(il) was released after co-injection of glucose with the probes (lower panels). The difference between the two probes shows
that the high affinity probe 35 produces a larger background signal, while the low affinity probe 36 produced higher contrast images after glucose
injection. Adapted with permission from: (b) ref. 70 Copyright © 2011 National Academy of Sciences, and (c) ref. 72 Copyright © 2016 National
Academy of Sciences and (d) ref. 73 Copyright © 2018 American Chemical Society.

(Fig. 5b). Hence the probe successfully visualised the process of to the Gd-DO3A using different linkers to adjust the binding
insulin release from B-cells by detecting the change in Zn(u) affinity to Zn(u). In turn, then the sensor probe extends the
concentration, which is of great importance for studying the linker from methyl to an ethyl, the affinity for Zn(u) decreases
pathological changes in diabetes. Based on this study, the due to the increase of distance between the Zn(u) chelating and
structure of the probe was optimized, to improve the water MR reporting moieties. When used in vivo, the low affinity probe
exchange rate. The r, value of two new sensors 33 and 34 after 36 displays better imaging effects due to low background signal
binding to Zn(u) and HSA increased by ~3 times (0.47 T) if and can be used to image “hot spot” areas of insulin secretion in
compared to the original sensor,” allowing in vivo experiments the stimulated pancreas (Fig. 5d).”

using 33 to confirm the abnormal Zn(u) secretion levels in mice Besides these most prominent examples mentioned above,
with prostate malignancy (Fig. 5¢).” Finally, the performance of a few more approaches were attempted to develop Zn(u)-sensi-
two more stable and easily synthesized DO3A monoamide tive probes. In the interest of presenting this topic on concisely,
derivatives 35 and 36 for in vivo detection has also been studied. further examples are not going to be discussed in details but
These probes are the structural analogues of 32, although pos- can be studied from specialized literature.”

sessing a single-sided Zn(u) BPEN recognition unit conjugated

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 20122-20154 | 20131
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2.3.3. Copper-responsive probes. Cu(u) is an essential trace
element in biological systems, which can maintain the activity
of many enzymes and the function of transcription factors.
Pathologically, copper metabolism impairment caused by
environmental or genetic factors involves various human
diseases, such as rare Wilson's disease and common cancer.”
Numerous Zn(u)-Cu(u) dual recognition probes have been
developed, since Zn(u) and Cu(u) have similar coordination
chemistry properties.” The concentration of Cu(u) in vivo is
much lower than that of Zn(u), making the interference of Cu(u)
on Zn(u) detection negligible, but not vice versa. In addition to
this, copper exhibits two different oxidation states Cu(1)/(u) in
vivo, which presents an additional challenge for the detection of
copper ions; overall, there are fewer available examples of the
Cu(u)-sensitive MRI probes reported to date.”

The first-generation Cu(u) sensitive probe 37 (Fig. 6a) used
iminodiacetic acid as the receptor. This hard anionic carboxylic
acid donor is in a closed state of coordination with Gd(u) in the
absence of Cu(u). After binding with Cu(n), it allows bulk water
to enter the space of the Gd(m) inner sphere, generating 41%
enhancement in r,.”” The second-generation Cu(u) sensitive
probes 38-42 (Fig. 6a) introduced a thioether neutral receptor,
greatly improving the probe's specificity for distinguishing
Cu(1)/(). Compared to the first generation probe, which has
a moderate relaxation change and cannot report on Cu(u)-
changes at 10 times excess of Zn(u), the 38-42 probes can
effectively detect Cu(i), with 38 and 39 reaching a relaxation
change of up to 360% at Zn(u) excess.” 42 is equally sensitive to
Cu(n) and Cu(1), demonstrating the ability to detect biological
copper pools with a maximum triggering of 73% relaxation
enhancement.

The first probe that was successfully used for the detection of
Cu(n) in mice was 43. Similar to the detection of Zn(u), the
combination of the probe with copper ions and the formation of
a ternary complex with HSA results in a further increase in r,.7°
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The recognition function of 43 is achieved through the use of
a bis(benzoic acid)methylamine recognition motif. In the
presence of Cu(u), the r; value increases 43%, which is specu-
lated to be due to weakened hydrogen bonding between the
inner-sphere water molecules exchanged with Gd(u) and the
linker of the recognition group, affecting the exchange rate of
water molecules. Nevertheless, the addition of Cu(u) in the
presence of HSA increases the r; to 270%, due to the Cu(u)
binding to the N-terminal site of HSA, and formation of a stable
ternary complex that leads to slower molecular rotation. Inter-
estingly, Zn(u) can also interact in a similar manner, albeit the r;
change is twice lower than the probe's response to Cu(u). At the
same time, two analogous of 43, probes 44-45, did not show
significant recognition of Cu(u), indicating that positions of
carboxylic acid groups in the final structure and their charges
(carboxylates vs. esters) are crucial in the design of sensors. In
turn, the potential of 43 for imaging extracellular Cu(u) levels in
vivo has been studied. After the intravenous injection, a 25% T,
weighted image enhancement was observed in the liver area of
healthy mice, which was reduced by more than 50% in the
control group treated with Cu(u) at 4.7 T (Fig. 6b and c).

