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MR Imaging Probes: Design and Applications 

Eszter Boros,† Eric M. Gale† and Peter Caravan* 

This perspective outlines strategies towards the development of MR imaging probes that our lab has 

explored over the last 15 years. Namely, we discuss methods to enhance the signal generating capacity 

of MR probes and how to achieve tissue specificity through protein targeting or probe activation within 

the tissue microenvironment.  

 

 

 

 

 

 

 

Introduction 

As modern medicine develops, the diagnosis, staging and 
treatment monitoring of disease is an increasingly less invasive 
endeavour. Planar X-ray imaging and computed tomography 
(CT), ultrasound, single photon emission computed tomography 
(SPECT), positron emission tomography (PET) and magnetic 
resonance imaging (MRI) are routinely used to identify and 
characterize disease in patients. Compared to these other 
modalities MRI is especially advantageous: it can image deep 
into tissue; there is no ionizing radiation; it provides 3D images 
with sub-millimeter spatial resolution; excellent soft tissue 
contrast; there are multiple types of contrast available; and the 
imaging is not operator dependent.1, 2  

MRI primarily involves detection of the 1H NMR signal of 
endogenous water. There are several ways to generate image 
contrast in order to delineate anatomy and pathology.1, 2 
Different tissues have differing water content and so-called 
proton density images reflect these differences. Water has 
different magnetic and physical properties in different tissues.  
For instance relaxation times (T1, T2, T2

*, T1ρ) can vary by 
orders of magnitude in different tissues and data can be 
acquired that is weighted to these relaxation times in order to 
generate image contrast. One can also make images sensitive to 
differences in water diffusion rates. The movement of flowing 
blood can also be exploited to distinguish it from static tissue. 
One can also create contrast by transferring magnetization from 
the broad signal of water associated with macromolecules, or 
through saturation of exchangeable N-H or O-H protons.3  
Finally there is contrast from chemical shift differences, mainly 
mobile lipid protons versus water. 

Contrast can also be generated through the addition of an 
exogenous probe.  Most commonly, this is a para- or 
superparamagnetic compound that shortens the relaxation times 
of water molecules it encounters, i.e. relaxation agents.  Other 
probes termed chemical exchange saturation transfer (CEST) 
probes rely on the presence of exchangeable hydrogen atoms. 
These hydrogen resonances are magnetically saturated by a 
radiofrequency pulse and then chemical exchange with bulk 
water leads to a decrease of the bulk water signal.  Relaxation 
agents and CEST probes are detected indirectly by their effect 
on bulk water.  Other probes can be detected directly by virtue 
of their different magnetic resonance frequency (other 1H 
resonances,4, 5 19F-based probes,6, 7 hyperpolarized 13C, 3He, or 
129Xe-based probes).8-10 Clinically, the only approved probes 
are relaxation agents based on discrete Gd(III) or Mn(II) 
complexes or iron oxide nanoparticles. Hydrophilic Gd(III) 
complexes are by far the most widely used with the Mn(II) and 
iron oxide – based probes now discontinued. Hyperpolarized 
13C, 3He, and 129Xe-based and CEST probes have been used in 
clinical trials11-14  

The clinical utility of MR imaging probes (contrast agents) is 
well established.  At our institution just over 50% of all MRI 
procedures make use of a contrast agent. However, the full 
potential of contrast enhanced MRI has yet to be reached. The 
majority of clinical Gd(III)-based probes are small, hydrophilic, 
anionic or neutral complexes that freely distribute through 
extracellular spaces and are rapidly excreted via the kidneys.  
There is also an approved serum albumin-targeted probe used 
to image the blood pool,15 and a complex with substantial liver 
clearance used to image the hepatobiliary tree.16, 17

  The 
available imaging probes are highly useful in identifying 
vascular irregularities, detecting and delineating tumor 
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boundaries, characterizing blood flow and tissue perfusion 
amongst numerous other purposes.  However, the ability to 
target and report on a molecular level tissue could further the 
capacity to stage disease, guide treatment options and assess 
patient response.   

In this Perspective we describe our efforts over the last 15 
years in the design and application of MR probes.  This covers 
work done with colleagues at the former Epix Medical, and 
since 2007 at Massachusetts General Hospital.  This is not 
meant to be a thorough review of the subject, but a subjective 
personal account which details our rationale and efforts in this 
field.  Other approaches are certainly with merit. Excellent 
comprehensive reviews of MR imaging probes exist.18-25 

Our efforts have been motivated by the desire to bring new 
MR probes to the clinic.  Clinical translation places several 
constraints on molecular design:  the compound must be safe, 
must be completely excreted (if Gd-containing), must be 
reproducibly manufactured, must be highly soluble for 
formulation, and must provide diagnostic quality images in a 
short time frame after administration.  A second consideration 
that has guided our efforts has been the generally low detection 
sensitivity of MR probes.  Relaxation agents are detectable at 
low micromolar levels in vivo (per metal ion)26 while CEST 
and direct detection probes require at least millimolar 
concentrations for detection.27, 28 For these reasons we have 
focused on discrete Gd(III)- and Mn(II)-based probes.   

Gd(III) and high spin Mn(II) are very effective T1-relaxation 
agents.  In a T1-weighted image, regions of short T1 appear 
bright.  This is in contrast to iron oxide based probes which 
generally destroy signal and provide negative contrast.29, 30  A 
T1-agent generates signal in an MR image and is conspicuous.  
On the other hand a T2-agent destroys signal and it is often 
difficult to identify areas of signal loss, especially since most 

artefacts in MRI cause signal loss.  
We have also generally focused on discrete molecules 

containing Gd(III) or Mn(II) complexes instead of 
nanoparticles.  While nanoparticles certainly deliver greater 
signal change per entity than a discrete chelate, nanoparticles 
have a number of pharmacokinetic limitations.31, 32 They often 
circulate for very long times in the blood and target uptake can 
take hours to days.  Nanoparticles are often retained in the body 
and this poses a risk for long-term toxicity. Such 
pharmacokinetic considerations are less important for 
preclinical applications, and indeed long blood residency times 
may be useful.  However lower molecular weight (< 10 kDa) 
discrete molecules can be rapidly excreted into the urine, and 
these molecules are also small enough to rapidly extravasate 
from the blood into the interstitial space of most tissues and 
tumors.33, 34  Rapid extravasation results in accumulation in 
target tissue while fast clearance results in high 
target:background ratios.  In MRI where it is often necessary to 
acquire a baseline scan to understand the effect of the contrast 
enhanced image, rapid pharmacokinetics are desirable.  

