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Abstract

In an era of personalized medicing, the clinical community has become increasingly focused on
understanding diseases at the cellular and molecular level. Magnetic resonance imaging (MRI) is a
powerful imaging modality for acquiring anatomical and functional information. However, it has
limited applications in field of molecular imaging due to low sensitivity. To expand the capability
of MRI to encompass molecular imaging applications, we introduced bioresponsive Gd(I11)-based
magnetic resonance contrast agents (GBCAS) in 1997. Since that time, many research groups
across the globe have developed new examples of biopresponsive GBCAs. These contrast agents
have shown great promise for visualizing several biochemical processes such as gene expression,
neuronal signaling and hormone secretion. They are designed to be conditionally retained, or
activated, /n vivoin response to specific biochemical events of interest. As a result, an observed
MR signal change can serve as a read-out for molecular events. A significant challenge for these
probes is how to utilize them for noninvasive diagnostic and theranostic applications. This
Perspective focuses on the design strategies that underlie bioresponsive probes, and describes the
key advances made in recent years that are facilitating their application /7 vivo and ultimately in
clinical translation. While the field of bioresponsive agents is embryonic, it is clear that many
solutions to the experimental and clinical radiologic problems of today will be overcome by the
probes of tomorrow.
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INTRODUCTION

Magnetic resonance imaging (MRI) is the modality of choice for evaluating many diseases.
It is a staple of clinical diagnostic radiology due to its tunable soft-tissue contrast, high
spatial and temporal resolution and lack of ionizing radiation. The use of paramagnetic
Gd(11) based MR contrast agents (GBCAs) further enhances anatomical features and
improves diagnostic accuracy.! Currently, clinically-approved GBCAs are limited to
providing anatomical or functional information, and are not capable of affording molecular
data.

In order to expand the capability of MRI into the molecular imaging regime,2 our lab and
others have developed a specialized class of contrast agents known as bioresponsive
GBCAs.3 These contrast agents conditionally respond to a biochemical event of interest by
altering the MR signal through either selective binding (targeted GBCAS), or biorthogonal
chemical transformations (activatable GBCAS). Traditionally, the term “bioresponsive
GBCAs” only refers to activatable GBCA but not targeted contrast agents. However,
bioresponsive agents are defined as “materials that are sensitive to biological signals or to
pathological abnormalities, and interact with, or are actuated by them”,# and targeted MR
contrast agents interact with molecular biomarkers via selective binding. Thus, we will use
the term “bioresponsive GBCAS” to designate both targeted and activatable GBCAs.

Different classes of contrast agents are available for each individual MRI technique. For
example, Gd(I11) and other paramagnetic metal ions chelates are used for 1H 7;-weighted
MRI. Superparamagnetic iron-oxide nanoparticles (SPIONSs) are utilized for 7, and
To*weighted MRI. Chemical exchange saturation transfer (CEST) contrast agents are used
for CEST MRI, and 19F-containing materials are developed for 1°F MRI. For a more
comprehensive analysis on the above topics, readers are directed to a recent review by
Caravan et al..3¢ For the purpose of this Perspective, we will primarily focus on small
molecule bioresponsive Gd(l11)-based CAs for 7;-weighted 1H MRI because these imaging
agents are derived from clinically-approved GBCAs. A few examples of non-Gd(I11) CAs
will also be discussed as they complement their Gd(I11) counterparts.

Gd(I) accelerates the 77 relaxation of water protons resulting in brighter MR signals in 77-
weighted MRI, which is among the most commonly used MR techniques in medical exams.
However, Gd(I11) ions are toxic to biological systems and a suitable ligand or chelate must
bind the lanthanide to form a bio-unavailable and nontoxic complex. Several factors
influence the stability of the GBCA including enthalpy and entropy effects (denticity, charge
and basicity of coordinating groups, ligand field, and conformational effects). While there
have been notable concerns (Nephrogenic Systemic Fibrosis), clinically used GBCAs have
an excellent safety profile with severe adverse events in only 1 in 40,000 injections.> As a
result, approximately 40% of clinical MR scans employ Gd(111) chelates for contrast-
enhanced MRI (> 20 million/year).

The majority of bioresponsive GBCAs are based on chelate scaffolds
diethylenetriaminepentaacetic acid (DTPA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) and 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A),
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where the R group can be modified to equip the GBCA with molecular imaging capability
(Figure 1). The use of cyclen-based macrocyclic ligands, such as DOTA and DO3A, gained
popularity over linear ligands such as DTPA due to superior stability as well as ease of
functionalization.

Since the development of the first bioresponsive GBCAS two decades ago, numerous
examples and design strategies have been reported.3 However, as noted in a recent review by
Angelovski, only a small fraction of these agents have been successfully employed /n vivo,
and none as yet have translated into clinical trials.® One goal of this perspective is to
understand why this is the case and offer an assessment of how this may change in the
future. We begin with a discussion of the essentials of the relaxation theory of GBCAs and
introduce key parameters dictating GBCA-enhanced MR signals. We illustrate how these
parameters can be manipulated by different activation/targeting strategies, supported by
reports from the literature. Finally, we discuss the current limitations of bioresponsive
GBCAs and the recent efforts that will circumvent these key issues.

1. RELAXATION THEORY FOR GBCAs

The radiocontrast agents used in CT and radiotracers used in PET/SPECT generate the
observed signal directly. However, GBCAS provide contrast indirectly by reducing the
longitudinal relaxation time (71) and the transverse relaxation time (7;) of water protons,
which translates to brighter ( 7;-weighted) or darker ( 7>-weighted) MR images. Water
protons have intrinsic 7; and 7, values that are often referred to as the diamagnetic
components of signal, 71 g and 7 4. Therefore, varying soft tissues with distinct 7; 4 and
T, 4 values can be resolved via MRI without the use of contrast agents.’

In contrast to the diamagnetic water protons, GBCAs are paramagnetic, and their Brownian
motion in aqueous environment generates fluctuating magnetic fields that accelerate the 7;
and 7, relaxations of nearby water protons. This phenomenon is known as paramagnetic
relaxation enhancement (PRE). From a chemical perspective, we can manipulate the PRE
effect of GBCASs to alter the observed MR signals. For this perspective, we will focus on 7;
PRE because GBCASs are rarely used as 7, agents.