2.4. Redox and hypoxia-sensitive MRI probes

Changes in the concentration of biologically relevant ions and
molecules such as hydrogen peroxide, GSH, cysteine (Cys) and
oxygen in cells can cause an imbalance in redox state of the
organism and hypoxia, an oxygen insufficiency, and hence
many diseases. Maintenance of extracellular and intracellular
redox processes, which are closely regulated in all organisms,
plays a vital role in governing cellular redox balance, while an
elevated production of reactive oxygen species (ROS) is linked to
many significant cellular processes leading to proliferation,
differentiation, apoptosis, and aging.*>*' Oxygen is also impor-
tant to humans: low or high oxygen concentrations promote
hypoxia or hyperoxia, respectively, where the former increases

38 39 40 41 42

*p=5.7X10"°

Probe 43  Gadavist Multihance

Fig. 6 Cu(1)/(n)-sensitive CAs and functional MRI experiments in vivo with these probes. (a) The structures of probes 37-45 that are sensitive to
Cu()/(). (b) MRI in vivo of the wild type mouse pre- and postinjection of probe 43 without (top) or with (bottom) pretreatment with ATN-224 (the
copper ion chelator). The decreased intensity reflects a reduction in freely available Cu(n) in liver. (c) The average MR signal intensity of mouse
liver increases after injection of probe 43 in control mice (black bars) versus mice pretreated with ATN-224 (white bars). Mice imaged with
Gadavist (an extracellular agent) and Multihance (a hepatobiliary agent) was used as control. Adapted with permission from ref. 79 Copyright ©

2019 American Chemical Society.
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the production of ROS and accumulation of reduced forms of
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH,).?** To address these issues, developing
a redox- or hypoxia-sensitive MRI probe appears as an adequate
strategy for detecting an early-stage illness.

There have been different approaches attempted to date. A
typical example of a reversible redox-activated probe based on
Gd(m) is GADO3A bound to an acyclic merocyanine form 46
(Fig. 7a), which converts into the spirocyclic form upon the
interaction with NADH. This causes a decoordination of the
phenoxide group from the Gd(m) centre, allowing water mole-
cules to coordinate to Gd (), which results in an increase in r;.**
Likewise, the nicotinamide-based GADO3A complex 47 exhibits
higher g and hence r, in its reduced form. When oxidized, the
positively charged nicotinimidium attracts bicarbonates from
solution, which coordinate to Gd (i) thereby reducing g and r,.*

Besides Gd(m) complexes, Fe(u/u) and Mn(ii/u1) redox-active
ion pair systems have also been used as paramagnetic sources
for redox responsive agents. The Fe(u) complex 48 interacts with
H,0, to undergo oxidation to Fe(m), providing a tenfold
increase in ry, while the interaction with Cys reverts the struc-
ture to the original complex with the initial r; value. This probe
was successfully applied in vivo to specifically enhance the
contrast in inflamed pancreatic tissue in the caerulein/LPS
mouse model.*® In a similar fashion, a range of Mn(u/m)
complexes interact with GSH, Cys, and H,O, through the
reversible binding mechanism, resulting in alterations redox
states, and changes in r;,.5"%°

The research of NP-based redox sensors was focused on
generating different probes able to produce changes in ry, 1, or
both parameters concurrently. For instance, folic acid modified
PEG was attached to extremely small iron oxide nanoparticles
(ESIONPs) using a disulfide linkage. When the disulfide bond
cleavage was induced by high levels of GSH, the hydrophilic
PEG chains detached from the surface of ESIONPs causing the
ESIONP aggregation and an increase in T,.°* Similarly, when the
iron oxide NPs and angiopep-2 peptides (NP-S-Pep) were linked
by disulfide bonds (NP-S-S-Pep), the GSH-induced aggregate
formation and MRI changes were used to quantitatively map
tumour-specific biomarkers in a mouse orthotopic brain
tumour model (Fig. 7b).*> On the other hand, different kind of
iron oxide NPs interact with cystamine to form nanoclusters,
which provide good colloidal stability, compatibility and
improved cellular uptake efficiency. Under redox conditions,
this nanocluster dissociated into single NPs, to allow a ratio-
metric response and T,/T;-weighted dual-mode MRI of
a subcutaneous tumour model in vivo.”® Finally, nanoplatforms
of redox-responsive activatable nanostarshell (NP-RANS) were
formed by combining superparamagnetic Fe;O, cores and
paramagnetic MnzO, shells (Fig. 7c). The inner Fe;0, cores were
exposed to aqueous environment, resulting in the breakdown of
the Mn;0, shells, releasing free Mn(u) ions through the GSH/
Mn;0, redox reaction. With an average hydrodynamic size of
merely 21.9 nm, the fabricated RANS exhibited largest 6.8-fold
and 2.8-fold increase in the r; and r, relaxivities, respectively.
Subsequently, this sensor was used to perform T;- and 7,-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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weighted MR imaging via effective passive tumour targeting in
MKN-45 tumour-bearing mice.**

