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Abstract: This article aimed at reviewing the advances on the development of paramagnetic complexes
used as chemical exchange saturation transfer agents in magnetic resonance imaging. This relatively
new type of contrast opens new avenues in the development of MRI probes for molecular imaging, and
coordination chemistry lies at the center of such advances. Strategies to detect important biomarkers
such as pH, cations, anions, metabolites, enzyme, and O, were described. The current challenges,
limitations, and opportunities in this field of research were discussed.

Keywords: molecular imaging; MRI; contrast agents; chemical exchange saturation transfer;
lanthanides; transition metal ions

1. Introduction

Molecular imaging is gaining increasing interest due to the possibilities to image and understand
biochemical processes and to provide early-diagnosis of pathologies. Indeed, conversely to traditional
imaging, which looks at the morphology of tissues, molecular imaging characterizes tissues from their
physico-chemical point of view (pH, pO,, cations, metabolites, enzymes, etc.). These alterations are
known to happen prior to the morphological changes that they trigger. Among all imaging modalities,
magnetic resonance imaging (MRI) has the advantage of being a non-invasive technique that can image
the whole body without the use of ionizing radiation, and with an excellent resolution. Although
traditional MRI can be performed without the use of an imaging probe, contrast agents can enhance
the quite low sensitivity of the technique and allow to obtain better anatomical images. In molecular
imaging, the use of a contrast agent specific to the event to detect is indispensable. MRI is particularly
well-adapted to molecular imaging as MRI contrast agents can be made responsive to a given parameter.
Several MRI techniques exist with their own advantages/disadvantages, among those T1-weighted
and T,-weighted MRI, which are based, respectively, on the longitudinal and transverse relaxation
times of the protons. The contrast agents used for the different techniques are chemically very different
as T; agents are mainly small molecular Gd*" or Mn?* complexes, while T, agents are typically
superparamagnetic nanoparticles. The area of responsive Ty and T, contrast agents have been explored
widely in the last few years and excellent reviews have been published on this subject [1-3]. A few years
ago, a new type of contrast based on the chemical exchange saturation transfer (CEST) appeared in
MRI. Those agents must present exchangeable protons (-OH of water/alcohols, -NH of amides/amines,
etc.) in slow exchange with bulk water protons. The magnetization of the exchangeable protons is
modulated by a pre-saturation pulse, and the water signal intensity is consequently decreased due to
the chemical exchange with the saturated exchangeable protons (Figure 1) [4,5]. CEST MRI contrast is
generated based on the decrease of the water signal intensity, linked to the exchange and characterized
by the chemical shift of the exchangeable protons, and their exchange rate kex. In order to observe
a CEST effect, this exchange rate (kex) must be lower than the chemical shift difference between the
exchangeable proton of the CEST agent and the bulk water proton (Aw = |wcgst — wwarl). Many
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diamagnetic CEST agents have been proposed, and certain metabolites can also act as endogenous
contrast agents and be imaged by diaCEST [6]. These diamagnetic probes present small chemical
shifts compared to bulk water, and in this chemical shift range, a strong background signal from the
tissue magnetization transfer is present. The use of paramagnetic chelates is therefore interesting
as the chemical shifts of the probe are larger, enabling to explore a wider range of (faster) exchange
rates hence increasing the observable CEST effect. The exploration of faster exchanges also helps
reducing the detrimental effects of relaxation. Moreover, the CEST effect will be shifted beyond the
tissue magnetization transfer window.
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Figure 1. (a) Schematic representation of a chemical exchange saturation transfer (CEST) contrast agent

M/M, %

with protons in exchange with those of bulk water; (b) principle of the CEST effect: Upon selective
saturation of an exchangeable proton of the CEST agent, the intensity of the NMR peak of bulk water
protons is diminished due to chemical exchange between the two proton pools; (c) corresponding
CEST- or Z-spectrum.

Complexes of paramagnetic transition metal ions (Co, Ni, Fe, etc.) and Ln3* (all paramagnetic
lanthanide ions, with the exception of Gd3t; most typically Eu®*, Tm3*, and Yb3*) have been explored
as ParaCEST agents. Generally, to characterize a ParaCEST contrast agent, CEST-spectra or Z-spectra
representing the percentage of decrease of the intensity of the bulk water signal as a function of the
irradiation frequency are recorded.

The development of ParaCEST agents as responsive probes are only at their premises compared
to Ty- or Th-contrast agents, and very few have been applied in vivo [7]. The future clinical use of
ParaCEST agents can be also restricted due to the high power pulses required that can exceed the
power deposition limits, quantified as specific absorption rate (SAR) approved by authorities. Indeed,
the efficient radiofrequency saturation of the exchanging protons might require strong radiofrequency
intensities, which could cause tissue warming,.

The aim of this review is to give an overview of the chemical design of responsive ParaCEST
agents and the current limitations and challenges in the field. Compared to T;-contrast agents,
the rational design of ParaCEST contrast agents remains more challenging due to the difficulties
in predicting the proton exchange rate. Recent studies have shown that ab initio calculations can
reproduce experimental exchange rates with reasonable precision [8], however these calculations
remain long and not easily accessible. Another current limitation of ParaCEST is its sensitivity, which
is lower than that of Tq-contrast agents. Approaches to maximize the number of exchangeable protons
and increase sensitivity are therefore an active area of research [9] and will also be discussed in view of
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creating responsive probes. Finally, quantitative detection of a given biomarker or tissue parameter is
highly desirable and several approaches have been explored in this objective. All these current efforts
should converge and help the development of ParaCEST agents towards in vivo applications. We will
focus on agents responsive to important biological parameters, such as pH, cations, anions, metabolites
or DNA, the redox status of tissues, and enzymatic activities.