Longitudinal Relaxivity (r1)—The overall 7;-weighted MR signal intensity is correlated
to the observed 7 relaxation rate of water protons (1/ 77 gps, €q 1), which equals to the sum
of diamagnetic contribution of water protons and the paramagnetic component from
GBCAs. The paramagnetic contribution of GBCAs is further broken down to the product of
longitudinal relaxivity (r;) and the concentration of Gd(l11). r; (in mM~1s71) is the degree to
which GBCAs decrease the 7; of water protons as a function of Gd(I11) concentration. It
describes the efficiency of the GBCA at relaxing water protons. On the other hand, the
concentration of the GBCA is positively correlated to the overall PRE effect, and this
concentration-dependence of PRE effect is a key factor to designing targeted GBCAs
(Section 2). To put eq 1 into perspective, at clinical field strength (1.5 T) without any
GBCAs, 1/ 71 ops = 1/ T1 g which for freely diffusing water is about 0.3 s~L: however, in the
presence of 1 mM of FDA-approved GBCA Dotarem with r; =2.9 mM~1s71 1/ T10bs = 0.3
+2.9 x 1=3.2s1 which corresponds to a 10-fold signal enhancement.
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Inner-sphere Relaxivity (r1'S).—The relaxivity (r;) can be factored into outer-sphere
relaxivity 7,05 and inner-sphere relaxivity 'S (eq 2). 1,95 comes from PRE on water
molecules that are hydrogen bonded to the GBCA as well as those that are further away. /'S
comes from PRE on water molecules directly boundto the metal center and the water
molecules that are rapidly exchanging with the metal-bound water molecule. The outer-
sphere effect is still not well understood despite accounting for about 40% of the overall
relaxivity in small molecule GBCAs.8 This presents a huge challenge for activatable GBCAs
as it leads to persistent off-state background signals. For the purpose of this review, we will
primarily focus on inner-sphere parameters because they are more readily manipulated by
changing the chemical structure of the ligand. As shown in eq 3, the inner-sphere relaxivity
(r{S) is related to three key terms: g, =y, and 71, which is dominated by zg (Figure 2)

Hydration Number (q).: ¢gis the number of water molecules directly bound to the Gd(l11)
center (the hydration number) and is directly proportional to r4'S (eq 3). Most GBCAs have
up to 2 coordination sites open for direct water coordination. Further increasing the
hydration number is often associated with decreased stability.3¢ ® Note that measured g
value is often a non-integer as it is the average of a bulk property. Modulating g was used in
designing the first activatable GBCA and remains a popular choice for designing activatable
GBCA:s (Section 3).32

Water Residency Time (zy).: To transfer the strong PRE of Gd(I11) to nearby water, the
metal-bound water molecule rapidly exchanges with the bulk water molecules. The water
residency time (zy) is typically on the order of 100 ns for a typical cyclen-based Gd(ll1)
complex.10 In other words, one molecule of GBCA relaxes roughly ten million water
molecules per second. For most small molecules GBCAs, z,;, K 71 and eq 3 can be
simplified to eq 4.

T, of the Metal-bound Water (T1y,).: 71 is the 77 of the Gd(I11)-bound water molecule
and is described by the Solomon-Bloembergen-Morgan paramagnetic relaxation theory.11 At
a field strength above 0.1 T, 71, is described by eq 5 where C is a constant, /ggqiyH is the
Gd(I1l)-water proton distance, z.is the correlation time for magnetic fluctuation induced by
Gd(11), and wy is the Lamor frequency of proton. Two important conclusions can be drawn
from eq 5: (1) 71y is very sensitive to 7ggqnyn, and shorter /gq(yH leads to higher 1/ 7y,
(2) 1/ T is maximized when ;1 approaches 2rewy (eq 6). The latter is because the dipolar
interaction between the water protons and the electron spins of the Gd(l11) is responsible for
the 7; PRE. This electron spin-nuclear interaction is at the strongest when both the magnetic
moment of water proton (described by Larmor frequency) and the magnetic field induced by
Gd(I11) electron spins (described by z,71) fluctuate at similar frequencies, as shown in eq 6.

7.1 is the sum of three terms: i) 7771, where 7y, is the electronic relaxation time intrinsic
to the metal and estimated to be ~10 ns at 0.5 T for Gd(I11), while being much longer at
higher field;10 ii) 7,71, where z,, is the water residency time and is about 100 ns for Gd(I11)-
DOTA and Gd(I11)-DO3A; 1) zz 1 where zis the rotational correlation time on the order
of 0.1 ns for small molecule GBCAs (eq 7).1% The key conclusion here is that zz dominates
7.1 and therefore is the major parameter determining 77y, as well as 7;,'S.12 We will

JAm Chem Soc. Author manuscript; available in PMC 2020 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Li and Meade Page 5

consider two field strengths, 0.5 T (low field) and 9.4 T (high field), to see why this is the
case.

1 1
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Low Field 0.5-1.5 T.: At 0.5 T (21 MHz for 1H) the optimal z. to maximize relaxivity is 7.6
ns according to eq 6. As a mathematical consequence of eq 7, the smallest of the three terms
(710, T, TR) dictates the value of z.. For a small molecule GBCA, because 7z (0.1 ns) <
71e (10 ns) < 7., (100 ns), zpdictates 7, (7. = tp= 0.1 ns) and it is much smaller than the
optimal 7.6 ns. This is the main reason why small molecule GBCA with g =1 have r; in the
range of 3-5 mM~1s~1, which is far less than the theoretical maximum (~100 mM~1s71) at
low field. Conversely, increasing z by either tethering the GBCA to a biomacromolecules
(Section 2) or triggering the self-assembly of a specially designed GBCA (Section 3.2) are
two very effective methods for developing bioresponsive GBCAs. As z increases by 1-2
orders of magnitude from 0.1 ns to 1-10 ns, the z; will correspondingly approach 1-10 ns
and get much closer to the optimal 7.6 ns. This allows for more efficient Gd(I11)-induced
relaxation of water protons, and therefore higher ;.

High Field 7-9.4 T.: At high field 9.4 T (400 MHz for 1H), the optimal z is 0.4 ns
according to eq 6. At this field strength, 771, of Gd(I11) is longer than 10 ns and has no
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significant influence on ; or r1. Within a broad range of values (10-1000 ns) z,, does not
significantly affect r; either.13 Therefore, it is 7 that again dictates the value of z.

In contrast to low field, at high field the optimal zg to achieve high relaxivity is in the range
of 0.1-1 ns. This corresponds to a z. of roughly 0.1-1 ns, close to the optimal 0.4 ns. Further
increasing g to 10 ns, for example, pushes the z; to 5-10 ns, which is no longer close to the
optimal 0.4 ns. The effect of g on 7 relaxivity at different field strengths is shown in figure
3.13 Due to the relatively small range of g that can effectively change r; at high field, it is
rareto use g change for developing bioresponsive GBCAs at high field. Instead,
manipulating g or the concentration of GBCAs are much more common strategies for
designing bioresponsive or targeted GBCAs since both terms affect 7 in a field-independent
manner.

From the above discussion, we can extrapolate the terms that can be used to manipulate the
n, of GBCAs. Specifically, both gand [Gd(I11)] are linearly correlated with 1/ 7745 and
independent of the field strength. Increasing zr can significantly impact the £ at low field,
and is also a viable option at high field, though rarely used. In some cases, one bioresponsive
GBCA may utilize several bioresponsive strategies working synergistically to increase the
observed MR signal. In the following sections we will describe the chemical strategies used
to impact changes in 7.