When discussing hypoxia-responsive probes, it should be
noted that a fewer number of examples exists relative to the
redox MRI sensors. A prototype monomacrocyclic platform is
based on the ethylenearylsulfonamide side arm appended to
GdDO3A complex. A typical example from this class is 2-
methoxy-4-nitrobenzenesulfonamide derivative 49 (Fig. 7a);
here, the hypoxic conditions promote decoordination of the
sulfonamide moiety to the metal centre under, as the nitro
group reduces to an aniline, which results in increased g and
r1.%° Another approach was reported using 50, a Gd(m) complex
with the ligand DOTP (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetra(methylenephosphonic acid)), which exhibited a signifi-
cant binding affinity to oxyhemoglobin (oxy-Hb) and deoxy-
hemoglobin (deoxy-Hb). Due to increased rotation correlation
time, the r, relaxivity of GADOTP bound to oxy-Hb and deoxy-Hb
is almost five- and eight-fold higher than free GdADOTP. More-
over, since the difference in r; values between Gd-DOTP-oxy-Hb
and GdDOTP-deoxy-Hb is significant, the hypoxia could be
evaluated in pre- and post-tumour regions of the BALB/c mice
bearing murine mammary cancer.®®

On the other hand, hypoxia-sensitive NP-based probes were
developed using the ultrasmall iron oxides coated without and
with the nitroimidazole derivatives (NP-UIO and NP-UIO-Pimo,
respectively). Under the hypoxia conditions, the coating induces
the NP self-assembly and formation of NP aggregates. This
amplifies the T,-weighted MRI signal, revealing surprisingly
deep penetration and accumulation efficiency in a mouse
model bearing a breast cancer xenograft in subsequent MRI
experiments in vivo (Fig. 7d).”” Similarly, a dual-modality
approach was developed using an aptamer-based probe NP-D-
Fe;0,@PMn that contains a hypoxia-inducible factor - 1a. This
probe has the ability to generate T;-positive and T,-negative
dual-mode MRI based on paramagnetic Mn(u) and super-
paramagnetic iron oxide, respectively. Possessing dual-mode
properties, its administration in Panc-1 subcutaneous tumour-
bearing nude mice in vivo yielded changes in 7;- and T,-
weighted MRI, with the former signal being substantially
brighter and the latter giving darker MR images, respectively
(Fig. 7e).®

2.5. Neurotransmitter-responsive probes

Neurotransmitters are crucial for the transmission of neural
signals. They are key chemicals that aid making connections
between neurons to enable their communication. Therefore,
studying neurotransmitters can help to understand brain
activity and neural transmission mechanisms in healthy and
diseased states. Although different types of chemicals act as
neurotransmitters (monoamines, amino acids, peptides, or
molecules such as adenosine triphosphate and nitric oxide), the
efforts to develop MRI probes for monitoring neurotransmitters
were mainly focused on monoamines and amino acids.

The research in this field began with on neurotransmitter-
sensitive MRI probes for dopamine (DA) and serotonin (5-HT).
This unique approach is based on the engineered protein
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Fig.7 Redox- and hypoxia-sensitive CAs and MRI experiments in vivo with these probes. (a) The structures of redox- and hypoxia-sensitive MRI
probes 46-50. (b) Schematic illustrations of cleavage of S-S bond, followed by the GSH-induced agglomeration of the NP-S-S-Pep probes (top).
GSH levels were determined in the brains of mice bearing orthotopic U87MG glioma xenografts using NP-S-S-Pep and NP-S-Pep, administered
at various time intervals before and after injection. It takes 3 h for the probes and hence the T;-weighted MR signal to be evenly dispersed
throughout the brain region. In addition, the T; signal was unevenly distributed at 9 h after injection (middle). Similarly, the T, signal showed the
same maximum intensity at 3 to 5 h post-injection and doubled signals were observed after 7 h, indicating the switch from T; to T, effect
(bottom). (c) Schematic illustration of magnetic relaxation switch (MGRS) functions of core—shell NP-RANS with reduced intracellular targeting
(top). T1- and T>-weighted MR images of MKN-45 tumor-bearing animals acquired before and after NP-RANS intravenous injection (immediate,
1h, and 2 h) (bottom). (d) The NP-UIO self-assembly principle increases MRI and fluorescence signals generated by hypoxia (top). MRl images of
4T1 tumor-bearing mice showed a decrease in the brightness of NP-UIO-Pimo at 4 h after the intravenous NP injection as the oxygen
concentration decreased, indicating hypoxia-induced self-assembly; in contrast, UIO-B did not show any similar changes with decreasing
oxygen concentration (bottom). (e) Pre- and post-injection of NP-D-FezO,@PMn in Panc-1 tumor-bearing nude mice of T;- (upper left and
middle) and T»-weighted (bottom left and middle) MRl images at 3T and corresponding signal intensity analysis (right top and bottom). Adapted
with permission from: (b) ref. 92 Copyright © 2021 John Wiley and Sons, (c) ref. 94 Copyright © 2016 Elsevier, (d) ref. 97 Copyright © 2021
American Chemical Society, (e) ref. 98 Copyright © 2016, Springer Nature.