A limitation of our approach, compared to 
nanoparticles/macromolecules, is sensitivity.  As mentioned 
above, single chelates can be detected at micromolar 
concentrations, whereas particles bringing thousands of 
paramagnetic ions can be detected at correspondingly lower 
concentrations.  Our research has focused on 1) identifying 
relevant disease targets that are present at high concentrations; 
2) utilizing amplification strategies to enhance sensitivity; 3) 
targeting alterations in tissue homeostasis such as pH or redox 
disregulation; 4) quantifying the molecular factors that 
influence relaxation and using this biophysical information to 
design better relaxation agents.     
 

 Figure 1. Gadolinium and manganese complexes described and discussed in this perspective.
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Protein Targeted Imaging Probes 
 
 One way to enhance the specificity of a molecular probe is 
to direct the probe to a specific target.  This can be done by 
targeting a receptor which internalizes the probe into a cell, or 
by direct stoichiometric protein binding.  The latter approach is 
straightforward in principle but challenging in practice.  For 
discrete MR probes, one must identify abundant targets that can 
be detected using MR. The second challenge is to conjugate 
paramagnetic chelates to the targeting vector in a manner that 
does not destroy the affinity of the vector for its target.  
 

Serum albumin.  The serum albumin targeted probe MS-325 
(gadofosveset, Ablavar, Figure 1) is an example of a protein-
targeted probe.  MS-325 is a clinically approved probe that was 
originally designed for imaging blood vessels.35, 36 Present at 
500-700 µM in serum, albumin is the most abundant blood 
plasma protein. MS-325 is a Gd(DTPA) derivative (Figure 1) 
that was designed by Lauffer and colleagues to have moderate 
affinity (Kd = 85 uM) for albumin which results in 85 - 90% of 
MS-325 being bound to albumin under steady state 
conditions.37-41  Albumin binding is promoted by a hydrophobic 
4,4’-diphenylcyclohexyl moiety appended to the DTPA 
backbone via a phosphodiester linkage.15, 38 The presence of the 
phosphodiester was shown to influence the pharmacokinetics 
by promoting renal clearance and extending the blood half-life.  
The unbound fraction of MS-325 is continuously filtered into 
the urine which leads to complete elimination of the molecule.   
 The proton relaxation enhancement (PRE) effect is a 
technique used in biochemistry to probe metal binding sites.42, 

43  There, an ion like Gd(III) is used to mimic Ca(II), and 
binding of the paramagnetic ion to the protein results in an 
increase of the solvent proton relaxation rates.  This can be used 
to assess stoichiometry and protein dynamics. Lauffer 
recognized that reversible binding of Gd(III) complexes to 
proteins would also enhance relaxation,44 and the relaxivity of 
MS-325 is increased 5-fold when bound to albumin in plasma 
at the common imaging field strength of 1.5T.41  This concept 
is referred to as receptor induced magnetization enhancement 
(RIME). From an imaging standpoint, binding results in 
localization of the probe at the target, but it also results in a 
“turn-on” of signal when the probe is bound.  This relaxivity 
turn-on provides greater target: background ratio and better 
delineation of the blood vessels.  
 Serum albumin possesses multiple binding pockets used in 
the transfer of hydrophilic substrates such as fatty acids, 
steroids, hormones and numerous drugs. Numerous Gd(III) and 
Mn(II) chelates have since been modified with hydrocarbon 
appendages to promote association with albumin through 
adventitious hydrophobic interactions.45-48 
 While albumin targeting was initially pursued for blood 
pool imaging, the presence of albumin in the lymphatics, tumor 
interstitium, and in atherosclerotic plaque have broadened the 
utility of these probes.49-51  
 

Fibrin.  Fibrin is another abundant protein suitable for 
detection with MRI.   Fibrin is the polymeric protein network 
that serves to trap platelets and form a haemostatic plug at the 
site of vascular injury. The resultant thrombus, or blood clot, 
can be resolved by the action of endogenous proteases, a 
process referred to as fibrinolysis. However, uncontrolled 
clotting can block blood flow. Unstable thrombi can dissociate 
from the site of injury and deposit in smaller capillaries. Indeed, 
thrombus is often the culprit in ischemic stroke, myocardial 
infarction, pulmonary embolism, deep vein thrombosis etc. In 
this regard, thrombus detection is key to therapeutic 
intervention.52  Fibrin deposition is the result of the action of 
the protease enzyme thrombin on fibrinogen, a constituent 
blood protein that serves as the fibrin precursor, in response to 
insult to the vessel wall. The resultant fibrin protein is insoluble 
and precipitates at the site of injury. Cross-linking of strands 
via factor XIII fortifies the fibrin polymeric network.  

Circulating fibrinogen is present at about 7 µM in plasma and 
as polymerization and clotting occurs, the concentration of 
fibrin monomer increases to 10s-100s of µM.  
 Using phage display, we identified two families of cyclic 
peptides that showed specificity for fibrin over fibrinogen and 
other serum proteins.53  Significant medicinal chemistry effort 
was required to improve fibrin affinity, metabolic stability, and 
conjugate multiple Gd(III) chelates for robust thrombus 
detection.54-56 One compound, EP-2104R (Figure 2), emerged 
as a clinical development candidate.57, 58 EP-2104R comprises 
an 11 amino acid peptide functionalized at the C- and N- 
termini with a total of four Gd(DOTA) reporters.59 Multiple 
chelates were appended to the targeting moiety in order to 
maximize signal response per binding event, and the DOTA 
chelator was chosen to minimize any release of Gd(III) in vivo. 
EP-2104R binds to two equivalent sites on the fibrin monomer 
(Kd = 1.7 µM), and this affinity is more than 100-fold higher 
than binding to fibrinogen or other blood proteins.59 The RIME 

Figure 2. Fibrin-targeting probe EP-2104R and type I collagen targeting probe EP-3353. 
Charges omitted for clarity.
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effect is in play as binding to fibrin results in over a 2-fold 
increase in r1.