2. TARGETED GBCAs

Targeted GBCAs involve conjugating a targeting ligand to a Gd(I11) chelate (Figure 4). This
allows the GBCA to bind selectively to the target biomarker, usually a protein that is more
abundant in the disease state than in the healthy state. The targeting strategy increases the
MR signal via the differential accumulation of the GBCAs. As the biomacromolecule-bound
GBCA s are retained, the unbound ones are quickly cleared out. Additionally, the receptor-
bound GBCA usually has increased r; compared to the unbound GBCA as a result of
increased g, further enhancing the MR signal. This binding-induced MR signal
enhancement is referred to as the receptor-induced magnetization enhancement (RIME)
effect.14

Several key factors need to be considered when designing an effective targeted GBCA: (1)
the location and abundance of the target biomarker; (2) whether a multimeric approach is
required to achieve the necessary sensitivity for detection; (3) the optimal distance between
the ligand and GBCA to achieve both strong binding and high 7 in the biomacromolecule-
bound form.

2.1 Imaging target selection for targeted GBCAs—The relatively low sensitivity of
IH MRI is the major obstacle for targeted MRI. Because most targeted GBCAs rely on
stoichiometric binding with the biomarker, the concentration of the biomarker determines
the amount of GBCAs present at the target site. Since the sensitivity of IH MRI is in the
range of UM, biomarkers that are in the pM-nM range may not be imaged with targeted
GBCAs.1> These ranges are far better suited for PET/SPECT imaging that has the necessary
probe sensitivity. In the following sections we categorize biomarkers of interest via their
locations, namely: extracellular targets, cell surface receptors, and intracellular targets.
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Extracellular Biomarkers.: Imaging extracellular targets does not require efficient cellular
uptake of targeted GBCAs. As such, highly abundant extracellular biomarkers such as
protons (pH),16 serum albumin,14¢: 17 and burst release of metal ions® (section 3.1) are
preferred molecular MRI targets. For other targets of unknown concentrations, it is
recommended to estimate their abundance and determine if targeted MRI is applicable. For
example, Caravan et al. reported an oxyamine-based GBCA targeting the allysines formed in
lung fibrogenesis (Figure 5A).1° They quantified the amount of allysine to be approximately
80 UM in normal mice, and 150 UM in diseased mice. Such high UM concentrations
permitted MR detection via small molecule GBCAs, and their lead probe GdOA was
successfully applied /n vivoto image lung fibrosis in mice (Figure 5B).

Cell surface receptors.: Targeting receptors overexpressed on the cell surface to identify a
specific cell population (such as malignant cells) is another powerful application for targeted
GBCAs. As with imaging extracellular targets, it is crucial to estimate the concentration of
the receptors on the cell surface. As opposed to extracellular targets that bind targeted
GBCA s stoichiometrically, these receptor proteins on the cell surface can internalize into
cells, carrying the receptor-bound GBCASs with them via receptor-mediated endocytosis.
Subsequently, these receptors can recycle back to the cell surface to shuffle more targeted
GBCA: s into the cells, further increasing the intracellular concentration of the targeted
GBCAs.

Internalization of GBCASs through receptor-mediated endocytosis can play a vital role in
targeted MRI. Pomper et al. developed a series of GBCAS that target the prostate-specific
membrane antigen (PSMA) overexpressed in primary and metastatic prostate cancer.20
Three targeted GBCAs were studied, namely Gd1, Gd2 and Gd3, with 1, 2 or 3 Gd(l11)
chelates conjugated to the urea PSMA-targeting ligand (Figure 6A). The multimeric
approach was effective at increasing intracellular Gd(l11) concentration. When incubated
with PC3 PIP (PSMA+) cells, Gd1, Gd2 and Gd3 had an estimated intracellular Gd(l11)
concentration of 7.2 uM, 12.5 uM and 22.8 pM, respectively. Non-specific uptake in PC3 flu
(PSMA-) cells was low. Subsequently, Gd3 was used for MRI of PIP and flu tumor
xenografts in mice (Figure 6B). 7;-contrast enhancement remained constant for about 3 h
within the PC3 PIP (PSMA+) tumor while decreasing rapidly within the PC3 flu (PSMA-)
tumor (Figure 6C).

Targeted GBCAs have been shown to enter cells through receptor-mediated endocytosis.?! A
caveat of this approach is that the GBCA taken up in this manner can be trapped inside the
endosomes. This can severely attenuate the MR signal or even lead to the degradation of
GBCAs.22 An alternative approach is to target other protein-mediated internalization
processes that do not involve endosomes, such as organic anion transporting peptides
(OATPs).23

Non-internalizing surface receptors and intracellular proteins.: The same principle
applies to imaging cellular proteins: it is essential to estimate their concentrations. For
example, we attempted to image HaloTags expressed on the surface of HT+ cells
(engineered to express HaloTag).24 We estimated that the HT+ cells have a concentration of
1.6-0.4 uM HaloTag on the cell surface. Although this concentration of HaloTag is at the
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high end of mammalian proteome, a one-Gd(l11)-one-ligand construct is insufficient to
achieve significant MR signal enhancement. As a result, a small molecule multimeric
approach where serval Gd(l11) chelates are conjugated to one targeting ligand, or a
nanoparticle approach where hundreds of Gd(lI11) chelates are conjugated to the particle
surface needs to be employed. In this case, the latter approach was used.24

The above study raises an important question: what cellular proteins are in the
concentrations detectable via one-Gd(l11)-one-ligand GBCAs? Assuming the MRI detection
limit is 10 uM, this translates to a minimum of 1.1x107 target proteins per cell. According to
an important study published by Selbach et al. that quantifies mammalian cells’ protein
expression, cellular proteins with such high concentrations are typically nuclear proteins
(such as histones), ribosomal proteins, structural proteins (actin, tubulin), and heat shock
proteins.?®

In other words, these are mostly house-keeping proteins and are not attractive imaging
targets. Imaging intracellular targets with MRI is further beset by the difficulty of having
GBCA:s effectively penetrate the cellular membrane, a key issue discussed later. To our
knowledge, successfully using MRI to detect an intracellular target with small molecule
targeted GBCAs has yet to be reported. As a result, the importance of a multimeric/
nanoparticle approach becomes increasingly clear.

2.2 Selecting the appropriate linker.—For targeted GBCAS, the linker length needs
to be optimized to achieve both tight binding as well as a high ;. in the bound form. If the
Gd(1) chelate too close it might interfere with the ligand-receptor interaction; if too far
apart, the internal motion of the Gd(lI11) chelate becomes significant, compromising the
RIME effect.1® If the two components are infinitely far away from each other, they become
two separate entities and the slow rotation of the ligandreceptor complex is completely
decoupled from the fast internal motion of the Gd(l1l) chelate.

To balance between binding affinity and internal motion, an intermediate distance between
the Gd(111) chelate and the ligand is optimal. For example, we reported a series of GBCAs
that target HaloTag, a gene reporter protein develop by Promega (Figure 7).28 HaloTag is a
hydrolase engineered to covalently bind to a chloroalkane substrate. This chloroalkane
targeting group was conjugated to Gd(111)-DO3A with 1-4 methylene groups in between (n
= 1to 4), corresponding to 1CHTGd, 2CHTGd, 3CHTGd, and 4CHTGd. It was discovered
that 2CHTGd possess both optimal binding and maximal relaxivity increase upon binding to
HaloTag (from 7.6 to 22.0 mM~1s™1). This exemplifies the necessity of optimizing the
distance between the Gd(l11) chelate and the targeting group when designing a targeted MR
probe.