technology that uses a naturally occurring paramagnetic met-
alloprotein from the heme domain of a P450 hydroxylase of
Bacillus subtilis (BM3h). The protein probe exhibits a binding
pocket with embedded paramagnetic iron, which can coordi-
nate a water molecule. Consequently, the desired T; signal

20134 | Chem. Sci,, 2024, 15, 20122-20154

changes take place when water-filled binding pocket is replaced
with DA, which results in a decrease in ¢ and hence the MR
signal intensity. This specific recognition was obtained through
a protein directed evolution method. Namely, through multiple
rounds of mutations, the affinity of the binding pocket of P450-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BM3 was modulated, thereby decreasing the affinity for the
natural substrate arachidonic acid while increasing it for DA.
The mutant protein BM3h-8C8 obtained was injected into the
rat brain together with wild-type BM3h to stimulate brain cells
by depolarisation at increased K(1) concentrations. The result of
monitoring the DA release by T;-weighted MR imaging showed
that there was a significant MR signal difference, only in the
area injected with BM3h-8C8 (Fig. 8a).” In a subsequent work,
directed evolution was carried out on BM3h to obtain a series of
proteins with different binding specificity and affinity.'*
Among these protein-based MRI sensors, BM3h-9D7 was

View Article Online

Chemical Science

stimulation was applied. Combining T;-weighted and hemo-
dynamic functional MRI techniques, dynamics of DA was
studied in a quantitative manner to successfully map DA release
in the rat brain for the first time (Fig. 8b).*** Additionally, when
the sensor probe was placed in the ventral striatum, the DA
release in the striatum was associated with activity in more
distal areas, such as the motor cortex, rather than with local
changes in neuronal activity. These results demonstrated
a hitherto unknown relationship between the release and
clearance of neurotransmitters and large-scale activity in the
brain.'®

infused into the striatum of rats and the electrical brain
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Fig. 8 Neurotransmitter-sensitive MRI probes functional MRI experiments with these probes. (a) Dopamine-sensitive, genetically engineered
protein-based probe BM3h-8C8 (purple dashed circle, left) reports significant changes compared to the wild-type protein (control probe WT
BM3h, black dashed circle, right) in statistical parametric map that correlates MR intensity with low- and high-K() conditions (upper left). Maps of
percent signal difference (SD) between high- and low-K() conditions observed in 2.7 mm-diameter ROIs centered around BM3h-8C8 sensor
(left) and WT BM3h (right) injection sites, after spatial co-registration and averaging across multiple animals (upper right). (b) Protein-based probe
BM3h-9D7 for quantitative functional imaging of DA concentration. The raw maps of average brain signal changes are significant in animals
injected with BM3h-9D7 (upper left). In the unsaturated state of the probe, linearity function can be fitted between % SC and [DAI, which is used
as the basis for quantitative calculations. In areas that received substantial contrast agent infusion, a ratio of 8 mM DA per %SC can be used to
estimate DA concentrations (lower left). Quantitative mapping of the average peak DA concentration on the infusion probe area. Plots show
means (black lines) and SEMs (shading) of DA concentrations along dashed lines in respective images (right). (c) T>-weighted MRI (left) and R»
maps (right) of NP-DaReNa showing its effective diffusion in the brain. (d) The structures of ZNTs-sensitive small molecular CAs 51-59. The
azacrown ethers AE54-58 are coupled to the remaining parts of the probes 54-58 via the amine group indicated with the red dashed circle. (e)
MRIimaging on acute brain slices with probe 53. The orientation of the investigated slices and brain structures with the ROIs (top left) and MRI of
the slices in the presence of probe 53 before (lower left) and after (lower right) addition of KCL. Time courses of the normalized signal intensities in
different ROlIs when stimulated (membrane potential depolarization) with KCl only (middle) or KCl + tetrodotoxin (right), showing that only KCl
alone caused the ZNT release and detection by the responsive CA. Adapted with permission from: (a) ref. 99 Copyright © 2010, Springer Nature
America, Inc. (b) ref. 101 Copyright © 2014, The American Association for the Advancement of Science. (c) ref. 103 Copyright © 2019, American
Chemical Society, (e) ref. 104 Copyright © 2015 American Chemical Society.
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The engineered neurotransmitter binding proteins were also
used to develop the sensor probes suitable for T,-weighted
imaging. Here, the above-mentioned engineered proteins were
combined with SPIO nanoparticles to give DA- or 5-HT-sensitive
T,-weighted probes (NP-DaReNa). The response mechanism
relies on the tendency of nanoparticle conjugates to cluster in
absence of the neurotransmitter, which significantly increases
the r, relaxivity and T,-weighted MR signal. After addition of
neurotransmitter, cluster formation is reversibly disrupted;
hence the r, relaxivity reduces. Following this principle, the DA-
or 5-HT-sensitive probes exhibited up to 20% decrease in r,,
providing a method  studying  monoamine
neurotransmitters.