2. pH-Responsive Probes

pH plays an important role in cancers, ischemic lesions, kidney diseases, and infections. It has
been shown, for example, that extracellular acidity promotes the invasion of metastatic cells and that
alkaline pH around tumors could contribute to a good therapeutic solution [10]. pH can then be used
to stage tumors, improve prognosis, and guide anticancer therapies. By essence, proton exchange
processes are usually acid- or base-catalyzed, thus the exchange rate is dependent on the pH, making
ParaCEST contrast agents ideal responsive probes for pH. Typically, amine and amide functions have
been used for this purpose mainly in Ln3*-based complexes [11-13], but more recently in Co?* [14,15]
and Fe* complexes as well [16]. Similarly, the pH dependence of hydroxyl groups have been also
exploited [17,18]. For Ln** complexes, water molecules directly coordinated to the Ln3* ion have also
been used [19]. Although CEST effects remain difficult to predict, the vast majority of these probes are
based on the influence of pH directly on the proton exchange rate of the groups leading to the CEST
signal. In other cases, the pH effect is more indirect. For instance, the CEST effect of the [Fe(TAPC)]?+
complex (Scheme 1) originates from the amine groups but is modulated by the protonation of the
unbound 2-amino-6-picolyl pendent arms. Recent studies have also highlighted the importance of
appended amine functions on the pH-dependent CEST effect generated by a water molecule directly
coordinated to Eu3* [20].
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Scheme 1. pH-dependent ParaCEST probes.

However, to practically detect pH, ratiometric methods need to be developed. Typically, ratiometric
approaches allow for quantifying the biomarkers by circumventing the problem of unknown local
concentration of the imaging probe. Indeed, the MRI signal is dependent not only on the concentration
of the biomarker, but also on the local concentration of the responsive agent. Different approaches
have been exploited to tackle this problem. The first one relies on the presence of at least two pools of
exchangeable protons within a single probe. This is the case of the Ln3* complexes of DOTAM-Gly
(Scheme 1) for which the protons of both the coordinated water molecule and the amide function can
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give rise to CEST effects, depending on the Ln3* used. The exchange rate of the amide protons is
base-catalyzed and is strongly affected by pH, whereas the exchange rate of the water protons is pH
independent. The use of a mixture of Yb(DOTAM-Gly) (CEST effect arising from amide protons and
increasing from pH 6 to 8) and Eu(DOTAM-Gly) (CEST effect arising from H,O coordinated to Eu3*
and pH independent) complexes, has been successfully used for ratiometric pH determination [21].
In order to use a single Ln** probe, the complexes of the same ligand with lighter Ln** complexes
(Pr3*, Nd?*, and Eu®"), and which display two CEST resonances corresponding to the water molecule
and the amide protons simultaneously, have been exploited [11]. A similar method has been explored
with Yb(DO3A-0AA) (Scheme 1), which shows simultaneously two CEST effects arising from the
protons of the amine and the amide groups. In this case, both CEST effects are dependent on the pH,
but their ratio shows an excellent correlation with pH [13], which allowed the successful use of this
probe for pH determination in vivo [12,22]. Recently, the same type of approach has been used for the
dicobalt Cop(L1) complex (Scheme 1). The ratio of the CEST effects arising from the amine and from
the two overlapping amides is linear with the pH, and the pH sensitivity in the physiological range is
one of the highest reported so far [15].

The second approach for independent pH determination is based on the presence of two isomers
of the same complex displaying one exchanging pool of protons each. An excellent example is
Yb(HP-DO3A) (Scheme 1) for which the CEST spectra display two peaks corresponding to the
exchangeable protons of the hydroxyl groups of the two isomers. The two signals have been exploited
to set up a ratiometric curve, which is independent of the probe concentration [17]. This method has
been successfully used in vivo to map extracellular pH in murine melanoma [23].

Finally, the third method relies on an important shift of the CEST peak upon pH changes. Eu(L2)
(Scheme 1), bears a phenolic group and its CEST effect arises from the water molecule directly
coordinated to Eu**. Upon deprotonation of the phenol, the protons of the bound water molecule
undergo a 5 ppm shift [19]. This complex has been used to map pH in mouse kidneys in vivo [24].
The use of a similar Tb®>" complex with three appended dibutylphosphonate side-chains Tb(L3)
(Scheme 1) to slow down water exchange rate has enabled to greatly amplify the shift (56 ppm) upon
deprotonation of the phenolic group. A direct pH determination with no interference from the tissue
magnetization transfer signal is therefore possible [25].

It should be noted that CEST effects are also highly dependent on temperature and several of
these pH-dependent probes are also simultaneously used for temperature determination. In these
cases, pH is assessed via the first or second ratiometric method described above and temperature
was simultaneously determined from the chemical shift of the CEST peak using the high temperature
sensitivity displayed by lanthanide-induced shift, which is itself unaffected by pH [17,26].