It is important to note that the RIME effect is weak at high field strengths (>3 T), which are
routinely used for preclinical MRI. Upon binding to a biomacromolecule such as a protein,

the g of the probe-protein complex would increase to >10 ns, outside the range of optimal

7R (0.1-1 ns) needed to achieve maximum r; at high field. If high field MRI is required, the
linker should be tuned to primarily optimize binding rather than relaxivity change.
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3. ACTIVATABLE GBCAs

In contrast to targeted GBCAs that selectively bind to a biomarker of interest, activatable
GBCA s rely on the relaxivity change upon a chemical reaction elicited by enzyme activities,
pH change, metal ion binding, or different redox potentials. These reactions change the MR
parameters (gand zg are most common) of the GBCA, thereby switching the activatable
GBCA from “off-state” to “on-state”. In this section, we will discuss the design strategy for
activatable GBCAs, as well as several non-Gd(l11)-based magnetic resonance contrast agents
(MRCAs), and how they can be employed to image a variety of biological and pathological
processes.

3.1. g-modulated activatable GBCAs—Because of the linear relationship between ¢
and 1, an increase in g after bioactivation of a GBCA corresponds to an increased r;. In the
off-state, water molecules have restricted access to the Gd(I11) metal center due to a capping
ligand blocking coordination, leading to a g of 0 or 1. In the on-state, the capping ligand is
lifted through binding of a biological metal ion, or is cleaved off by a biological enzyme
(Figure 8). As aresult, gincreases as does the MR signal.

Imaging enzymatic activity.: In contrast to receptor proteins that can only bind to a set
number of ligands, enzymes can turn over hundreds to millions copies of substrate rapidly,
thereby improving the detection limit by several orders of magnitude. A classic example for
g-modulated enzyme-responsive GBCA is the B-galactosidase (B-Gal) imaging agent
developed by our lab and referred to as the Egad series.3® 27 These Gd(I11) complexes are
based on the DO3A ligand of which the N-10 position is modified with a two-carbon linker
to galactopyranose (Figure 9A, top). Egad has two methylene carbons as the linker and is
designed to detect B-galactosidase (B-gal), an enzyme that is commonly used in molecular
biology as a reporter for target gene expression.28 Prior to activation, the galactopyranose
“capped” the Gd(I11) metal center restricting water access. Post-activation, the sugar is
cleaved by B-gal and water molecules can directly bind to the Gd(ll1) ion.

The first of the series was Egad (Figure 9A, top). The measured g of Egad vs. the activated
agent was 0.7 and 1.2, respectively, translating to a 20% decrease in 7; when Egad was
incubated with B-Gal. The flexible linker was thought to be responsible for the relatively
small change in 77 upon activation.

To rigidify the linker, a methyl group was introduced at the a and p positions in two Egad
derivatives, a-EgadMe and B-EgadMe (Figure 9A, middle and bottom).27 Interestingly,
these two probes had distinct activation mechanisms. While a-EgadMe was activated
through the same capping-uncapping mechanism as Egad, B-EgadMe had a carbonate anion
bound to the Gd(l11), creating a low g complex prior to activation. Upon cleavage of the
sugar, the remaining hydroxy! group chelated with Gd(111) to replace the carbonate, creating
a coordination site for water. Upon activation, the , of p-EGadMe increased from 0.9 to
2.72 mM~1s71 providing observable contrast /n vivo.

As expected, p-EGadMe was successfully applied /n vivo for MRI detection of B-gal mMRNA
expression in living X.laevis embryos (Figure 9B).272 Both embryos were injected with B-
EGadMe. The embryo on the right was also given B-gal mRNA and showed a 45-60%
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higher MR signal than the other embryo without B-gal mMRNA. This was the first in vivo
demonstration of an activatable GBCA, signifying the potential of using activatable GBCA
to monitor a specific biological process /n vivo.

As demonstrated by p-EGadMe, anions present in the biological media such as carbonate,
bicarbonate and phosphate can act as bidentate ligand and bind to the stable g of 2 Gd(l11)-
DO3A complex, attenuating the MR signal enhancement.14. 29 To avoid this issue it is
possible to use specialized ligands designed to minimize anion coordination to the
lanthanide.30 In other cases, the anion coordination can be utilized to quench the “off-state”
signal. For example an esterase-sensitive GBCA was developed with this strategy (Figure
10).31 Prior to activation, carbonate binds to the DO3A-based Gd(I11) chelate forming the
“off-state.” Upon esterase activation, three negatively charged carboxylates are exposed,
displacing the carbonate via charge-charge repulsion. With the carbonate absent, water
molecules have access to the Gd(l11) center to form a g of 2 complex (Figure 10).

This capping-uncapping activation mechanism has been used to develop many other
activatable GBCAs that report on enzyme activity and other biological targets. Readers are
referred to more comprehensive reviews of these agents.3¢: 3¢

Metal ion sensing.: Another class of g-modulated GBCAs employ known ligands that bind
to biologically active metal to affect changes in the hydration state of Gd(l11) (Figure 11). As
such, these agents are usually designed to sense biological metal ions.

The first example reported by our group was a g¢-modulated Ca(ll)-sensitive probe, DOPTA-
Gd (Figure 12).32 It had a bismacrocylic structure with two Gd(I11)-DO3A chelates on each
side and a Ca(ll)-binding ligand (BAPTA) at the center. In the absence of Ca(ll), the
carboxylates of the BAPTA ligand coordinated to the two Gd(l1) ions leading to a low g of
0.6. In the presence of Ca(ll), the BAPTA preferentially bound to Ca(ll) over Gd(lll),
increasing gto 2.1. As a result, DOPTA-Gd showed a 75% increase in relaxivity in the
presence of Ca(ll) at physiologically relevant concentrations (0.1-10 uM).

Metal sensing GBCAs show a reversible interaction with the metal ions, and the MR signal
can be correlated with the ion concentration. The dynamic range of the agent is related to the
dissociation constant (Ky) of the metal-binding ligand. For example, DOPTA-Gd is
responsive to Ca(ll) concentration from 0.1-10 pM with a Ky of 0.96 pM, mimicking the Ky
of BAPTA (0.2 uM). This makes BATPA suitable for monitoring the intracellular Ca(ll)
level (low pM). The same principles apply when designing bioresponsive MR probes for
other biological metals such as Zn8 and Cu,33 as well as pH8 and even neurotransmitters.34

3.2. tr -modulated GBCAs—For most small molecule GBCAs, a short rotational
correlation time zpis the limiting factor to achieve high relaxivity (especially at a low field
strength). If the activatable GBCA forms larger complexes that tumble slower in solution,
the resulting zp will be increased. This allows for more efficient Gd(l11)-induced relaxation
of water protons, hence selectively enhancing r;. Additionally, because larger complexes
often have slower clearance /7 vivo compared to low molecular weight small molecules, z4
modulated GBCAs often have concomitant enhanced accumulation/retention that further
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boost the observed MR signal. In the following section we will discuss two main zz-based
activation strategies and their applications /n vivo.