59  

 The lack of plasma protein binding results in a short blood 
half-life for EP-2104R, thus thrombus remains bright after the 
signal arising from blood and surrounding tissue return to near 
baseline levels. An example of EP-2104R imaging is shown in 
Figure 3.  In this embolic stroke model, a blood clot is delivered 
to the middle cerebral artery of the brain.60  EP-2104R clearly 
delineates the location and extent of this thrombus (Figure 3B).  
In this model, the clot is delivered via a catheter into the 
internal carotid artery.  EP-2104R enhanced imaging 
demonstrated that the introduction of the catheter damaged the 
vessel wall and resulted in microthrombi along the wall (Figure 
3A, 3D).  The diameter of the vessel in Figure 3D is 500 µm 
and the clear delineation of this mural thrombus could only be 
achieved with MRI; nuclear techniques lack the spatial 
resolution to distinguish mural (wall) thrombus from occlusive 
thrombus and optical techniques lack the depth penetration.  
Figure 3 is a powerful example of the potential of molecular 
MR imaging. 
 EP-2104R was validated in rodent, rabbit, and swine models 
of thrombosis and cancer.60-65 It was scaled up and studied in 
three human clinical trials.  It showed a favourable safety 
profile and was effective at identifying thrombi in patients.57, 58  
 

Type I Collagen.  Collagen is an abundant insoluble 
extracellular matrix protein. While there are over 20 different 
collagens known, type I is by far the most abundant and serves 
a structural role. Collagen is the most abundant protein 
constituent of connective tissue and thus a key biomarker for 
fibrosis, defined as the deposition of excess connective tissue. 
Fibrosis is a hallmark pathology of disease states ranging from 
cancers, cirrhosis, diabetic nephropathy, atherosclerosis, 
idiopathic pulmonary fibrosis, heart failure, and myocardial 
infarction. The resultant stiffening of the extracellular matrix 
can impede blood flow, disrupt organ function or hinder drug 
delivery. The present standard for evaluating most forms of 
fibrosis is biopsy, which is invasive, only samples a small 
fraction of the organ, and is associated with patient 
complications. A reliable method to non-invasively identify and 
evaluate fibrosis could be of great utility to diagnostic 
medicine. 
 Similar to our fibrin targeting approach, we identified a 
cyclic, disulphide containing polypeptide by phage display as 
the collagen specific substrate. Individual amino acids that are 
non-essential to collagen binding were then identified via 
systematic substitution with alanine. At these non-essential 
residues we introduced lysine functionalized at the ε-position 
with Gd(DTPA) through a thiourea linkage.66 This structure-
activity approach led to the culmination of EP-3533 as the 
collagen-binding probe of choice (Figure 2). EP-3533 binds to 
multiple sites on type I collagen with low micromolar affinity 
(Kd = 1.8 µM) and incorporates 3 Gd(DTPA) moieties for 
signal enhancement.67 An analogous probe, EP-3600, utilizing 

Figure 3. Panel A shows a maximum projection image of the head of a rat with an 
intracranial thrombus taken after injection of EP-2104R.  The regions denoted “B” 
and “D” show the sites of the two dimensional images shown in panels B and D, 
respectively.  Panel B shows a region of bright signal located in the internal carotid 
artery (ICA) and branching into the middle cerebral artery (MCA).  Panel C shows a 
description of the vascular anatomy in the region of the brain represented in Panel 
B.  Panel D shows cross sectional images of the common carotid arteries.  The arrows 
denote mural thrombus along the vessel wall and of clotted side branches.  The 
arrowhead shows the patent contralateral carotid artery. Adapted with permission 
from reference 60.
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the DOTA chelator has been reported and evaluated in a pig 
model of myocardial perfusion.68 
 EP-3533 exhibits rapid uptake in fibrotic tissue, but fast 
clearance from blood.  Imaging at an appropriate delay after 
injection results in clear delineation of fibrotic tissue. In vivo 
specificity was confirmed by using the D-Cys isomer. This L-
Cys to D-Cys modification decreases the affinity for collagen 
by over 2 orders of magnitude, but the relaxivities of the two 
isomers are equivalent.67 In vivo, the D-Cys isomer exhibits 
similar pharmacokinetics to EP-3533 but cannot bind collagen 
and acts as a useful negative control. 
 EP-3533 has been successfully applied to the imaging of 
fibrosis in numerous preclinical applications. It was first used to 
image myocardial scarring in mice.69 We have used EP-3533 to 
detect and stage liver fibrosis in two rodent models.70, 71 Figure 
4 shows examples of liver enhancement observed in a normal 
mouse compared to a mouse with fibrosis.  Quantifying the 
contrast-to-noise (∆CNR) ratios in T1-weighted MR images 
correlated well with histopathological scoring (Ishak scale, used 
to stage fibrosis72), and also to total liver collagen content as 
determined by ex vivo quantification of hydroxyproline.  More 
recently, we have extended this work to the detection and 
quantification of pulmonary fibrosis.73  
Extracellular DNA.  DNA is typically inaccessible to MR 
probes.  However during necrotic cell death, DNA is released 
into the extracellular milieu for a period of hours before it is 
cleared.  In these necrotic events, the concentrations of DNA 
released are in the micromolar range and detectable by a 
suitable probe.  We previously reported a peptide-based DNA 
binding probe,74 but more recently Josephson and colleagues 
prepared a simple Gd-chelate conjugated to the vital dye 
thiazolium orange.75  This compound was shown to be effective 
in noninvasively documenting the cell death and remodelling 
process that occurs after myocardial infarction.    
 

Strategies for increasing relaxivity 
 
Relaxation agents are catalysts that are capable of changing the 
relaxation times of bulk solvent water (10’s of Molar in vivo) in 
a measurable way. By increasing the efficiency, i.e. the 
relaxivity, of these catalysts it is possible to detect them at 
much lower concentrations. Increased relaxivity opens the door 
to lower concentration targets, simplified probes (e.g. requiring 
only one Gd-chelate instead of 4 in EP-2104R), or stronger 
signal enhancement with existing targets. Since we are limited 
by detection sensitivity with discrete complexes, we have 
focused considerable effort to understanding the factors that 
influence relaxivity and used this knowledge to try to prepare 
higher relaxivity probes. 
 Like any catalyst, the effect will depend on the efficiency of 
the reaction (nuclear relaxation) when the substrate (water) 
encounters the catalyst, and off-rate for release of the substrate 
(water exchange rate).  At a theoretical level these processes are 
understood, but in practice there are a number of molecular 
parameters involved which can make data interpretation 

challenging.  We have employed an arsenal of magnetic 
resonance and optical techniques to interrogate hydration 
number,76-79 metal-hydrogen distance,80-82 rotational motion,83-