Another approach in sensing neurotransmitters was con-
ducted using Gd(m)-based CAs to detect zwitterionic neuro-
transmitters (ZNTs). This was achieved by utilising the
commonality of ZNTs that their molecular framework has one
negatively and one positively charged carboxylic acid and amino
group, respectively. Consequently, the design principles of 51-
59 (Fig. 8d) aimed to conjugate modified azacrown ethers as
a recognition function with GdDO3A as a reporter unit.'**""
The recognition was hypothesized to be achieved by formation
of hydrogen bonds between the probe and ZNTs, with the
carboxylate group ligating to GADO3A unit, while the amino
group interacts with the crown ether. This dual binding of the
ZNTs to the MRI sensor eliminates water molecules, resulting in
a decrease in g and MRI signal. However, compared to the
protein-based probe mentioned above, this method based on
the azacrown ethers is not selective to a single ZNT molecule,
but is rather suitable for exploring the overall concentration
changes of several ZNTs. Overall, responsive CAs developed by
this approach exhibited a response to glutamate (Glu), glycine
(Gly), or y-aminobutyric acid (GABA), with binding affinities in
the mM range.'*****'*” While most NTs are typically present in
pM to pM concentration in the extracellular space, the excit-
atory ZNT Glu can also reach low mM concentration levels.**1°
To this end, the current MRI sensors should undergo further
structural optimizations to increase the affinity for ZNTs (with
the exception of Glu), since the binding constants of responsive
CAs should ideally match the in vivo concentrations of their
targets.

The potential application of these probes to monitor the
release of ZNTs was demonstrated in the MRI experiments on
acute mouse brain slices (Fig. 8e). When stimulated by potas-
sium chloride, they were able to dynamically monitor the
release of ZNTs in the hippocampus.'® Lately, some structural
improvements were reported, aiming to selectively detect ZNTs
changes over a highly competitive metabolite in the body,
bicarbonate, through the ratiometric change in r; and r,,"** or to
create the first ZNTs-sensitive nanoscale probe using the G4
PAMAM dendrimer, which should have a longer retention time
in vivo.'"?

new
103

2.6. Enzyme responsive probes for MRI

Enzymes have a catalytic role in many physiological events in
organisms and are a very important class of molecular

20136 | Chem. Sci, 2024, 15, 20122-20154
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biomarkers. To this end, development of MRI CAs that can
report on the enzyme activity has been at the forefront of
research in this field. Unlike ion or neurotransmitter sensitive
probes, detection of the enzyme activity does not depend on the
concentration of the target (enzyme), but rather on the enzyme's
catalytic efficiency, ie. the rate and amount at which the
conversion of the activatable probe has been achieved. There-
fore, it is important to ensure effective and specific contact
between the enzyme and its substrate, as well as to design
a robust mechanism that will convert chemical change in the
responsive probe into the relaxivity and MR signal change.

The research on enzyme-responsive MRI probes started with
seminal example of the B-galactosidase (B-gal) activated agents,
which consequently served as a platform to promote the bio-
responsive agent technology to modern functional molecular
imaging (Fig. 9a)."**'* The constructs included the para-
magnetic centre suitable for T;-weighted MRI, a linker and the
corresponding enzyme substrate. When the enzyme hydrolyses
the substrate and the linker is severed, the paramagnetic centre
is exposed to water molecules, which leads to an irreversible
change in r; (i.e. r; increase). In case of the first-generation
contrast agent 60, the conversion of low to high MRI signals
was caused by the B-gal-induced hydrolysis of the galactose
substrate that prevents access of water to the gadolinium
complex. The magnitude of response improved when an a-
methyl group was incorporated into the linker to give 61, since
this modification limited the proximity of water to the para-
magnetic centre and reduced the initial r,.*** The probe 61 was
successfully applied to image gene expression in living Xenopus
laevis embryos, to result in 45-65% higher MRI signal intensity
in the mRNA-treated embryo, indicating the probe's ability to
detect B-gal activity in vivo (Fig. 9b). Following these initial
results, the enzyme-responsive platform technology experi-
enced structural optimizations that aimed better exposure of
the substrate unit to the enzyme, faster conversion rate and
larger r; changes. To this end, the connection between the
monosaccharide (substrate) unit and gadolinium chelator was
replaced with an aryl carbamate-based self-immolative linker to
yield probes that respond to B-gal or p-glucuronidase
activity."**"* Consequently, the monosaccharides are distant
from large volume GdDO3A unit, making them more flexible
and easily accessible by enzymes. When they are hydrolysed by
the enzyme, a cascade reaction is initiated inside the MRI
probe, which causes a decomposition of the carbamate linker,
too, exposing the paramagnetic centre to water molecules to
increase g and r4. In turn, 62 and 63 are more effective than the
first-generation probes 60 and 61, which was used to demon-
strate their application in vivo."”'*® Based on these mecha-
nisms, probes for detecting different enzymes have been
developed, such as esterase, glutamic acid decarboxylase or
tyrosinase."”*"** These and other examples were discussed in
more details in previous review articles."?