Activation-binding: Activation-binding strategy, also known as activation-targeting or
activation-retention, is a one-two punch process. In the first step, the agent undergoes a
chemical change in response to the biological target. It then acquires the ability to bind to a
protein, such as human serum albumin (HSA), thereby increasing the zp, 11, as well as
retention (Figure 13).

For example, the Sherry group has reported a series of Zn(I1)-sensitive GBCAs that, upon
binding with Zn(11), acquires the ability to interact with HSA.18¢. 184, 18 These probes are
comprised of a Gd(I11)-DO3A conjugated to a Zn(l1)-binding ligand that can be modulated
to fine-tune the Zn(I1) binding affinity. Because Zn(ll) also bind strongly to HSA, it connects
Zn(11)-sensitive GBCAs and HSA together to form a ternary complex (Figure 14B). Two
most recently reported agents, GdL1 and GdL2 had Ky = 118 nM and 2350 nM for Zn(l1)
(Figure 14A).18 In the presence of Zn(11) and mouse serum albumin at 9.4 T, the r; of GdL1
increased from 4.1 to 6.1 mM~1s™1, while the r; of GdL2 increased from 4.0 to 5.6 mM™1s
~1, Both agents were used /7 vivo to monitor the transient Zn(I1) release from pancreatic p-
cells upon glucose stimulation (Figure 14C). Because GdL2 had a lower Kj, it binds only
weakly to endogenous free Zn(ll), leading to a lower MR signal background and an overall
larger MR signal change upon activation compared to GdL1 (Figure 14D).

Self-assembly/aggregation.: A bioresponsive self-assembly or aggregation of the GBCA
can also lead to increased zr and 1. These MR probes usually contain reactive groups that
react inter- or intra-molecularly upon activation to form higher-order assemblies, thereby
increasing the zg (Figure 15).

An early example is MPO-Gd reported by Weissleder et al. for tracking myeloperoxidase
(MPO) activities, a key inflammatory enzyme secreted by activated immune cells such as
neutrophils and macrophages.3 A typical MPO- is comprised of two 5hydroxytryptamide
(5-HT) groups conjugated to Gd(I11)-DTPA. In the presence of MPO, 5-HT groups are
oxidized, radicalized and then react intermolecularly to form oligomers up to 5 subunits
(Figure 16A).352 The radicals formed can also react with proteins nearby, causing prolonged
retention of the agent as well as r; increase. MPO-Gd was shown to enhance the MR signal
in a mouse myocardial infarction model. Strong and persistent MR signal enhancement was
observed in the infarct zone in mice injected with MPO-Gd, but not with Gd(I11)-DTPA
(Figure 16B&C), indicating that MPO-Gd was activated /7 vivo through elevated MPO
activity at the infarct zone.3%3

In addition to from radical polymerization, controlled self-assembly of conditionally
activated small molecules is another promising approach for designing zg-modulated MR
probes. The Rao group developed a caspase-sensitive nano-aggregation MRI probe (C-
SNAM) for monitoring caspase-3/7-mediated apoptosis.36 Both caspases are activated
during apoptosis to carry out mass proteolysis. As a result, elevated caspase-3/7 activities
serve as unique biomarkers for apoptosis. Monitoring their activities provides invaluable
information for tumor therapy as well as preclinical anticancer drug selection. However,
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because caspase-3/7 are located intracellularly, the designed imaging probe must enter cells
efficiently to access the enzymes, an issue that will be discussed later (Section 4.1).

C-SNAM consists of a 2-cyano-6-hydroxyquinoline (CHQ) and a D-cysteine residue for
efficient biocompatible cyclization, a DEVD peptide recognized by active caspase-3/7, a
disulfide bond to be reduced by intracellular glutathione (GSH), and a Gd(111)-DOTA
monoamide chelate as the GBCA (Figure 17). In the presence of caspase-3/7 and
intracellular GSH, C-SNAM undergoes intramolecular cyclization to form a macrocycle.
Because the macrocycle is rigid and hydrophobic, in aqueous solution it can further
assemble into Gd(l11) nanoparticles that have increased =g and r7. In the presence of
caspase-3 and GSH, C-SNAM showed an increase in r; from 10.2 to 19.0 mM1s71, As
such, C-SNAM was used to detect apoptosis of matrix-associated stem cell implanted in rat
knee joints.36P

4. MAJOR CONSIDERATIONS FOR ACTIVATABLE GBCAs

Since a variety of activation strategies are available when designing bioresponsive GBCAs,
observing a turn-on response of GBCA /n vitrois no longer a challenging task. However,
effectively observing the signal change /n7 vivo and correlating it with the biochemical
process in question is far more challenging mainly due to the low sensitivity of MRI probes.
In this section, we will discuss major considerations regarding imaging target selection and
methods to quantify the “turn-on” response /n vivo. We believe this section will serve as a
guideline for designing new biorepsonsive agents and inspire innovative strategies that will
enhance the sensitive of these /n vivo imaging probes.

4.1 Target selection for activatable GBCAs—As with targeted GBCAs, selecting
the appropriate biomarker is the crucial factor for determining whether the molecular MRI
can be successfully applied /in vivo. 1t is also important to note that different activation
strategies are suited for different imaging targets. Herein, we will discuss three key factors
concerning imaging target selection: location of the imaging target, resolution and timescale
required for the selected biochemical process, and the cellular uptake of the GBCAs.

Extracellular and cell surface biomarkers.: The accessibility of the imaging target
depends on its location. In general, the ease of access to a contrast agent is as follows:
extracellular targets > cell surface proteins > intracellular targets. As a result, extracellular
pH, metabolites as well as enzymes and metal ions that are secreted from the cells are
preferable targets for activatable GBCAs. Additionally, some cell surface receptors have
enzymatic activities that makes them ideal targets for activatable GBCAs.

For example, y-glutamyltranspeptidase (GGT) is a cell-surface associated enzyme that
catalyzes the cleavage of a -y-glutamyl bond of glutathione, and it was found to be
overexpressed in several cancers. Liang et al. reported a GGT-responsive 7,-based
activatable MR probe 1 (Figure 18A).37 Upon activation by GGT and intracellular GSH, 1
forms dimers that are hydrophobic and further assemble into nanoparticles, with 7, increased
from 5.79 to 25.1 mM~1s™1 (Figure 18A). As such, 1 was used for 7-weighteded MRI of
HeLa tumor-bearing mice. The 7,-weighted MR contrast of tumors in 1-injected mice
peaked at 2.5 h post-injection, whereas only a minor signal decrease was observed with mice

JAm Chem Soc. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Meade

Page 13

pretreated with GGT inhibitor 6-diazo-5-oxo-L-norleucine (DON) and then with 1, or mice
injected with Gd(I11)-DTPA (Figure 18 B & C).