87 electronic relaxation,88-90 water exchange kinetics,85, 91-95 and 
how these are impacted by protein binding.78, 85, 87  
 The ability of T1 MR probes to relax the protons of solvent 
water is termed relaxivity r1 and is quantified by measurement 
of the change in relaxation rate (R1 = 1/T1) upon addition of 
probe, normalized to the concentration of the paramagnetic ion. 
There are 3 factors that affect relaxation:  hydration, water 
exchange, and a correlation time that describes the fluctuating 
magnetic dipole created by the paramagnetic ion (also depicted 
in Figure 5).  Hydration refers to water molecules in either the 
inner-coordination sphere, second coordination sphere, or in the 
outer-sphere. T1 relaxation is dipolar and the shorter the 
distance between the proton and the paramagnetic metal ion, 
the more efficient the relaxation. Protons of water molecules, 
that are coordinated directly to the metal ion, will contribute to 
inner-sphere relaxivity (r1

IS). The number of directly 
coordinated water molecules is denoted as q. Water molecules 
in the second hydration sphere (q’) of the complex contribute to 
second sphere relaxivity (r1

SS), outer sphere relaxivity (r1
OS) 

refers to water molecules diffusing in the outer-sphere, equation 
1. 
 

r� =
∆( ���)
[
] = r�� +	r�	+	r��   (1) 

 Proton relaxation occurs by energy transfer from the 
fluctuating magnetic dipole created by the paramagnetic ion. 
This fluctuation can arise from the rotational diffusion of 
complex.  It can also arise from the relaxation process of 
electrons in the ion (T1e). The rapid movement of water in and 
out of the second sphere also results in a fluctuating field for 
the water protons, as does the rapid diffusion of water in the 
outer-sphere.  For water in the inner- or second-coordination 
sphere where the lifetime of the water is long enough to be 
correlated with the metal complex, the relaxation time of the 
bound water (T1m) is given by equation 2, which holds for fields 
where most imaging is performed, i.e. at Larmor frequencies 
above 10 MHz. 
 T1m is governed by a number of parameters (see also Figure 
5): the gyromagnetic ratio of the proton (γγγγH), the electronic g-
factor (g), the Bohr magneton (µ0), the spin quantum number 
(S) of the corresponding metal ion, the proton Larmor 
frequency (ωH), as well as the metal-proton distance (rMH) and 
the correlation time (τc) that is the time constant for the 
fluctuating magnetic dipole. 
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 The correlation time will be the fastest process that 
characterizes the magnetic dipole fluctuation, equation 3. This 
can be electronic relaxation (1/T1e), rotational motion of the 
complex (1/τR), or the water exchange rate (kex = 1/τm). 
Inspection of equation 2 reveals why we work with Gd(III) or 
high spin Mn(II) rather than other paramagnetic ions. Both have 
a large spin number, S=7/2 and 5/2, respectively. They also 
have symmetric S electronic ground states which results in 
relatively long T1e values. 

 The lifetime of the water in the inner-sphere (τm) is usually 
long compared to the time constant for molecular rotation.  For 
both Mn(II) and Gd(III), the electronic T1e is very short at very 
low fields (picoseconds) but increases with the square of the 
applied field.  At commonly used imaging field strengths, 1.5 
tesla and higher, T1e is long compared to τR. Thus for the 
majority of Gd- and Mn-based MR probes, the correlation time 
that describes relaxation for inner-sphere water is the rotational 
correlation time.  To increase the relaxation of water in the 
inner-sphere, equation 2 teaches to increase τR up to the inverse 
of the proton Larmor frequency (ωH). 
 For water in the second-sphere, the mean residency time 
(τm’) can be very short (ps time scale), and can be shorter than, 
or comparable to the rotational correlation time of the complex. 
To increase the relaxivity contribution from water in the 
second-sphere, it is important to increase the lifetime of these 
water molecules.  
 Optimizing the relaxation of coordinated water ligands is 
only effective if those water ligands can undergo rapid 
exchange to transmit this relaxation effect to the bulk solvent.  
For 2-site water exchange, the inner-sphere relaxivity can be 
written as equation 4.96 Here relaxivity depends inversely on 
both the relaxation time of the coordinated water (T1m) and on 
its lifetime (τm).  For rapidly tumbling small metal complexes 
like [Gd(DTPA)(H2O)]2-, T1m >> τm. A similar expression can be 
written for water in the second coordination sphere. 

 

r�� = 	 -/[/0�]1�2"32     (4) 

 Smart complex design offers possibilities to carefully adjust 
all the parameters influencing r1. Below, we will discuss our 
corresponding efforts to modulate and optimize structure and 
dynamics to improve relaxivity. 
 
Hydration  

 

Equation 4 shows that r1
IS is directly proportional to q (and r1

SS 
is directly proportional to q’).  Increasing q is an established 
method to increase relaxivity. However the strategy of 
increasing hydration number is offset by the requirement that 
the complex be thermodynamically stable and kinetically inert 
with respect to metal ion release in vivo. A further challenge is 
that opening up coordination sites for water ligands can instead 
lead to displacement of water ligands by coordinating anions. 
Yet, increasing q provides a directly proportional relaxivity 
boost across all field strength, and this has motivated us,77, 97-99 
and others,20, 100-105 to repeatedly revisit the challenge of 
increasing q without considerable loss of kinetic inertness of 
the complex (Figure 5). 
 We have explored DO3A derivatives, i.e. where one 
carboxylate donor from DOTA is removed to make a q=2 
complex. [Gd(DO3A)(H2O)2] displays fast water exchange 
kinetics,106 is reasonably inert with respect to Gd 
dissociation,107 but is known to bind endogenous anions like 
bicarbonate.108 We synthesized a DO3A analogue, with high 
affinity to HSA, and a pendant sulfonic acid moiety in the hope 
that increased negative charge would prevent anion 
coordination (compound [Gd(L2)(H2O)2]

2- in Figure 1).76 In 
buffer, the corresponding Gd complex exhibited relaxivity 
typical for a q=2 complex, which was also confirmed by 1H 
ENDOR measurements. In the presence of HSA however, 
ENDOR studies revealed that the coordinated water ligands 
were displaced by a coordinating amino acid side chain from 
the protein.15 The resultant q=0 complex had a much lower 
relaxivity than originally anticipated.15  
 Parker and colleagues had shown that Gd(DO3A) derived 
from 3 adipic or glutaric acid moieties gave q=2 complexes 
with high relaxivity and resistance to anion binding.109 They 
had also shown that incorporating a sulphonamide donor off the 
forth nitrogen of cyclen (compound [Gd(L3)(H2O)2]