In addition to the small molecule T;-weighted MRI respon-
sive CAs mentioned above, iron oxide nanoparticle-based T),-
weighted probes have also been developed to detect the enzyme
activity."** The mechanisms for their response vary, as the
enzyme activity can degrade the polymer coating of the NPs to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Enzyme responsive MRI probes. (a) The structures of enzyme-sensitive MRI probes 60-63. (b) MR images of two embryos injected with
probe 61 at the two-cell stage (top), while the embryo on the right was also injected with B-gal mMRNA. Consequently, the signal strength is 45—
65% greater in the embryo on the right that contains B-gal; pseudocolor rendering of the same image (top) with water made transparent
(bottom). (c) Schematic illustration of the self-assembly and aggregation processes of NP-KID-FtNs in response to PKA activity. Genes encoding
Ft are premixed and co-transfected into cells, where proteins are expressed and spontaneously assembled into KID-FtNs and KIX-FtNs (left). KID-
LF chains are phosphorylated by PKA to form pKID-LF. Modified KID-FtNs (pKID-FtNs) containing pKID-LF form supramolecular aggregates with
KIX-FtNs, which affect the MRI signal (right). (d) Measurements of the transverse relaxivity of Ft-based NP sensors in response to PKA activity.
Incubation of the sensor (3 : 2 ratio of KID-FtNs with KIX-FtNs) with PKA for 2 h roughly doubled the r; relaxivity. Adapted with permission from:
(b) ref. 114 Copyright © 1969, Springer Nature, and (d) ref. 125 Copyright © 2009 American Chemical Society.

release the encapsulated magnetic cores,'” or can promote
clustering of the NPs to change the T,-weighted MR signal.***
Here we highlight a variant of the latter mechanism, the probe
NP-KID-FtNs, which was developed for sensing protein kinase A
(PKA) activity based on protein engineering methodology."*
The probe is a nanoparticle sensor based on the iron storage
protein ferritin (Ft). Ft is composed as a mixture of two poly-
peptides, the light chain (LF) and heavy chain (HF). Within
cells, LF or HF subunits assemble into a nearly spherical protein
shell together with the iron oxide core, which induces T,
relaxivity (Fig. 9c). This naturally available T, MRI probe was
used to develop a protein-engineered nanoparticle to sense the
PKA activity. Namely, the N-termini of some LFs were fused with
the PKA substrate known as kinase inducible domain (KID), as
well as with the KID interacting domain (KIX), which binds
phosphorylated KID. When genetically engineered surface-
functionalized nanoprobe is exposed to PKA, the clustering of
the nanoparticles is induced, resulting in r, relaxivity changes
of up to 84% (Fig. 9d). This work opened an avenue for the
development of different protein engineered sensors suitable
for T,-weighted MRI, with further possibility to improve the
signal with more potent materials in the nanoparticle core."****”

3. Responsive CEST MRI probes

CEST is one of the newer MR modalities, with the first work
reported on this topic at the beginning of this century.**® The
prerequisite for this technique is existence of exchangeable
protons in the solute (CEST agent), which get saturated by

© 2024 The Author(s). Published by the Royal Society of Chemistry

a selective radiofrequency (RF) pulse.”””**® These protons then
chemically exchange with bulk water protons, resulting in the
partial saturation of the water pool and the decrease of the
water protons signal intensity. If the proton exchange rate ke
satisfies the condition of k., < Aw (Aw is the difference between
two shift signals), the exchangeable protons can be saturated by
the applied RF pulse and exchanged chemically with water
protons, giving rise to formation of CEST effect (Fig. 10a).***
Following identical principles at other frequencies, the CEST
methodology can accordingly also be applied to other
exchangeable species, such as '°F or *°Xe, to result in '°F CEST
or *°Xe hyperCEST, respectively (see below).