Intracellular biomarkers.: Because most enzymes are intracellular, efficient cellular

delivery of the bioresponsive GBCAs is the first step to successfully monitoring enzyme
activity. A large body of literature focuses on cellular delivery of GBCAs with a variety of
strategies, including cell penetrating peptides,3 nanomaterials,3® and many other delivery
platforms.40 However, effective cellular delivery of small molecule bioresponsive GBCAs
remains challenging. Because most GBCAs are hydrophilic/negatively charged, they are
unlikely to penetrate the cellular membrane via passive diffusion. If incubated at high
concentrations, GBCASs can be taken up via pinocytosis, a process in which the cell engulfs
the extracellular fluid along with the small particles/molecules in it.#1 However, pinocytosis
is a non-specific mechanism when compared to ligand-specific receptor-mediated
endocytosis. As a result, relying on pinocytosis for cellular uptake leads to poor selectivity
and also requires a large amount of agent around the target cell population for an extended
period. This is difficult to achieve /n vivo as small molecules usually have a short /n vivo
half-life.

The low membrane permeability of GBCAs have prompted the development of alternative
CAs that are more likely to penetrate cells. Specifically, several membrane-permeable Mn-
based magnetic resonances contrast agents (MRCAS) have been developed.#2 For example,
the Lippard and Jasanoff groups reported a Mn-based bioresponsive MRCA for intracellular
Ca(ll) sensing.*3 The manganese-based intracellular Ca(ll) sensor (ManICS1-AM) structure
was based on a previously reported Mn(l1) scaffold attached to an acetoxymethyl ester (AM
ester) derivatized BAPTA (Figure 19A). Once inside the cells, intracellular esterases would
hydrolyze the AM esters, unmasking the BAPTA ligand to liberate the sensor in its “off”
state. In this state, the carboxylate on the BAPTA is expected to bind with the Mn(l1),
leading to low MR signal. However, once the BAPTA binds to intracellular Ca(ll), the g of
the sensor would increase leading to MR signal enhancement (Figure 19A). They
demonstrated that cells labeled with ManICS1-AM showed MR signal enhancement when
treated with chemical agents known to change intracellular Ca(ll) level. Furthermore,
ManlICS1-AM was used to detect Ca(ll) level fluctuation /in vivo. ManlCS1-AM was
injected intracranially and produced persisting contrast enhancement for over 90 mins,
suggesting intracellular trapping of the probe. Subsequently, a high concentration of KCl
was infused to the brain to depolarize neurons and increase intracellular calcium
concentrations. This elicited a 5.8% MR signal change proximal to the infusion site in
ManlICS1-AM-infused brain areas (Figure 19B&C). Although the change is small, it is
substantially higher than that of a Ca(ll)-insensitive control probe (MnL1F) or when NaCl
instead of KCI was used (Figure 19B&C). Because Mn-based MRCAs possess superior cell
permeability and similar relaxivity compared to those of GBCAS, we expect more Mn-based
activatable MR probes to be developed in the future for imaging intracellular processes.

4.2 Spatial resolution and temporal resolution—A typical MRI scanner has spatial
resolution in the hundreds of micrometers with 1mm slice thickness, while ultra-high-field
MRI can reach resolutions in the tens of micrometers (approximately the diameter of a
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mammalian cell).** As a result, MRI can be used to detect at nearly single cell resolution,
albeit requiring extremely “bright” MRCASs.#° For small molecule GBCAs with r; = 4 mM
~1571 at high field, it is nearly impossible to achieve single-cell resolution. It is important to
keep this in mind when choosing the imaging target.

Additionally, the time scale of biological process is a key factor to consider for molecular
MRI. A standard spin-echo sequence for constructing a 7; map takes minutes to complete;
while a rapid series of 7;-weighted fast low angle shot magnetic resonance imaging
(FLASH MRI) scans take a few seconds to tens of seconds. Thus, very transient biological
processes might need specialized pulse sequences. This is especially important when
imaging metal ion fluxes which may have a “spike” of high metal concentration with a
duration less than 1s.46

4.3 MR signal quantification—For targeted MRI using a concentration-dependent
approach, a strong MR signal can be reliably correlated with the high concentration of
biomarkers. However, this is not the case for activatable GBCAs that rely on change in r; to
evaluate the target biomarker. Because the “off-state” of the probe also has MR signal, MR
signal enhancement cannot always be assigned solely to activated probes versus the pooling
of the inactive agents. This is the so-called MR signal quantification problem, which entails
quantifying the concentrations of probes that are in the “on” and “off” states.

The most common method to validate the MR “turn-on” response /1 vivois to use a control
probe that is a non-responsive analogue of the activatable agent.19: 362 The control probe is
assumed to have the same biodistribution profile as a responsive one, and therefore can be
used to estimate the concentration of the responsive probe under similar /7 vivo conditions.
However, a minor structural change can still have a significant impact on an agent’s
pharmacokinetic profile. In this section we will focus on the innovative methods developed
to quantify the MR signal enhancement without using a control probe.

Increasing the dynamic range.: Since a false positive arises from the background MR
signal of the parent probe, making the “off state” agent truly “dark” is the obvious solution.
However, it is challenging to minimize the r; of a Gd(l11) chelate. As a proof-of-concept, our
group has demonstrated using magnetic coupling interaction between Co(ll) and Gd(ll1) to
lower the r; of GBCA.#” When the paramagnetic Co(ll) shares an oxo ligand with Gd(l11), it
can shorten the 73, of Gd(I11) through intramolecular magnetic exchange coupling and
reduce the r; at low field (1.5 T). However, this method is unlikely to be effective at high
field and is yet to be applied in /n vivo.

Quenching the “off-state” of the MRCA has been demonstrated with other paramagnetic
metal ions complexes. For Mn, Fe and Eu, switching between oxidation states is feasible and
can have a huge effect on r; of the resulting MRCAs.*8 Recently, the Caravan group
reported a striking example of a redox active iron complex, Fe-PyC3A (Figure 20A).48¢

It had an impressive ten-fold increase in r; as Fe oxidation state was switched from (l1) to
(1), at all three field strengths measured (1.4, 4.7, 11.7 T). The “off state” is Fe(l1)-PyC3A
had a r; of merely 0.15 mM~1s1 at 11.7 T. This is because low spin Fe(ll) is diamagnetic,
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and therefore incapable of producing paramagnetic enhancement. However, once oxidized to
the paramagnetic Fe(l11), the r; of the complex increased to 2.2 mM~1s71, comparable to
that of Gd(l11)-based contrast agents. As such, the redox active Fe-PyC3A was successfully
applied /n vivoto image the oxidative stress during acute inflammation (Figure 20B).
Nonetheless, a major constraint of this strategy is that it is limited to imaging redox
potentials.