3- in Figure 
1) gave a complex that switched between q=2 at low pH 
(sulphonamide protonated, not coordinated) and q=0 at high pH 
when the sulphonamide was deprotonated and the anionic N 
donor could coordinate.110  We tried to amplify this pH switch 
by coupling it to the RIME effect by introducing a HSA 
binding moiety (compound [Gd(L4)(H2O)2]

3- in Figure 1).98 
While the relaxivity did show a pH dependent effect, the 
magnitude of the relaxivity change was not consistent with a 
q=2, HSA-bound species. Measurement of hydration number 
yet again confirmed displacement of both inner-sphere waters 
to form a q=0 complex. The moderate relaxivity enhancement 
in fact hailed from the relaxivity contribution of a long-lived 
second-sphere water.  
 Not all q=2 complexes show water displacement when 
bound to proteins.  We showed that an N-methyl analog of MS-

Figure 5.  Molecular parameters that influence inner- and 2nd-sphere 
relaxivity.
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325 (compound [Gd(L1)(H2O)2]
2- in Figure 1) was q=2 in both 

the presence and absence of HSA.97 However this complex also 
displayed much lower relaxivity than q=1 MS-325 when bound 
to HSA. In this instance, the rate of water exchange for the q=2 
complex was much slower than for MS-325 and this slow 
exchange muted the relaxivity.   
 More recently we prepared the acyclic chelator CyPic3A. 
Picolinates are strong donors for lanthanides,111 and the 
cyclohexyl diethylamine backbone provides additional rigidity 
to the acyclic, hexacoordinate ligand design.112 Indeed, 
[Gd(CyPic3A)(H2O)2]

- maintains q = 2 in water, even when 
challenged with high concentrations of various coordinating 
anions. The gadolinium complex has a kinetic inertness 
comparable to [Gd(DTPA)(H2O)]2- and may provide yet 
another attractive alternative for relaxivity enhancement via 
increase of hydration number. 
 It is known that second-sphere hydration can contribute 
significantly to relaxivity.  In addition to the DO3A adipate 
derivatives mentioned above, the presence of phosphonate 
donors also results in increased second-sphere relaxivity.  For 
instance the q=0 [Gd(DOTP)]5- complex shows higher than 
expected relaxivity due to this effect.113 In collaboration with 
the Sherry lab, we investigated the relaxivity of an albumin 
binding version of this complex [Gd(C11-DOTP)]5-.114 The 
relaxivity of this q=0 complex in the presence of HSA was 
considerably high (19.9 mM-1s-1 at 37 °C, 20 MHz). NMRD 
analysis revealed a long-lived (1 ns) second sphere water 
molecule.   

 More recently we found that acetamide donors with certain 
pendant groups showed enhanced relaxivity relative to size 
matched control complexes.90 We systematically explored this 
effect and found that pendant H-bond acceptors gave increased 
relaxivity provided there was one methylene unit between the 
amide N and the acid group. Thus amide pendants derived from 
glycine, iminodiacetic acid, aspartic acid, or 
aminomethylphosphonic acid gave a pronounced second sphere 
effect (Figure 6, complex type A). Variable temperature NMRD 
showed that this effect was due to water molecules with 

nanosecond lifetimes in the second coordination sphere.  We 
also found that these second sphere effects were additive with 
relaxivity contributions from an inner-sphere water ligand.115 
 
Rotational motion and multimeric probes 

 

Altering rotational dynamics is one of the best levers to 
improve relaxivity. The targeted MR probes such as MS-325, 
EP-3533 and EP-2104R described in this perspective all 
experience a gain in relaxivity upon binding of the target due to 
an increase in τR. However controlling rotational dynamics is 
challenging.  Equation 2 applies to isotropic rotational motion, 
but reality is more complex. There are various sources of 
internal motion (metal – O(water) rotation,116 rotation of the 
chelate about the linker to the targeting vector117, 118 etc.), and 
all of these will reduce relaxivity.26, 119 Even for a molecule like 
MS-325 where the protein-binding group is close to the 
chelator, the fairly high protein-bound relaxivity is still 
significantly lower than its theoretical maximum.85 As these 
molecules become more complex, it becomes challenging to 
design the compound in such a way that the correlation time is 
optimally increased upon binding to the target protein. A 
second consideration is the ideal correlation time since this will 
depend on the Larmor frequency as τR = 1/ωH.  Thus at low 
fields (e.g. 1.5T), very slow motion associated with protein 
dynamics is desired, but at high fields (e.g. 7T) an intermediate 
correlation time is preferred. 

 We have sought to control rotational dynamics in several 
ways.  First, we aim to utilize bifunctional chelators with the 
shortest practical linkage between the chelate and the targeting 
vector (see e.g. the chelates in Figure 8). A short linkage limits 
the degree of internal motion about the linker moiety.  However 

Figure 7. Strategies to closely control rotational dynamics. a) Binding of two 
protein binding groups to one targeting molecule results in restriction of the 
rotation of two of the chelates (as indicated by small arrows) by dual attachment 
(indicated in blue). b) A multimer of the single amino acid Gd chelate 
Gd(DOTAla) also provides dual attachment of the Gd complex through the 
α carbon, as well as the carbonyl of the peptide backbone (indicated by asterisks).
It is also important to note that in both cases, the chelators were attached using 
short linkers to ensure maximum rigidity.