As one of the advantages compared to T;- and T,-weighted
agents, the CEST effect and hence the CEST-generated signal
can be turned on and off by applying the selective RF pulse at
a will. A wide range of external stimuli that serve as biological
targets like cations pH, Ca(u) and Zn(u), anions like lactate and
a-hydroxyl acids or enzymes like urokinase-type plasminogen
activator (uPA) and DT-diaphorase and can have further effect
on the CEST. The excess or deficiency of these analytes and
targets can be related to a series of biological dysfunctions
associated with chronic diseases. Therefore, different bio-
responsive CEST agents have been developed in recent years, to
aid the detection of these biological and disease markers.>**®

Among these agents, metal-free bioresponsive probes,
termed as diaCEST agents, were frequently employed due to
their advantageous properties, such as having strong CEST
effect, good biocompatibility and therefore low toxicity.>*?*13>133
However, paramagnetic metal-based agents, termed as
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Fig. 10 CEST effect, selected bioresponsive CEST probes and CEST MRI in vivo. (a) The illustration of CEST effect and CEST-responsive
mechanism. A bioresponsive CEST probe is bearing exchangeable protons, which can be saturated by an RF pulse and can chemically exchange
with bulk water protons; the chemical exchange of protons results in a partially saturated water pool, which results in a decrease of the water
protons signal intensity (left). If an analyte or a target interacts with probes, the CEST signal can be affected (a turn-off CEST effect illustrated in
the z-spectra) (right). (b) CEST MRI of iobitridol in the tumor-bearing mouse model: T,-weighted anatomical image of two tumour regions (top
left), CEST MRI before and after injection of iobitridol at 1.5 uT (top right) and at 6 uT (bottom left), and a corresponding pH map obtained as a ratio
of saturation transfer maps from these two CEST measurements (bottom right). (c) The representative CEST probes sensitive to pH (64-66), Cali)
(67-69), Zn(1) (70), Cu(i/1) (71-72) and hypoxia (73). (d) CEST MRI of bioresponsive probe 73 in the CT26 xenograft mouse model (tumor area
shown by red arrow). The panels are images obtained by recording T,-weighted and CEST MRI along with the merged image before (three left
panels) and 1 h after (three right panels) intratumoral injection of probe 73, respectively. The quantitative analysis compares the mean MTR¢ym (%)
values for the tumor region from of three measurements (right). Adapted with permission from: (b) ref. 138 Copyright © 2014, American Chemical
Society. (d) Ref. 149 Copyright © 2022, American Chemical Society.

paraCEST agents, are frequently more preferred because of the
comparatively lower agent required dose and generation of the
larger chemical shifts."** The latter agents are usually based on
lanthanide ions such as Eu(m), Yb(m), or Tm(m), although
transition metal ions such as Co(u) or Ni(u), due to their capa-
bility to shift the frequencies of CEST-active protons. The
following subsections will mainly highlight examples of the
bioresponsive paraCEST agents.

3.1. pH-sensitive CEST probes

The CEST probes are intrinsically pH-sensitive, since the pH
alterations automatically influence their proton exchange rates
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and hence the CEST effect. To this end, protons of the hydroxyl,
amide, primary or secondary amine units can easily be affected
by pH; therefore, they were ingeniously incorporated into the
structure of various chemical compounds for the construction
of pH-sensitive CEST probes.”® For diaCEST agents, the
employed mechanism includes the CEST process between water
protons and the selectively irradiated protons on the diamag-
netic probe (such as iopamidol, iobitridol or derivatives of sal-
icylic acids), to provide a promising way for using them as pH
sensors by means of CEST MRL™*" In turn, a diaCEST
responsive probe iobitridol can be used to highlight the tumour
regions in the xenografted-tumour bearing mouse, along with
enabling their pH mapping in vivo (Fig. 10b)."*®
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For pH-sensitive paraCEST agents, the first example is 64
(Fig. 10c), where paramagnetic Yb(ur) was chosen thanks to its
ability to induce large frequency shift of exchangeable protons
of over 100 ppm, as well as its high thermodynamic stability due
to a chelation with a macrocyclic DO3P (1,4,7,10-
tetraazacyclododecane-1,4,7-tris-(methylene phosphonic acid))
chelator.”®® The pH-sensitive property is attributed to a hydrox-
ypropyl unit of 64 and the frequency shifts change from
120 ppm to 140 ppm upon a pH change from 4 to 9 at 9.4 T and
25 °C. Although a strong CEST effect was detected in the mouse
blood sample in vitro, the injection of sample into mouse tail
vein did not show positive results. On the other hand, the 18-
membered macrocyclic complex 65 that bears four amide
groups provided a very inert environment for Eu(m). This high
inertness was caused by a ten-coordinated configuration
between Eu(m) and the macrocyclic ligand, which was further
confirmed by a kinetic measurement; the complex remained
intact in 1 M HCI over 25 days, or after a transmetalation
assessment with Zn(n) in a PBS buffer at 40 °C for 3 days. The
tethered amides produce two CEST effects at 8.5 and 14 ppm at
37 °C and both are pH dependent. The intensity ratio of these
two peaks at 5 pT showed large changes in the pH range of 6.4-
7.4, further suggesting this bioresponsive agent a desirable
candidate for functional applications.**