Multimodal imaging.: Another method is to use a bimodal agent where another imaging
modality of higher sensitivity is used to quantify the concentration of the MR agents. PET
has excellent sensitivity and PET-MRI bimodal scanners are available for simultaneous
measurement of both MR and PET signals. This has been demonstrated 7 vitro for pH
sensing.*® A similar approach has been applied using SPECT signal to quantify the MR
probe concentration.>0

Fluorescence imaging can be used to quantify MRI experiments.®® In contrast to PET/
SPECT probes, fluorescent probes can be readily designed to be bioresponsive. One can
design a fluorescence-magnetic resonance (FL-MR) bioresponsive probe that exhibits
simultaneous FL-MR signal enhancement after activation. Because fluorogenic probes have
excellent sensitivity and large dynamic range, the FL signal change can be used to
substantiate the MR signal enhancement in response to the biological stimulus. We have
recently reported a bimodal fluorescence-magnetic resonance (FL-MR) probe CP1 (caspase
probe-1) that exhibits simultaneous FL-MR turn-on response to caspase-3/7, and showed
that the FL signal of CP1 can be used to quantify the concentrations of the active and
inactive probes /n vitro.52 However, for in vivo applications of FL-MR probes, the limited
depth penetration of FL imaging as well as the different sensitivities of two imaging
modalities need to be considered. Since PET-MRI scanners have been commercialized and
are gaining popularity in the clinic we expect new PET-MRI bioresponsive MRCASs to be
developed in the future.

Improved Pulse Sequence Technology.: The development of new MRI pulse sequences can
facilitate MR signal quantification.>3 When a bioresponsive GBCAs is “activated” both the
n, and r, are impacted. As a result, if both the r and 7, of the MR probe before and after
activation are known, it is possible quantify the concentration of the agent before and after
activation. One powerful technology that can rapidly measure both 7; and 75 in the same
field of view is magnetic resonance fingerprinting (MRF).>4 This technique introduced by
Griswold et al. permits the simultaneous quantification of multiple MR properties of a
material or tissue. Instead of using a repeated, serial acquisition of data for 7; and 7>
mapping, MRF uses a pseudorandomized acquisition that causes the signals from different
materials or tissues to have a unique MR signal “fingerprint.” This unique signature is
simultaneously a function of the multiple material properties (77 and 75) under
investigation. Through data processing, these properties can be quantified by matching the
MR fingerprint of the material/tissue to a predefined dictionary of predicted MR parameters.
The best-matched MR parameters would be used to quantify the MR properties of the
material/tissue of interest.
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Because MRF can be used to quantify 77 and 75 in the field of view simultaneously and
with high temporal resolution, if the 1 and 7> of the on- and off-probes are known, MRF can
be used to quantify the concentration of both agents. Flask et al. confirmed this possibility as
they were able to use MRF to simultaneously quantify the concentration of two distinct MRI
contrast agents during one acquisition.>® Currently, this approach is being applied to
bioresponsive agents and utilize MRF to quantify the concentrations of activatable GBCAs
in both “off” and “on” states.

CONCLUSIONS AND OUTLOOK

Bioresponsive GBCAs have the potential to noninvasively probe and investigate essential
physiological and pathological processes at the molecular level by MRI. To realize this
potential, it is imperative that researchers from chemistry, biology, biomedical engineering
and clinicians collaborate to overcome the obstacles described here. The roadmap for a
successful /in vivo application of bioresponsive GBCAs must begin with selecting the
appropriate target biomarkers, which requires a strong biological and clinical background.
Subsequently, the design, synthesis and /7 vitro evaluation of the bioresponsive GBCAs will
require chemists with organic, inorganic and MR physics expertise. Finally, researchers with
a biomedical imaging background are required to carry out the /n vivo imaging experiments,
so that the appropriate MRI hardware as well as pulse sequences can be used to maximize
the chance for successful /n vivo applications. To further advance bioresponsive GBCAs
towards clinical translation requires scientists with medical and medicinal chemistry
backgrounds. It is important to ensure that these GBCASs not only have good efficacy but
also has little to no longterm side effects, especially for GBCAs that are retained in the body
for prolonged period. Like many scientific endeavors, the field of bioresponsive GBCAs is
highly interdisciplinary, and only with close collaboration will new breakthroughs be
possible.

Here, we have described the relaxation theory of bioresponsive GBCAs and how various
parameters can be manipulated to design this class of agents. For both targeted and
activatable GBCAs, choosing the appropriate biomarker is of utmost importance. In general,
biomarkers that are extracellular and abundant (high uM range) are preferred targets.
Imaging intracellular targets can be accomplished with activatable GBCAs due to the signal
amplification. However, when probing intracellular phenomena, activatable GBCAs need to
be made more cell-permeable and this remains an ever-present obstacle.

A unique challenge for developing new activatable MR probes is to unambiguously correlate
MR signal enhancement with a biological event under investigation. It is encouraging to see
the numerous recent advances in GBCA design, new MR pulse sequences, and hybrid
imaging modalities that are providing promising solutions for this exciting field.
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Chemical structures of Gd(I11)-DTPA, Gd(I11)-DOTA and Gd(l11)-DO3A. Different R
groups (red) can be inserted to create bioresponsive GBCAs.
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Figure 2.
Key parameters that affect inner-sphere relaxivity include hydration number (g), mean

residence time of the bound water (), and rotational correlation time (zR).
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Effect of rotational correlation time on r; as a function of field for a Gd(I11) complex with a
water residency time 100 ns. zg = 0.1 ns (-+-), 1.0 ns (---), 10 ns (—). At low field (1.5 T),
long zr (10 ns) gives the highest r;. However, at high field, the intermediate T (1 ns) gives
the highest r;. Reproduced with permission from ref 13. Copyright 2009 John Wiley and

Sons.

JAm Chem Soc. Author manuscript; available in PMC 2020 October 30.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Li and Meade

Page 26

Figure 4.
Depiction for targeted GBCAs. Upon binding the target biomarker, the GBCAs exhibit

enhanced retention /7 vivo as well as increased r; due to RIME effect.
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(A) Chemical structure and targeting mechanism of GdOA. GdOA has an oxyamine group
that can reversibly bind to allysine present in oxidized collagen. GdOX is a control probe
that does not interact with allysine. (B) Coronal MR images (9.4 T) of normal and
bleomycin injured mice injected with GAOA or GdOX. Bleomycin injured mice injected
with GdOA (2nd) clearly showed an enhanced MR signal in the lung compared to normal
mice injected with GAOA (1st) or injured mice injected with the control probe GdOX (3rd).
In the last image, p-aminopropionitrile (BAPN) which inhibits allysine production was used
in bleoinjured mice, and little MR signal enhancement was seen when mice were injected
with GdOA. Reproduced with permission from ref 19. Copyright 2017 John Wiley and Sons.
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Figure 6.
(A) Chemical structures of PSMA targeting GBCAs, Gd1, Gd2, Gd3. The R group is the

targeting ligand for PSMA. (B) 71-weighted MR signal enhancement map (9.4 T) in PC3
PIP (PSMA+) and PC3 flu (PSMA-) tumors superimposed upon 7,-weighted images after
the mice were injected with Gd3. (C) 77 time courses calculated for the entire volume of
each tumor during 1-1600 min post injection. Gd3 was retained in the PSMA+ PIP tumor in
the first 3hrs but was quickly washed out from PSMA-flu tumor. Reproduced with
permission from ref 20. Copyright 2017 John Wiley and Sons.
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Figure 7.
Chemical structures of HaloTag targeting GBCAs of different linker length. 2CHTGd has