Figure 6. Libraries of HSA-binding Gd complexes. Complex type A was a library 
where R1 and R2 groups were varied to enhance second sphere relaxivity, while the D1

donor group was varied to offset the slow water exchange effect of the two acetamide 
donors.  Complex type B was a library that explored the effect of a single donor group 
D1 variation on water exchange kinetics, electronic relaxation, and how these affected 
relaxivity.  See also Figure 8.
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care must be taken to avoid altering the affinity of the targeting 
vector or lowering the stability of the chelate itself.   
 Simply increasing the number of chelates within the 
molecule can be a powerful way to increase relaxivity. But to 
maintain the gain in per ion relaxivity, the rotational dynamics 
must be controlled.84 Figure 7 shows two strategies we have 
taken to this end.  The first is to rigidify the probe upon binding 
to its target.  Here we use two protein binding groups such that 
when both are bound, the rotation of the chelates is restricted.  
We have shown that relaxivity can be enhanced by screening 
small libraries to introduce secondary binding groups.120 The 
second approach comes from our work in developing probes 
with intermediate correlation times (0.5 < τR < 2 ns) for high 
fields.93, 119  
 To reach an intermediate correlation time, we have 
constructed larger molecules using metal chelates as building 
blocks.  To minimize internal motion we used the single amino-
acid chelator DOTAla. The Gd complex experiences dual 
attachment through the α-carbon, as well as through 
coordination of the Gd to the carbonyl of the pepide backbone, 
minimizing the internal motion component. The amino acid is 
versatile enabling variation of Gd-payload, shape and size of 
the overall molecule using peptide synthesis.93 We predicted  
that a trimeric polypeptide structure based on DOTAla would 
provide the suitable intermediate τR for enhanced relaxivity at 
higher magnetic fields. Indeed, the obtained relaxivity at 4.7T 
and above exceeded the relaxivity of slowly tumbling (MS-325 
bound to HSA) and rapidly tumbling complexes ([Gd(HP-
DO3A)(H2O)].  
   
Water exchange kinetics 

 

For small molecular complexes, τR is short, generally resulting 
in the relaxation time of the coordinated water hydrogen atom 
being long compared with the water residency time (T1m > τm; 
eq 4). Thus many commercial Gd-based contrast agents have 
similar, low relaxivities despite having different water 
exchange kinetics. When τR is slowed via covalent or non-
covalent association to a large molecule, τm can become a 
relaxivity-limiting or relaxivity-enhancing factor.90, 115 
 Elegant coordination chemistry by a number of groups has 
demonstrated that the inner-sphere water residency time of 
Gd(III) complexes can range from 0.1 ns to 10’s of µs at 37 °C, 
and is dictated by the local coordination environment.121-123 
Modification of just one donor group of polyamino-carboxylate 
Gd(III) complexes can lead to a change in τm of three orders of 
magnitude. Since the effect of water exchange on relaxivity is 
only revealed in a slow tumbling system (compared to simple 
chelates), we prepared a library of Gd(DOTA)-like chelates 
with the same HSA-binding group and measured variable 
temperature, variable field relaxivity in the presence and 
absence of HSA.90 We explored the effect of systematically 
replacing one acetate arm with a different donor and found the 
following reactivity, in order of increasing τm: phosphonate ~ 
phenolate < α-substituted acetate < acetate < hydroxamate ~ 
sulphonamide < acetamide ~ pyridyl ~ imidazole.  For cyclen 

derived ligands, we found these effects to be additive (Figure 6, 
complex type B). For instance changing two acetates groups to 
acetamides slowed water exchange but changing a third acetate 
group to a phosphonate reversed this effect (complex type A, 
Figure 6).115 The effect of these τm changes on relaxivity is seen 
in Figure 8, which shows that there is an optimum water 
exchange range for slow tumbling chelates at low fields as 
Lauffer predicted.124 Note that the range of τm for optimal 
relaxivity is broader as one moves to higher fields. 
 The decrease in relaxivity on the right side of Figure 8 is 
because water exchange is too slow to efficiently transmit the 
effect of relaxation to bulk water (τm > T1m in eq 4).  However 
the decrease in relaxivity as τm becomes very short is due to the 
fact that τm now becomes the dominant correlation time and 
causes T1m to increase (i.e. relaxation of the bound water is less 
efficient).  We have begun to exploit this effect to create slow 
tumbling complexes that have high relaxivity at high fields.  If 
a short τm becomes the correlation time for relaxation, it should 
be possible to identify a complex whose water exchange rate is 
matched to the Larmor frequency. We explored this hypothesis 
recently and confirmed that a monophosphonate functionalized 
DOTAla-type system (DOTAlaP, Figure 1) capable of HSA 
binding (short τm, long τR) exhibits higher relaxivity at high 
fields. However a challenge in accelerating water exchange by 
steric crowding is that the q=0 state may become more 
favourable and thus limit relaxivity.

95
 

 

Figure 8. a) Varied donor group D1 from Figure 6, complex type B, resulting in q=1, 
HSA binding complexes with Gd. b) Relaxivity of these complexes in HSA solution at 
37  °C plotted versus measured water residency time at 37 °C with data at 20 MHz (�) 
and 60 MHz (�). It is evident that τm limits relaxivity at a given field strength if it is 
either too long or too short, and that there is an optimal water exchange rate range for 
high relaxivity that becomes larger at higher fields. Reproduced with permission from 
reference 90.  
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High spin Mn(II) as a relaxation agent 

For MR probe development we have primarily focused on 
Gd(III) because of its high magnetic moment, slow electronic 
relaxation rate, and its ability to form very stable complexes 
with fast water exchange kinetics.  On the other hand, only one 
Mn(II) complex was clinically approved for intravenous use,  
([Mn(DPDP)]4−),125-127 and is no longer available.  That 
complex is q=0, and slowly releases the metal ion in vivo which 
is what provides most of the relaxation enhancement. 
Therefore, kinetically inert Mn(II) complexes with one or two 
inner sphere water molecules provide a much safer alternative 
for targeted probe development. Mn(II) ions prefer to form 6- 
to 7-coordinate complexes in water, hence ligands that provide 
6 donor atoms but yield a CN7 complex are preferred in order 
to provide q>0. In recent years, a myriad of chelators have 
emerged for the purpose of kinetically inert complexation of 
Mn(II). 128-132 
 Work from our lab included the synthesis and evaluation of 
the Mn(II) analogue of MS-325, where the octadentate DTPA 
moiety is substituted with hexadentate EDTA ([Mn(L5)(H2O)]3- 
in Figure 1).92 The corresponding q=1 Mn(II) complex indeed 
had sufficient kinetic inertness, maintained high affinity to 
HSA and produced relaxivity values that were comparable to 
MS-325.  Although the S(S+1) term for Mn(II) in equation 2 is 
5/9 that of Gd(III), this negative effect on relaxivity is offset by 
the shorter Mn-H distance. Much like MS-325, the relaxation 
enhancement upon binding to HSA relied on an increase in τR. 
This work provided some of the basis of our work on redox-
active Mn probes discussed below.  
 