Indeed, the labile exchangeable protons from amides and/or
hydroxyl groups play a key role in producing plausible CEST
effects and pH dependent properties. Using this strategy and
same modality, the first-row transition metal-based complexes
were developed as pH-sensitive agents. Among these, para-
magnetic Fe(u), Co(u) or Ni(u) were used to form paraCEST
complexes, with the high-spin Co(ir) being the most preferred to
construct the probes.'** Namely, this ion is well-stabilized by tri-
or tetra-azamacrocyclic ligands that bear amides or hydrox-
ypropyl motifs, while it possesses the excellent shift properties
desirable for CEST applications. Due to different coordination
chemistry, the commonly used ligands for these ions are
derivatives of cyclam, cyclen, TACN (1,4,7-triazacyclononane),
or PATA (2,2',2”,2"”~((pyridine-2,6-diylbis(methylene))
bis(azanetriyl))tetraacetamide). Moreover, complexes with
acyclic ligands were also studied. A representative example is
a di-nuclear Co(u) complex 66, which is additionally chelated by
a hydroxyl-substituted bisphosphonate.'** This complex showed
CEST effects as strong as ~30% at 66 ppm and ~25% at
106 ppm at pH 8.14 and 37 °C, deriving signals at 66 ppm or
106 ppm from carboxamide or from both carboxamide and
hydroxyl protons, respectively. The ratio of CEST;oappm/
CESTe4ppm effects changed from 8.35 to 0.82, corresponding to
the pH values from 6.50 to 7.60, which was examined and
confirmed by means of MRI in vitro on tube phantoms.

3.2. Cation-responsive CEST agents

Following a similar principle of combining the cation-selective
chelator with the paramagnetic reporter unit previously estab-
lished for T;-weighted probes (see above), several cation-
responsive paraCEST probes were also developed (Fig. 10c).
The first Ca(u)-sensitive probes 67-68 involved a macrocycle
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based on DOTAM (tetraamide derivative of DOTA - 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetate) with the
iminodiacetate-bearing groups that result in the paraCEST
effects on the protons of coordinated water or amide groups
when Eu(u) or Yb(mr) complex was use, respectively.'** Using an
entirely different chelator based on a macrocyclic crown ether
unit, a Co(u)-based agent 69 was developed for Ca(u) and Na()
response. The paramagnetic metal ion was stabilized by hex-
adentate chelating Schiff base group and its CEST effect at
77 ppm was derived from the appended two carboxamide
groups. The interaction of Na(1) with the crown ether of 69
shifted the CEST signal from 77 ppm to 69 ppm. To further
investigate Ca(u) response in the presence of Na(i), 69 was
employed to result in a reduction of the CEST effect at ~69 ppm
and an increase at 80 ppm. The ratio of CESTgoppm/CESTsoppm
effects exhibits dependency on the amount of Ca(u), providing
a possibility to quantitatively detect Ca(u) concentrations.'**

Previously to these works, the initial cation-responsive
paraCEST probe was designed for the detection of Zn(u).
This was 70, an Eu(um) complex of DOTAM, which bears two
dipicolylamine units for selective detection of Zn(u). The
interaction of 70 with the target metal ion affects the exchange
of inner-sphere coordinated molecule, which changes the
paraCEST effect.'** On the other hand, two Tm(ur) complexes,
positively charged 71 and charge-neutral 72, were investigated
as potential paraCEST probes to respond to Zn(u) or Cu(1)/(u).
These were complexes of DO3AM (triamide derivative of DO3A)
appended with the chelator made from the conjugate of the
bis(2-(ethylthio)ethyl)amine and 2,6-dimethylpyridine. The
sensing properties were observed only in the case of 71, where
amide groups exhibited the strong CEST effect. The addition of
Zn(u) and Cu(1)/(u) triggers the formation of a dimmer, which
enhances the protons exchange and quenches the CEST
effect.™®

3.3. Redox- and hypoxia- responsive CEST agents

There are a few examples of the bioresponsive probes of this
class that were reported until now. To develop a redox-
responsive CEST probe, EuDOTAM derivative appended with
N-methylquinolinium units was prepared. The CEST-silent state
of the agent was activated by the reduction of the quinolinium
moiety to the dihydroquinoline derivative with NADH (nico-
tinamide adenine dinucleotide), which results in a large
increase of CEST intensity at ~50 ppm.'” On the other hand,
several first-row transition-met