One of the flaws of ParaCEST MRI is its low sensitivity, which requires using quite important
concentrations of contrast agents (typically in the mM range). To circumvent this problem and
increase the sensitivity of the probes, Yb(DOTAM) complexes (Scheme 1) have been conjugated to
poly(propylene-imine) dendrimers. The large increase of the number of exchangeable amide protons
allows for a minimum concentration detected reduced by a factor 4 and 16, respectively, for the first
and third generation of dendrimers, with respect to the mononuclear complex [27].

3. Cation Responsive Probes

The detection of endogenous cations is receiving increasing attention due to their vital role in
living systems. Involved in many fundamental biological processes, they are essential elements for
the growth and development of all living organisms. Metal accumulation, transport, distribution and
export are tightly regulated by cells through for example transporters and metallochaperones [28].
Disruption in metal ion homeostasis has been associated with numerous pathologies such as cancers,
neurodegenerative diseases, or stroke [29,30]. Therefore, imaging and quantifying these ions in living
systems by non-invasive techniques for a better understanding of their role and distribution, and for
early clinical diagnosis is desirable. Optical imaging is the mainstream for their detection in vitro
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and in living systems nowadays. However, the lack of macroscopic resolution and the restriction to
surface imaging due to low tissue penetration of light limit the use of this technique. MRl is a good
alternative, and recent years have seen a growing number of cation-responsive MRI probes in the
literature, mainly Ti-based contrast agents [31]. The development of ParaCEST contrast agents for
cation detection is limited to few cases and none of them have been applied in vivo. Cation-sensitive
probes are typically composed of three parts: (1) A Ln3** complexing unit, (2) a part to complex the
cation to sense, and (3) a linker between the two. Exchangeable protons can be present on each of these
moieties but the rational development of such probes is not easy as the efficacy of such agents will
depend on the geometry/distance of the exchangeable protons both with respect to the Ln®* and to
the cation to detect so that to induce observable CEST changes upon cation complexation. Additional
requirements involve (1) a good selectivity for the cation to detect, and even for a certain oxidation
state (e.g., Cu*/?"), (2) an affinity for the cation, which is adapted to its physiological concentration,
and (3) a reversible binding in order not to disrupt homeostasis. Calcium, zinc, and copper have been
ideal targets for ParaCEST agents as their extracellular concentrations lie in the MRI detectable range
(although copper is at the lower limit).

ParaCEST contrast agents, based on a DOTAM derivative with appended iminodiacetate groups
for Ca2* binding, have been developed [32]. A CEST effect is observed both for Yb(L4) and Eu(L4)
complexes (see Scheme 2) and it originates respectively from the exchangeable protons of the amide
functions, and the coordinated water. These complexes respond to Ca?* and Mg?* and CEST effects
decrease considerably upon binding. This was attributed to the decrease of the exchange rate of the
amide protons upon Ca?* and Mg?* binding to Yb(L4). The affinities for these metal ions have been
assessed and they are low, suggesting the coordination of only one iminodiacetate arm. Interestingly,
while Yb(L4) shows a CEST effect at =11 ppm, Yb(L5) (Scheme 2) does not show any CEST effect.
This was not anticipated as the proton exchange on the two amide nitrogen was expected to be in the
appropriate timescale to produce CEST effects. Possibly, the proximity of the carboxylates contributes
to a faster proton exchange. This highlights the difficulty of predicting CEST effects. More recently,
dinuclear Eu®* complexes comprising an EGTA moiety for Ca%* binding (Euy(L6), Scheme 2) have been
studied for their CEST response to Ca*, Mg?* and Zn?* [33]. These complexes are very similar to a T,
Ca®" responsive contrast agent, except for the replacement of the DOTA-type coordination sphere of
Ln** by a DOTAM-type coordination sphere [34]. Amide functions are known to reduce the exchange
rate of the water molecule directly coordinated to Ln®* [35]. Indeed, as a general rule, with carboxylate
functions coordinating to the Ln3", the exchange rate of the hydration water (thus the water protons)
is too fast to generate a ParaCEST effect, whereas it becomes observable for the amide (DOTAM)
derivatives. Therefore Euy(L6) gives rise to a CEST effect from the water molecules coordinated to
Eu’*. Unfortunately, no significant change of this CEST effect is detected upon Ca®* binding, whereas
a decrease in the hydration number was observed on the corresponding Gd*>* Tj-contrast agent.
To explain this, the different charge of the triscarboxylate and the trisamide complexes was shown to
strongly affect the pKa of the EGTA moiety. As a consequence, the affinity of EGTA for Ca?*, Mg?",
and Zn?* decreases by several orders of magnitude, as assessed by potentiometric titrations.
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Scheme 2. Cation responsive ParaCEST probes.

The design of a ParaCEST Zn?" responsive contrast agent based on a similar structure as a
T, -responsive probe was more successful. Eu(L7) (Scheme 2) is very similar to a Zn**-responsive Gd>*
complex except for the replacement of two carboxylate by two amide functions on the macrocycle.
Two N,N-bis-(2-pyridyl-methyl)ethylene diamine (BPEN) units have been used for Zn?* complexation
as they are known to efficiently and selectively bind Zn?* vs. Ca?* and Mg?*. The Gd** complex
was successfully used in vivo to detect Zn?* release after glucose stimulation from the pancreas (in
diabetes) [36] and from the prostate (in prostate cancer) [37]. Eu(L7) shows a CEST effect generated by
the Eu3*-coordinated water molecule. Upon Zn?* addition, a broadening of the peaks of the water
molecule bound to Eu®* and of the bulk water is observed and explained by an acceleration of the water
(or proton) exchange rate. Potentiometric titrations have evidenced the presence of a Zn?>* hydroxo
complex, and it was postulated that this hydroxo complex could accelerate the water exchange rate of
the Eu®*-coordinated water. Although the detection is possible at physiological pH, the effect is more
important at basic pH. In any case, Zn?* binding is monitored via a decrease of the CEST effect.