Activatable Imaging Probes 

 

MR relaxation probes are detected indirectly by their effect on 
bulk water.  As we have seen, the magnitude of this effect is 
termed relaxivity and is dependent on a number of molecular 
factors.  Relaxivity can change depending on the local 
environment.  For instance the change in rotational correlation 
time upon protein binding can result in a large change in 
relaxivity.  Thus MR probes that change their relaxivity can be 
viewed as sensors and are referred to as “activatable”, 
“responsive”, or “smart” probes.         
 The development of MR imaging probes that respond to 
physiological changes in tissue microenvironments is currently 
an area of intense research focus.19, 22, 133-135 Alterations in 
extracellular pH, pO2, redox potential, labile metal 
concentrations, expression of specific enzymes, etc. accompany 
cancers, ischemia, infection, vascular injury, inflammation and 
numerous other disease states. The ability to track dynamic 
changes in these microenvironments could offer the benefit of 
serial monitoring of tissue physiology during disease 
progression or therapeutic response, or inform drug delivery 
strategies in personalized medicine. This biomedical challenge 
affords a vast chemical space for activatable probe 
development. The last decade has seen the development of 

probe prototypes that respond to a range of enzymes, pH, pO2, 
and analytes such as Zn(II), Cu(II), and Ca(II).136-139 
 An elegant proof of principle was provided by Meade and 
co-workers in their seminal studies on a MR reporter gene.  

They designed the β-galactosidase (β-Gal) activated MR 

reporter EGad.140 β-Gal is the product of the LacZ reporter 
gene.141 Egad comprises a Gd(HPDO3A)-galactopyranose 

conjugate (Figure 1). β-Gal catalysed hydrolysis of the 
saccharide linkage effectively increases the accessibility of 
water to the chelate and results in higher relaxivity.142 Here the 
nanomolar enzyme catalytically converts micromolar 
concentrations of MR probe, which in turn is detected by its 
catalytic effect on molar concentrations of water.   
 Enzymatic activity can also be coupled to changes in 
molecular dynamics.  For instance the myeloperoxidase probes 
developed by Bogdanov, Chen, Weissleder and colleagues 
undergo polymerization in the presence of the enzyme yielding 
increased relaxivity (see [Gd(L6)(H2O)]- in Figure 1).143-146 
 We coupled the RIME effect to enzymatic activation. 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is an 
enzyme that inhibits thrombolysis through peptidase activity on 
C-terminal lysine residues that are recognized by fibrinolytic 
enzymes. The probe consisted of Gd(DTPA) conjugated to a 
NH2-X-Lys-Lys-Lys-COOH tetrapeptide through an amide 
linkage, where X is a hydrophobic amino acid (see 
[Gd(L7)(H2O)] in Figure 1).147 The positively charged Lys 
residues result in the complex having little affinity for serum 
albumin. TAFI cleaves the Lys residues giving a product with 
high affinity for HSA (and concomitant high relaxivity). The 
nature of the hydrophobic X group affects not only the 
magnitude of the RIME effect, but also the activation kinetics.  
 Non-invasive measurement of pH is another goal.  
Decreased extracellular pH is associated with many cancers, 
coronary artery disease and tissue ischemia.  As mentioned 
above, pH-dependent protonation of a sulphonamide or 
phenolate donor can lead to the opening of a coordination site 
for a water ligand and associated increase in relaxivity. Sherry 
and colleagues have developed a different approach based on 
the Gd complex [Gd(DOTA-4AMP)(H2O)]-.86, 148-151 This 
complex has four pendant non-coordinating phosphonate 
moieties.  The protonation of these phosphonates and their 
prototropic exchange kinetics causes a large 2nd sphere pH-
dependent relaxivity effect.151  

 A particular challenge in the in vivo translation of any of 
these activatable probes is in determining whether there is 
really a change in relaxivity.  The change in MR signal is 
reflected in the T1 value but this depends on both relaxivity and 
concentration.  In a test tube the concentration of the probe is 
known and fixed, but in vivo the concentration is not known 
and is changing with time. This has been addressed by 
administering two probes:  first, a pH-independent probe and 
following MR signal change to estimate concentration; then the 
pH-dependent probe and using the first data set to assume its 
time-dependent concentration.149,150 This assumes identical 
pharmacokinetic behaviour between the two probes and also 
requires two injections and complex modelling.   
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 We recently took advantage of new simultaneous MR-
positron emission tomography (PET) technology to address the 
problem of decoupling concentration from relaxivity.  PET is a 
sensitive technique that can independently provide probe 
concentration.  We prepared a derivative of  [Gd(DOTA-
4AMP)(H2O)]- with an F-18 PET reporter and showed that it 
maintained its strong r1 pH dependence.  By using simultaneous 
MR-PET imaging we demonstrated that pH could be 
determined without a priori knowledge of probe 
concentration.152 
 While quantitative imaging is desirable, in many cases 
unambiguous proof that probe activation occurred will yield 
diagnostically useful information. The ideal probe would have 
zero relaxivity in the off-state and a high relaxivity in the on-
state.  In practice, the contribution of second-sphere relaxivity   
results in some measurable relaxivity even for q=0 compounds.  
For instance the EGad example sees an increase in hydration 
upon activation (relaxivity goes up), but a decrease in 
molecular size and correlation time (relaxivity goes down) 
resulting in an overall modest relaxivity increase.  Coupling 
activation to a large change in correlation time can result in 
more marked relaxivity turn on that can be readily detected in 
vivo.  For example Sherry and co-workers coupled Zn(II) 
sensing to a RIME effect. Upon Zn(II) binding, [Gd(DOTA-
bisBPEN)(H2O)]- binds to serum albumin and experiences a 3-
fold increase in r1,

153 resulting in ready detection of Zn(II) 
release from pancreatic β-cells in mouse models.154 
 We have recently explored developing activatable probes by 
switching between a T1e-dominated correlation time to a τR-
dominated correlation time.  At high fields (≥1.5T), rotation is 
the dominant correlation time for Mn(II), but for the S=2 
Mn(III) ion T1e is short and dominates nuclear relaxation.  
Given that the Mn(II/III) redox couple is physiologically 
accessible,136 we sought to harness this mechanism of 
activation to create a redox sensitive probe. One requirement is 
a ligand capable of stabilizing both oxidation states and this is a 
challenge since ligands supporting each oxidation state tend to 
be mutually exclusive. 