both optimal binding and maximal relaxivity increase upon binding.
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Figure 8.
Pictorial depiction for activatable GBCAs that can be used to image enzyme activities. Upon

cleavage of the capping ligand, the inner-sphere relaxivity is increased as water access to the
metal center is resumed.
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(A) Chemical structures of p-galactosidase-responsive GBCAs: Egad, a-EGadMe and B-
EGadMe. (B) MRI (11.7 T) detection of B-galactosidase mRNA expression in living X.
laevis embryos injected with EgadMe at the two-cell stage. The embryo on the right was
also injected with p-gal mRNA, resulting in higher MR signal in certain regions. s, somite;
b, brachial arches; e, eye; ¢, cement gland. Scale bar = 1 mm. Reproduced with permission

from ref 27a. Copyright 2000 Springer Nature.
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Figure 10.
Activatable GBCA for detecting esterase activities. Esterase unmasks the carboxylate groups

which repels the carbonate binding to the Gd(I11) metal center.
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Figure 11.
Pictorial depiction for activatable GBCAs for sensing metal ions. Upon binding of the target

metal ion, the capping ligand is lifted leading to increased g and hence higher inner-sphere
relaxivity.
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Figure 12.
Chemical structure of the Ca(ll)-sensitive GBCA, DOPTA-Gd. The BAPTA core is

responsible for binding with Ca(ll) of physiologically relevant concentration, leading to
increased g and hence higher 1.
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Figure 13.
Pictorial depiction for activation-binding mechanism. These GBCAs are first conditionally

activated which then acquired the ability to bind to proteins such as serum albumin, leading
to increased r; and retention.
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(A) Chemical structures of Zn(l1)-sensitive GBCAs that upon binding with Zn(ll) acquire
the ability to interact with HSA. GdL2 has lower affinity towards Zn(ll) than GdL1. (B)
Pictorial depiction of the activation-binding mechanism of GdL1 and GdL2. (C) 3D 7;3-
weighted MRI (9.4 T) of mouse pancreas pre- and postdelivery of GdL1 or GdL2 plus saline
or glucose. Glucose stimulates the release of Zn(Il) from p-cells in the pancreas, whereas
saline serves as a vehicle control. (D) average MR from 0 to 28 min for saline-treated mice
(n = 4) and for glucose-treated animals. Although GdL1 gave higher signal under glucose
stimulation, GdL2 had lower signal background when only saline was injected. This was
attributed to the lower affinity of GdL2 towards background Zn(ll) in the tissue. Bars
represent the standard error of the mean; *p-value < 0.05, **p-value < 0.01 Reproduced with
permission from ref 18f. Copyright 2018 American Chemical Society.
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Figure 15.
Pictorial depiction for activatable GBCAs that based on responsive self-assemble or

aggregation. Note that these agents usually are better retained post-activation, as larger
particles tend to have a slower clearance rate.
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Figure 16.
(A) Chemical structures of MPO-sensitive GBCAS, MPO-Gd. In the presence of MPO, the

5-HT moiety is oxidized to form radicals, leading to oligomerization of the MPO-Gd as well
as linking to surrounding proteins. (B) /n vivo MRI (7 T) of MPO activity 2 days after
myocardial infarction was induced. Strong and persistent MR signal enhancement was seen
in the infarct zone (denoted by the yellow arrow) in mice injected with MPO-Gd, but not
with Gd(111)-DTPA (C) The signal-to-noise ratio (SNR) showed higher values and stronger
retention after injection of MPO-Gd compared to Gd(I11)-DTPA. Reproduced with
permission from ref 35a. Copyright 2008 Wolters Kluwer Health, Inc.
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Caspase-3/7 responsive GBCA, C-SNAM, is activated by cleavage of the DEVD peptide by
caspase-3/7 and disulfide exchange with intracellular GSH. It then undergoes a

biocompatible intramolecular cyclization to form a rigid and hydrophobic macrocycle.

Reproduced with permission from ref 36b. Copyright 2015 American Chemical Society.
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Figure 18.

(A) GGT-responsive GBCA, 1, is activated by cleavage of the glutamate by GGT and
disulfide exchange with intracellular GSH. It then dimerizes to form a rigid and hydrophobic
macrocycle, whichself-assembles into nanoparticles (B) 7,-weighted coronal MRI (9.4 T) of
HeLa tumor bearing mice intravenously injected with 1 (top row), DON for 0.5 h and then
0.08 mmol/kg (middle row), and 0.08 mmol/kg Gd(l11)-DTPA (bottom row) at 0 h and 2.5
hrs. (C) Normalized time course tumor-to-muscle (T/M) contrast ratios of 7, values in panel
B. Significant 75 reduction was observed with Hela-bearing mice 2.5 hrs post injection with
1. Each error bar represents the standard deviation of three independent experiments. *p <
0.05, **p < 0.01, ***p < 0.001; analyzed by Student’s t-test. Reproduced with permission

from ref 37. Copyright 2019 American Chemical Society.
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Figure 19.
(A) Manganese-based intracellular calcium sensor (ManIlCS1-AM) is cell permeable. When

the agent enters cells, the AM esters are cleaved by intracellular esterases. This liberates the
“off-state”, which can interact with intracellular Ca2* and turns on the MR signal. (B) 1 pL
K* infusion causes 7;-weighted MR signal (9.4 T) to increase in the presence of pre-
delivered ManICS1-AM (left) but not MnL1F (right), a calcium-insensitive control. Average
peak signal change across multiple animals (n = 5) is indicated by the color scale
superimposed on a high resolution 7;-weighted image of a representative rat. Scale bar = 3
mm. (C) Region of interest analysis shows the time course of signal changes observed
during K* or Na* in the presence of ManICSL1 (red and cyan, respectively), and during K*
stimulation (vertical gray bar) in the presence of calcium-insensitive MnL1F (blue).
Reproduced from ref 42. Distributed under the terms of the Creative Commons CC BY
license.
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Figure 20.

(A) Fe-based redox-sensitive MRCA Fe(11)-Pyc3A has low r; due to diamagnetic Fe(ll). In
oxidative environment the Fe(ll) is oxidized to Fe(lll) that is paramagnetic. As a result, a
large rjincrease was achieved. (B) 7;-weighted 2D axial images (4.7 T) of saline and
caerulein/LPS treated mice recorded prior to and 6 min after injection of 0.2 mmol/kg
Fe(I)-PyC3A. Organs are labeled as follows: P = pancreas, Sp = spleen, K = kidney, M =
muscle, St = stomach, B = bowel. Note that the pancreas and neighboring kidney are
virtually isointense prior to probe injection (top two images). After injection of Fe(ll)-
PyC3A to saline treated mice the pancreas and kidney remain isointense (bottom left), but
that the pancreas is strongly and selectively enhanced after injection of Fe(ll)-PyC3A to
caerulein/LPS treated mice (bottom right). Reproduced with permission from ref 48e.
Copyright 2019 American Chemical Society.
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