More recently, two Tm3* complexes were also reported for Zn?*, Cu®*, and Cu* detection (Tm(L8)
and Tm(L9), see Scheme 2) [38]. They include softer donor groups (such as thiol functions) and
their design is based on previous results using similar Gd*>* complexes as a T;-contrast for Cu?*/Cu*
detection [39]. The CEST effects of each Tm** complex arise from the exchangeable amide protons and
the positively-charged Tm(L8) is more sensitive than the neutral Tm(L9). Upon Cu* coordination, a 1:1
TmL:Cu complex is formed, whereas upon Cu?* and Zn?* coordination, 2:1 TmL:M complexes are
formed. The addition of Cu®, Cu?*, or Zn?" increases the exchange rate of the amide protons resulting
in a complete disappearance of the CEST signal.
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In summary, very few ParaCEST agents have been developed for cation detection so far. They are
all characterized by a decreasing CEST effect upon cation coordination and by a lack of selectivity for a
given cation. This certainly explains why none of these systems have yet been applied in vivo.

4. Probes Responsive to Negatively-Charged Systems: DNA and Metabolites

The detection of DNA by MRI remains really challenging due to the low sensitivity of MRI, the low
concentration (well below 1 M), and the intracellular location of DNA, requiring a contrast agent that
would penetrate the cell in high quantity. However, gene delivery systems can carry a high payload of
DNA that can be detectable by MRI. Therefore MRI systems, not specific for a DNA sequence, have
been developed. This is the case of the polymeric ParaCEST MRI system Eu(L10) (Scheme 3) [40].
A decrease in the CEST effect generated by the coordinated water molecule upon DNA binding is
obtained and it has been shown that one monomeric Eu** complex is bound per phosphate group of
DNA. The dinuclear Nd3(L11) (Scheme 3) system is also a probe for DNA detection [41]. CEST effect
is generated by the amide groups of the system. The advantage of this dinuclear complex is a high
number of exchangeable protons largely increasing the sensitivity. The complex is highly sensitive to
carbonate, which upon binding leads to a decrease of the CEST effect, and diethylphosphate has the
same effect. On the contrary, the CEST effect is enhanced upon DNA binding, but this enhancement is
dependent upon the secondary structure of DNA; hairpin DNA being the most efficient. It was shown
on the Eu* analogue that DNA binding leads to a displacement of the water molecule on each Eu®*
center. DNA also displaces carbonate when bound to the complex.
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Scheme 3. DNA and metabolite responsive ParaCEST probes.
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Imaging and tracking metabolites holds great promise for the future of medicine. Indeed,
metabolites represent the intermediates and products associated with metabolic pathways.
Physiological and pathological processes, such as diseases, activate or deactivate these pathways and
result in changes of metabolite concentrations. Just to cite a few, phosphate groups play a biochemical
role in the regulation of cellular processes, and their misregulation can result in cancer, diabetes, and
obesity. Lactate is overproduced by tumors and its export to the extracellular space is supposed to be a
key step in the formation of metastases [42]. Therefore tracking these metabolites by MRI would allow
to better understand metabolism and to detect diseases at an early stage. Very often the MRI contrast
agents are positively charged and the interaction with negatively charged metabolites occurs through
the replacement of a water molecule directly coordinated to the Ln3*. Therefore, very few T;-based
contrast agents have been developed for such purposes as the replacement of the water molecule by an
anion would kill the efficacy of the system. One way to circumvent this is to form non-covalent adduct
with the anion, which would modify the accessibility of the inner or outer-sphere water molecules [43].
ParaCEST agents are better suited for such applications as even if the anion-binding occurs at the
Ln3* center, the presence of the hydrophilic anion with H-bonding possibilities might affect the rate
of exchange of protons giving rise to CEST effects. Indeed, several ParaCEST complexes have been
developed to sense anions such as phosphates, carbonates, lactate, citrate, etc. The main strategies
for their detection is represented Figure 2. One of the major difficulties that remains is the selective
detection of a given anion.

a)
o c®
‘H
‘ or

/\V‘
D EEEEE——

Inner-sphere interaction Outer-sphere interaction
b)

t“' D
& )
, -—

Steric hindrance

Figure 2. Schematic representation of the different binding modes of anions or metabolites with the
ParaCEST agent: (a) Inner or inter-sphere interaction affecting the exchange rate of protons on the
ligand and/or on the coordinated water molecule; (b) use of specific group of recognition of a given
metabolite, and modification of the exchange rate of the protons from a coordinated water molecule
due to steric hindrance.