 We used the ligand HBET (Figure 9) to support reversible 
conversion Mn(II) and Mn(III). HBET fuses elements of both 
EDTA and HBED, which support the di- and trivalent 
oxidations states, respectively.155 In addition to the correlation 
time switch, the Mn(II) complex is 7-coordinate, q=1 while the 
Mn(III) complex is likely 6-coordinate, q=0 which results in 
another lever to increase the relaxivity difference.  Reduction of 
[MnIIIHBET]1- to [MnIIHBET]2- affords a 4-fold r1 increase at 
pH 7.4, RT and excellent contrast at 4.7T (Figure 9). 
Furthermore, we can reversibly toggle between either oxidation 
state using the biologically encountered reductants and oxidants 
glutathione and hydrogen peroxide, respectively. Since the 
relaxation mechanisms are different between Mn(II) and 
Mn(III), we anticipate that very large relaxivity differentials 
can be generated through judicious tuning of solution 
dynamics. We are currently exploring this possibility.156  

 A final consideration in activatable probes is retention of 
the activated probe at the site of pathology.  Thus either the 
probe must undergo rapid reversible activation to observe the 
effect at the site of disease, or the probe must somehow be 
trapped at the disease site after activation.  The fibrin-targeted 
probes described above are effective for identifying blood clots, 
but are incapable of distinguishing whether the clot is freshly 
formed.  To identify fresh thrombi, we targeted activated 

Figure 9. For [MnIIHBET]2-/1-, reversible switching between the Mn(II) and Mn(III) 
oxidation states can be achieved using glutathione (GSH) to increase relaxivity or 
H2O2 to decrease relaxivity. Adapted with permission from reference 155.

Figure 10. (A) PDI activation of mixed disulphide prodrug to fibrin binding EP-
2104R. (B) In the presence of PDI (filled symbols) but not the absence (open 
symbols), the prodrug activated and can displace a fluorescent probe bound to the 
soluble fibrin fragment DD(E). (C) PDI activation of the prodrug is also monitored by 
the increase in relaxivity upon binding to DD(E); filled symbols show 1/T1 in presence 
of PDI and open symbols show no change in T1 in absence of PDI. (D) T1-weighted 
images of pelleted fibrin at 1.4T. From left to right:  fibrin alone, prodrug +PDI, 
prodrug –PDI, EP-2104R (positive fibrin binding control) +/-PDI, linear thioether 
(negative control) +/-PDI.  Prodrug only shows binding to fibrin in presence of PDI.
Adapted with permission from reference 157. 
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platelets which are present only in newly formed clots. We 
identified protein disulfide isomerase (PDI), an enzyme 
expressed on the surface of activated platelets, as a target for an 
activatable probe.  PDI catalyzes the exchange of disulphide 
bonds in proteins, and in thrombosis PDI converts the integrin 
α2Bβ3 to an active form that allows the platelet to bind 
fibrinogen. From our fibrin-targeting work, we knew that the 
cyclic, disulphide bridged peptide (Figure 2) was absolutely 
critical for fibrin binding and that linear peptides of the same 
sequence did not bind fibrin.  We hypothesized that a linear, 
mixed disulphide version of EP-2104R could act as a substrate 
for PDI.  Thus in the presence of the enzyme, the peptide would 
undergo disulphide isomerization and cyclize, revealing a fibrin 
targeted probe.  Since fibrin is also present in newly forming 
clots, the activated probe would then be retained in the fibrin 
mesh.  However in older clots, where there is no PDI, there 
would be no activation and thus no binding. 
 To test this concept, we prepared a mixed disulphide 
prodrug of EP-2104R (Figure 10a).157 The mixed disulphide 
prodrug shows no appreciable affinity for the soluble fibrin 
fragment DD(E) whereas its activated form EP-2104R exhibits 
high nanomolar affinity for DD(E). Indeed, PDI efficiently 
catalyses the disulphide exchange and cyclization. In the 
presence of PDI and DTT (dithiothreitol, a sacrificial reductant 
that reactivates PDI after turnover), the mixed disulphide is 
rapidly activated. Figure 10b shows the competitive 
displacement of a fluorescent probe from DD(E) that occurs 
only in the presence of the enzyme. The relaxivity in the 
presence of fibrin or DD(E) is also increased by 72% at 1.4T 
upon activation and this is seen through changes in 1/T1 (Figure 
10c). Figure 11c further illustrates the activatable nature of this 
probe. Note the signal increase upon activation in the presence 
of clotted fibrin; also note the localization of the activated 
probe within pelleted fibrin clot. 

Conclusions 

 The above discussion provides examples of how we have 
played upon the well-established modular mechanisms 
controlling relaxivity to develop probes that interrogate both 
anatomical and biochemical aspects of disease. In particular, 
protein targeted and activatable probes provide opportunities to 
assess information previously inaccessible by MRI.  Through 
rational design, we have designed probes that begin to approach 
the theoretically maximum relaxivity. The use of high-
relaxivity probes is particularly important when endeavouring 
to target proteins or other analytes that are present in 
micromolar quantities. Chelates of higher relaxivity could 
simplify probe design by obviating the need for multimeric 
strategies and/or by making targets nearing the detection limit 
more conspicuous. Targets that present in nM quantities or 
below are poor candidates for direct targeting with discrete 
compounds, but strategies do exist to amplify sensitivity 
through catalytic accumulation of activated probes. This latter 
approach represents an excellent strategy for imaging 
enzymatic activity, provided there is a mechanism for probe 

retention at the site of pathology. Coupling an accumulation 
mechanism to a change in one or more of the modular 
parameters influencing relaxivity can be particularly 
advantageous in imaging targets present below the MR 
detection limit. It is our opinion that in most cases, the high 
thermodynamic stability, high kinetic inertness, and rapid 
clearance make hydrophilic Gd(III) chelates the best candidates 
for further optimization. Gd(III)-based probes are, and will 
likely remain, the workhorses of clinical MR contrast. 
However, there are circumstances where non Gd(III)-based 
probes may prove advantageous. For example, switching from 
Mn(III) to Mn(II) offers the potential for relaxivity turn-on 
differentials that supersede those theoretically possible for 
Gd(III). Thus, Mn-based probes merit further exploration in 
imaging redox dynamics. Similarly the high relaxivity potential 
of Mn(II) represents a useful strategy in developing probes for 
patients that would be contraindicated for Gd(III)-based 
compounds because of poor renal function.  
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This perspective outlines strategies towards the development of MR imaging probes that 

our lab has explored.  
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