The Eu(S-THP) complex (Scheme 3) displays a CEST effect, which is pH-dependent, due to
the hydroxyl groups in water [44]. This CEST effect is modulated by the presence of phosphate
esters. Interestingly, the interaction with methylphosphate resulted in a decrease of the CEST peak
concomitant with the appearance of a new CEST peak shifted by 8 ppm. It was shown by luminescence
measurements that an inner-sphere interaction was occurring with this phosphate monoester (Figure 2a,
displacement of the water molecule directly coordinated to Eu®*). The apparition of the new CEST
peak is due to a change in the acidity of the hydroxyl groups. On the contrary, interaction with
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diethylphosphate resulted in an increase of the existing CEST peak. In this case the water molecule is
not displaced and the outer sphere interaction leads to a change in the exchange rate of the hydroxyl
protons (Figure 2a). This second sphere binding is selective for phosphate diesters with two terminal
oxygens and two identical esters [45]. These studies have shown that it could be possible to detect
phosphate containing metabolites present in low mM concentration. Further studies have been
pursued using the same complex and investigating the effect of carbonate, lactate, acetate, citrate,
and phosphate [46]. A difference of more than three orders of magnitude in the binding affinity of
these biologically relevant anions was found between the most tightly-bound (citrate) and the most
weakly-bound (carbonate). With the exception of citrate, the binding is relatively weak, which is
adapted to the mM concentrations of such anions in extracellular fluids. Changes in the ParaCEST
spectrum are observed upon binding: For citrate, acetate, and lactate a new CEST peak appears, while
the CEST effect is decreased for phosphate and no significant effect is observed for carbonate. With the
exception of citrate, the interaction occurs mainly through outer-sphere hydrogen bonding, modulating
the exchange rate of hydroxyl protons. Changes in the luminescence spectrum are also observed
upon anion binding and the design of Eu(THPC) (Scheme 3), with a carbostyril dye to sensitize Ln3*
luminescence represents a first step towards the development of bimodal anion responsive probes.
However, the lower solubility of the complex due the bulky hydrophobic organic dye prevented
ParaCEST measurements.

The properties of boronic acids to bind selectively and reversibly molecules containing cis-diols
have been used for glucose detection. The Eu(L12) complex (Scheme 3) has been designed with two
phenylboronic moieties for such purposes [47,48]. The complex gives rise to a CEST effect from the
water molecule coordinated to Eu** and upon glucose binding, this exchange rate is altered, which can
be detected on a CEST spectrum and is based on the mechanism depicted Figure 2b.

Another approach was used to image lactate looking at the CEST peak of the hydroxyl group of
lactate. However, the chemical shift of this peak is very close to that of water making it difficult to
distinguish between the two. By using a paramagnetic Ln3* complex, Eu(DO3A) (Scheme 3) which
interacts with lactate, the resonance frequency of lactate was shifted by nearly 50 ppm [49]. In vivo
images could be obtained after intravenous injection of Eu(DO3A):lactate. As a further step, the
development of chiral Yb3+ complexes (Yb(L13) and Yb(L14), Scheme 3) allowed the discrimination
between p- and r-lactate [50]. Indeed, the CEST spectra of the complexes interacting with lactate
showed different frequency resonances depending on the chirality of the lactate.

Despite the number of ParaCEST complexes developed for metabolite sensing, very few in vivo
experiments have been performed. Eu(L12) was used to image glucose distribution ex vivo on perfused
liver [51]. EuDO3A was used in vivo for lactate detection. Although, it is an important step forward,
the complex was co-injected with lactate due to the low sensitivity of the system. This is one major
drawback for practical application, the other one being the selectivity for a given metabolite, which
remains difficult to obtain due to the non-specific interactions.

5. Redox-Responsive Probes

Changes in the redox status of tissues have been linked to different pathologies such as cancer
and cardiac diseases. The intra and extracellular redox environment is regulated by redox buffers
such as the cysteine/cystine (extracellular), the gluthatione/gluthatione disulfide (intracellular) or the
thioredoxin/thioredoxine disulfide (both extra and intracellular) couples. Molecular oxygen is also an
important target as hypoxia (low oxygen pressure) characterizes the core of tumors, where there is a
poor vascularity. Reactive oxygen species (ROS) or reactive nitrogen species (RNS) such as H,O,, NO
are also important targets. They can be present in the intra- or in the extracellular space, but even when
they are formed intracellularly, they diffuse or are actively exported to the extracellular space, more
easily accessible for MRI detection. Finally, some reductants such as NADH or NADPH are thought
to accumulate in poor oxygen areas [52]. Therefore the design of MRI probes whose properties will
be modified by those redox active species is an important area of research. Several ParaCEST probes
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have been developed for such purposes and can be classified in two types: Probes for which the redox
environment involves a change in the oxidation state of (1) the metal center, or (2) the ligand.

For inducing changes in the metal center, one needs a paramagnetic metal ion that will undergo
changes in its redox state within the physiological redox window. The first example is a cobalt complex,
Co(L15) (Scheme 4) that can switch from a diamagnetic Co>* (OFF) to a paramagnetic Co?* (ON)
state [53]. The NH of the pyrazole groups give rise to a CEST effect for the Co?* complex at 135
ppm, which is ideal to avoid background of tissue magnetization transfer. The Co®" complex gives
no CEST effect and the switch between Co?*/Co®" occurs reversibly with oxygen or reductants such
as dithionine and cysteine. The redox potential of the system was measured as —107 mV vs. NHE
(normal hydrogen electrode), which is in the biologically relevant range.

Ln®* ions exist mainly at the +3 redox state, with the exception of Europium, which has an
accessible +2 oxidation state. A redox active Eu®*/Eu3* complex (Eu(L16), Scheme 4) has been
encapsulated into liposome to improve CEST sensitivity, and the CEST and T; properties of this
system have been studied [54]. In this case, the CEST signal is not modified by oxidation or reduction
of the system but the T; signal is. Therefore, this dual imaging mode can be used to perform
ratiometric measurements.
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Scheme 4. Redox responsive ParaCEST probes.

Other dual mode approaches (T1 and CEST) have been developed, based on a change of the redox
state of the ligand. Contrary to the previous example, in those approaches, the CEST effect is modulated
by T; relaxation (see Figure 3). The first example involves a liposome with an encapsulated shift
reagent, and a Gd>* complex grafted at its surface through a disulfide bridge: The T; and CEST contrast
are switched off and on, respectively, after ligand reduction [55]. The shift reagent (Tm3* complex)
produces a chemical shift difference between intra and extra-liposomal water and a characteristic
CEST effect is obtained from this liposome. When the Gd*>* complexes are grafted at the surface of the
liposome, the paramagnetic effect of Gd>* quenches the CEST effect and the T; signal is on whereas
the CEST signal is off. After cleavage of the disulfide bridge by the TCEP reductant, Gd** complexes
are quickly washed out, and the T; signal is off, whereas the CEST signal is switched on. The approach
is highly versatile as different stimuli involving a cleavage can be used (enzyme, light, etc.) and only
the mode of grafting the Gd** complex to the liposome has to be adapted, but on the other hand,
for redox sensitive probes, it is mainly limited to the reduction of the disulfide bridge (involving a
cleavage). It is also not reversible. The second approach is more specific to redox-based probes as
it is using a radical as the paramagnetic quenching species grafted on a molecular complex, which
is potentially active in ParaCEST. Eu(L17) (Scheme 4) is a DOTAM complex with two nitroxide free
radical units, which acts as T; shortening agents on the surrounding water molecules [56]. The CEST
effect of this system is very small. After reduction of the radicals to the diamagnetic bishydroxylamine
derivative by L-ascorbic acid, the CEST signal due to the water molecule directly coordinated to Eu®* is
regenerated. A proof-of-concept in vivo experiment has been performed and showed that the complex
can be activated with L-ascorbic acid in the bladder.
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T, relaxing
agent
. Reduction
T, relaxing > or
agent

CEST OFF

Figure 3. Schematic representation of the modulation of the CEST effect through T; relaxation: the
relaxing agent is a paramagnetic species (either a Gd*>* complex or a radical). When the relaxing agent
is close to the CEST active part, the CEST effect is quenched. Upon reduction, either the relaxing agent
is cleaved from the CEST active part (for the Gd*>* complex) and becomes far away, either the relaxing
agent becomes diamagnetic (reduced radical). In both cases, the CEST effect is switched on.

Yb(DO3A-0AA) (Scheme 1), previously described as a pH responsive contrast agent, has also
been used for the irreversible detection of NO in the presence of O, [57]. The complex displays two
CEST resonances due to the presence of exchangeable amine and amide protons. Upon reaction with
NO, the aromatic amine groups are converted into triazen (see Scheme 4), therefore implying the
disappearance of these exchangeable protons and the loss of proximity of the amide protons with Yb>*.
As a consequence, the CEST effect is lost after reaction with NO.

Another method for ParaCEST redox responsive agents relies on the change of the electron
donating/withdrawing properties of the ligand, which will in turn influence the exchange rate of
surrounding protons, therefore modifying the CEST effect. A series of DOTAM-based Eu3* complexes
have been studied, and a relationship between the electronic properties of the ligand and the exchange
rate of the water molecule directly coordinated to Eu®* has been evidenced. A clearly different
CEST contrast between an oxidized and reduced form of Eu(L18) (Scheme 4) was obtained [58].
In Eu(L19) (Scheme 4), two N-methylquinolinium units, which are mimics of NAD*/NADH, have
been incorporated as redox active groups [59]. The CEST effect generated by the water molecule
is turned on upon reduction of Eu(L19) with 3-NADH. Interestingly, the complex with only one
N-methylquinolinium is much less sensitive to the redox environment. These ligand electronic
properties were also exploited for the irreversible detection of 10, using Eu(L20) (Scheme 4) [60].
The 9-anthryl group is used as a specific reactant for 'O, and the water exchange rate (giving rise to
the CEST effect) was found to be accelerated after oxidation, which is consistent with the more electron
withdrawing properties of the anthryl endoperoxyde. Moreover, the 3 ppm shift observed between the
water resonance of the oxidized and reduced form of the complex allowed for a ratiometric detection
of 102.

Finally, a Eu-DOTAM-Gly-Phe-OH complex with a cell penetrating peptide appended through a
disulfide bond (Eu(L21) (Scheme 4)) was also studied [61]. The complex is expected to be reduced by
intracellular glutathione, and the Eu®* complex cleaved in this way would be trapped within the cell
for a long period of time. The in vivo detection of such systems has yet to be proven.

6. Enzymatically-Activated PARACEST Probes

The detection of enzymes has been a major objective in molecular MRI from the very beginning
and the first molecular MRI agent reported was also an enzyme-responsive probe [62]. There are
multiple reasons for this: (i) Enzymes are primordial in every step of life and represent an important
class of biomarkers for any biological or pathological process; (ii) Enzymatic conversion can induce
a change in the MRI efficiency of a contrast agent, which makes possible to monitor the activity of
the enzyme instead of its simple presence; (iii) due to the catalytical activity, even low quantities of
enzymes can convert a large amount of the MRI probe, thereby strongly reducing the detection limit,
which helps overcome the challenges of the low sensitivity of MRI; (iv) typically, enzymatic reactions
possess high specificity; (v) certain design strategies provide a platform technology with relative ease
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in adapting the MRI probe to the detection of different enzymatic activities. Additionally, detection
might be extended to multiple imaging modalities by small changes in the chemical design.

In contrast to the high chemical diversity of enzyme-activated T;- or Tp-agents reported in the
literature, advances in the development of enzyme-responsive ParaCEST probes have been more
modest. In general, enzymatic conversion of the agent can yield a detectable ParaCEST change by
generating or removing exchangeable protons in the structure and by modifying the chemical shift or
the exchange rate of such protons.

The first example of an enzymatic ParaCEST agent by Pagel and coll. was a Tm(DOTA) chelate
appended with a DEVD peptide sequence at its C-terminus via a peptide bond (Tm(DOTA-DEVD),
Scheme 5) [63]. The amide proton gives rise to a CEST effect at =51 ppm. Upon cleavage of the peptide
with caspase-3, a protease implicated for instance in apoptosis, the amide is converted into an amine
function. This leads to the disappearance of the CEST at —51 ppm and the appearance of a much
smaller effect at +4 ppm, attributed to the amine protons. The Tm(DOTA-DEVD) probe had good
selectivity for caspase-3 relative to the similar protease caspase-8. While the CEST effect of the amine
appears upon enzymatic cleavage, which is usually an advantage, the signal related to the amide
was found to be more robust and practically more useful for detection, despite its disappearance.
To validate the monitoring of this disappearance, the authors proposed a ratiometric approach, referred
to as CatalyCEST [64]. It combines the enzymatic probe with an enzymatically unresponsive ParaCEST
agent (Yb(DOTAM-Gly), see Scheme 1) as a reference that has a unique ParaCEST frequency in order to
track pharmacokinetics and biodistribution and to account for other conditions that influence CEST but
are independent of the enzymatic response. Importantly, this early study also proved that the cleavage
by caspase-3 was rapid enough to allow MRI studies: 3.44 nM of the protease could be detected by
using 20 mM concentration of the agent within a reasonable time-frame of 15 min.

If the pharmacokinetics of the responsive agent and the control are different, this can compromise
the ratiometric analysis. To circumvent this, the unresponsive probe can be covalently coupled to
the responsive unit. This has been realized in a “self-calibrating” ParaCEST MRI contrast agent,
Yb(DO3A-0AA-TML-ester), designed for esterase activity detection (Scheme 5) [65]. The amide proton
of the complex gives rise to a CEST effect, which is not sensitive to enzymatic reaction but will report
on other changes that might affect CEST. The ester function in the Yb(DO3A-0AA-TML-ester) can be
cleaved by an esterase enzyme. The tri-methyl lock moiety formed in this way has unfavorable steric
interactions between three methyl groups that induce lactonization to form a hydrocoumarin. As a
byproduct of this lactonization, an amide is converted to an amine which generates the CEST effect
that can thus report on enzymatic activity. The agent Yb(DO3A-oAA-TML-ester) could indeed detect
esterase enzyme activity in solution and in cell culture medium. The ratio of the enzyme-responsive
and the control CEST effects was independent of concentration and T; relaxation, however, it was
dependent on pH, thus this agent was not self-calibrating with respect to pH.

In an analogous self-calibrating design, the probe Yb(DO3A-0AA-TML-Q) (Scheme 5) was created
to detect the enzyme activity of DT-diaphorase, a flavoenzyme that catalyzes the two electron reduction
of quinone, quinone imines, and azo dyes in the presence of NAD(P)H and which is overexpressed
in several cancers (non-small cell lung carcinoma, colorectal carcinoma, liver cancers, and breast
carcinomas) [66]. Before enzymatic reaction, the probe has one CEST signal at —9 ppm originating from
the amide directly linked to the macrocycle. In the presence of DT-diaphorase, the quinone functional
group is reduced to a hydroquinone group. This is followed by an intramolecular reaction of the newly
formed hydroxyl functional group and the amide bond that releases an amine, giving rise to a new,
second CEST signal at +9 ppm. No activation of Yb(DO3A-0AA-TML-Q) was observed in a reducing
environment in the absence of the enzyme.
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The CatalyCEST strategy was translated to in vivo detection and used for monitoring the
urokinase Plasminogen Activator (uPA), a protease biomarker linked to pancreatic tumor invasion
and metastases [67]. For this enzyme, which is originally expressed as a pro-enzyme, it is particularly
important to detect enzymatic activity and not the simple presence of the enzyme, which might
be inactive. As above, Yb(DOTAM-Gly) was used as a control agent. The responsive agent
Tm(DOTA-ZGGR) (Scheme 5) contains a peptide sequence specific of uPA. The simultaneous injection of
the control and the uPA responsive ParaCEST probe into a mouse provided the ability to simultaneously
track delivery and enzyme catalysis, which allowed for analysis of the enzyme activity in the
tumor model.

Proteases are known to be promiscuous with limited selectivity for a given substrate. In future
studies, more selective detection of promiscuous proteases could be realized by using multiple CEST
agents with distinct resonance frequencies that can be simultaneously detected. In this respect, thanks
to its frequency-encoded nature, CEST provides very interesting opportunities to improve detection
selectivity and to perform in vivo enzyme kinetic studies, which are not easily accessible by other
means today.

Enzymes that catalyze the formation of amide bonds can also be detected by monitoring the CEST
effect originating from the amide proton. One example is the Tm(DO3A-cadaverine) probe (Scheme 5),
which can be conjugated to glutamine side chains of proteins by the aid of the enzyme transglutaminase
(TGase) [68]. After adding TGase to a sample of Tm(DO3A-cadaverine), albumin and glutathione (a
reducing environment is needed for TGase activity), a CEST effect appeared at —9.2 ppm, while the
CEST signal from albumin at +4.6 ppm disappeared. Studies with model peptides gave similar results,
though the CEST frequencies and amplitudes changed as a function of the peptide sequence.

In another example, Tm(DOTA-monoamide) was conjugated to a cell penetrating peptide via a
peptide sequence that is cleavable by the mammalian lysosomal aspartyl protease cathepsin D [69].
The same molecule also integrated a fluorescent reporter tag for visualization of cellular uptake in cell
culture or for future histological post mortem animal studies. This dual optical and ParaCEST MRI
agent was expected to be trapped within cells overexpressing cathepsin D following the enzymatic
cleavage, which was indeed proved by in vitro fluorescence imaging. CEST imaging was realized on
phantoms containing the probe after enzymatic transformation.

Enzymatic ParaCEST probes have been also created using self-immolative units to connect the
lanthanide chelate and the enzyme-specific substrate. In Yb(DOTA-Gal) (Scheme 5), the YbDOTA
derivative is linked to a 3-p-galactopyranoside substrate via a self-immolative benzyloxycarbamate
moiety [70,71]. When the (3-galactosidase enzyme cleaves the substrate, it initiates an electron cascade
that leads to the spontaneous elimination of the spacer and the formation of an amine function
generating a CEST effect. Advantages of self-immolative probes involve better enzyme recognition
since the substrate is placed further from the lanthanide complex, and easier chemical strategies to create
platforms allowing for adaptation to the detection of various enzymes. The original design was later
extended to allow trimodal detection in ParaCEST and T;-weighted MRI, as well as in optical imaging
by including in the ligand a pyridylmethyl moiety (Ln(DO3A-Py), Scheme 5) [72]. A single ligand
and a common triggering molecular mechanism can be used and only by varying the nature of the
lanthanide ion to be complexed, the system can allow for achieving detection in these various imaging
modalities. The proton exchange has been studied by accelerated ab initio simulation techniques on
the Eu®* complex of the DO3A derivative substituted by a (6-methylpyridin-2-yl)-carbamate, for which
the observed CEST effect is related to the carbamate proton [8]. A good agreement was found between
the experimental (on a mixture of square antiprismatic (SA) and twisted square antiprismatic (TSAP)
isomers) and the theoretical (focused on the TSAP isomer) proton-exchange rates, suggesting that
the two isomers should have similar exchange rates. These ab initio simulations in aqueous solution
shed also light for the first time on the reaction mechanism of the proton exchange, which involves
structural Grotthuss diffusion.



Inorganics 2019, 7, 68 16 of 20

7. Conclusions

Very quickly after the introduction of ParaCEST agents, various design strategies have been
explored to make them responsive to biologically important biomarkers. Since proton exchange,
constituting the basis of any chemical exchange saturation transfer experiment, is intrinsically dependent
on pH, pH sensing has been likely the most active area. In addition, the detection of endogenous metal
ions, negatively charged metabolites and DNA, redox states, and enzymatic activities has also met
great interest. Although lanthanide complexes represent the majority of responsive ParaCEST probes,
transition metal chelates are gaining importance as well.

The great sensitivity of proton exchange processes, thus the generated ParaCEST signal to many
different tissue parameters (pH, temperature, ion composition, etc.) is an advantage for the creation of
responsive probes, but on the other hand, it also complicates the unambiguous interpretation of the
results and might render in vivo translation more difficult. In this respect, strategies relying on the use
of a control agent that is not responsive to the biomarker to be detected, while remaining similarly
dependent on other tissue parameters as the responsive probe, are particularly interesting. For this, the
frequency encoded character of CEST, especially when associated to large chemical shifts for ParaCEST
agents, is a great advantage. It opens new opportunities towards relatively easy ratiometric approaches
either by combining two individual agents or two sets of exchanging protons within a single molecular
unit, thereby ensuring identical pharmacokinetic behavior of the responsive and the control agent. The
possibility of simultaneous detection of more than one ParaCEST agent will be likely further exploited
in the future to assess complex enzyme kinetics in vivo, to improve specificity of protease detection, or
to provide quantitative mapping of biomarkers.

In vivo applications of ParaCEST agents have been so far limited; nevertheless, they clearly show
the feasibility of this detection technique and most importantly evidence that low detection sensitivity
is not an absolute obstacle for in vivo translation. The great diversity of chemical designs that allow for
creating exchangeable protons with CEST potential has the promise of many new ideas. Furthermore,
the conjugation of paramagnetic complexes to responsive systems that have already been validated as
diamagnetic CEST sensors can be also interesting to shift the detection frequencies out of the tissue
magnetization window. One can thus reasonably expect that the contribution to ParaCEST agents to
the field of preclinical molecular MR imaging will continuously grow in the near future.
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