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Abstract

This review focuses on MRI contrast agents that are responsive to a change in a physiological 

biomarker. The response mechanisms are dependent on six physicochemical characteristics, 

including the accessibility of water to the agent, tumbling time, proton exchange rate, electron spin 

state, MR frequency, or superparamagnetism of the agent. These characteristics can be affected by 

changes in concentrations or activities of enzymes, proteins, nucleic acids, metabolites, or metal 

ions, or changes in redox state, pH, temperature, or light. A total of 117 examples are presented, 

including examples that employ nuclei other than 1H, which attests to the creativity of 

multidisciplinary research efforts to develop responsive MRI contrast agents.
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1. Introduction

Magnetic resonance imaging (MRI) has developed from a confounding problem with spatial 

magnetic field inhomogeneity during NMR spectroscopy, to a valuable diagnostic technique 

during this century (1). As evidence for the popularity of clinical MRI diagnoses, MRI 

exams in the USA have increased approximately 10% per year from 1996 to 2010, with 

about 28.2 million clinical MRI scans performed in 2010 (2,3). The development of 

exogenous MRI contrast agents has paralleled the engineering of MRI instrumentation, with 

the first in vivo MRI studies of contrast agents with Fe(III), Mn(II), nitroxide radicals, and 

Gd(III) reported in 1981–1984 (4–9). The use of exogenous MRI contrast agents for 

enhancing clinical diagnoses has also grown in popularity, as roughly 35% of all clinical 

MRI scans in the USA in 2010 employed an exogenous MRI contrast agent (10).

Exogenous MRI contrast agents were initially developed to enhance the image contrast of 

anatomical features (9). For example, MR neuroimaging with exogenous contrast agents 
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routinely depicts disruption of the blood-brain barrier and the morphological details of 

cerebral lesions (11). MRI contrast agents can also be used to localize the ischemic, acutely 

infarcted, and peri-infarcted myocardium in occlusive and reperfused myocardial infarctions 

(12). MRI contrast agents for anatomical diagnoses are typically designed to exploit 

differential uptake of the MRI contrast agent in pathological and normal tissues, and 

therefore primarily behave as “static tracer agents” that do not change their physicochemical 

properties.

The availability of clinical MRI scanners in the 1980s and early 1990s provided the 

opportunity for clinicians to develop and employ MRI contrast agents for studying tissue 

function (13). For example, MRI contrast agents are routinely administered to patients and 

animal models to track vascular flow for large arteries and veins using MRI angiography 

(14). These exogenous agents can also track vascular perfusion and permeability in capillary 

networks using Dynamic Contrast Enhancement MRI methods (15). These contrast agents 

primarily behave as tracer agents that change in concentration in various organs, but do not 

experience a deliberate change in their physicochemical properties during the MRI study.

MRI contrast agents have also been developed for molecular imaging (16). Although MRI 

does not have sufficient sensitivity to image single molecules, MRI can detect molecular 

compositions or environmental characteristics of the tissue. MRI contrast agents can detect 

differences or changes in molecular compositions and therefore have a prominent role in the 

development of MRI for molecular imaging. Responsive agents dynamically change one or 

more of their physicochemical properties when interacting with their intended molecular 

biomarker, and therefore differ from static tracer agents. A multidisciplinary research 

approach is often required to develop and apply responsive MRI contrast agents to 

biological or biomedical studies, including an understanding of chemistry and biochemistry, 

molecular and cell biology, physiology, radiology, and biomedical engineering of imaging 

methods.

We have previously reviewed 54 responsive MRI contrast agents reported during or before 

2007, with an emphasis on classifying agents based on physicochemical characteristics, and 

how these physicochemical characteristics can be employed to detect a response from each 

type of biomarker (17). This current review classifies an additional 117 responsive MRI 

contrast agents reported since 2005. Furthermore, this review includes agents that employ 

nuclei other than 1H. As with our previous review, an emphasis is placed on the 

multidisciplinary approach that was required for the development of these recently reported 

MRI contrast agents, and that will be required for further development of these responsive 

agents.

To facilitate the classifications of these responsive MRI contrast agents, we have limited the 

scope of our review to agents that experience a change in one or more of their 

physicochemical characteristics when interacting with a physiological biomarker. This scope 

excludes some types of MRI contrast agents for molecular imaging. For example, MRI 

contrast agents that non-covalently bind to cell receptors or covalently bind and inhibit 

enzymes are primarily used to detect differences in pharmacokinetic retention in 

pathological tissues relative to surrounding normal tissues (18,19). This difference in 
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pharmacokinetics does not necessarily require a change in the agent’s physicochemical 

characteristics. Similarly, MRI contrast agents that are internalized into cells via reporter 

gene systems, or are otherwise preferentially retained in specific tissue types, depend on a 

difference in pharmacokinetics (20,21). Although changes in the agent’s physico-chemical 

characteristics may also occur, these changes in physicochemical characteristics are 

secondary to the pharmacokinetic retention. These non-responsive MRI contrast agents are 

described in other outstanding reviews, and are therefore not considered in this review 

(22,23).

Responsive MRI contrast agents that match our scope have been occasionally described as 

“smart” MRI contrast agents (24). However, this term is anthropomorphic, and therefore has 

become less popular for describing a chemical. Responsive MRI contrast agents have also 

been described as “activatable” agents (25). Yet some MRI contrast agents become de-

activated when interacting with their intended biomarker, which is a valid approach 

especially if a second unresponsive agent can be included as an internal control. For these 

reasons, the term “responsive MRI contrast agent” is preferred in this review.

2. MRI contrast mechanisms

Unlike most other biomedical imaging modalities, MRI can generate image contrast through 

a variety of contrast mechanisms. T1, T2, and T2* image contrasts are direct results of the 

relaxation properties of the nuclei of interest. Chemical Exchange Saturation Transfer 

(CEST) contrast is generated from the kinetic exchange properties of the agent. The MR 

chemical shift of the CEST effect and of MR spectroscopy agents are influenced by the 

electronic shielding of the nucleus of interest. Six physicochemical characteristics can affect 

these MR contrast mechanisms, providing fundamental mechanisms that can be exploited 

for molecular imaging. These six characteristics are the agent’s tumbling time; electron spin 

state; distance between two dipoles; superparamagnetism; chemical exchange rate; and 

chemical shift (Fig. 1).

The T1 relaxation time constant describes the time after excitation for the magnetization to 

return to the equilibrium ground state (26). This return to energy equilibrium is 

accomplished by transferring the excess energy of the magnetic spins of the excited 1H 

nuclei (protons) to the surrounding lattice, thereby giving the T1 relaxation time constant the 

alias ‘spin-lattice relaxation time constant’. Because the direction of the net magnetization in 

the equilibrium ground state lies along the axis of the main magnetic field of the MRI 

scanner, T1 relaxation is also known as ‘longitudinal relaxation’. The excess energy can be 

transferred through a dipole-dipole interaction, which is influenced by three 

physicochemical characteristics: the tumbling times of the two dipoles that exchange energy; 

the electron spin state of one of the dipoles; and the distance between the two dipoles. 

Therefore, responsive T1 contrast agents can undergo a change in size to change tumbling 

time, which can change T1 relaxation time constant of the system. Responsive T1 contrast 

agents can also experience a change in their accessibility to water, by changing the number 

of water molecules that are associated with the agent, or by changing the average distance 

between the agent and the water molecules.
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MRI contrast agents that cause a decrease in the T1 relaxation time constant result in a 

brightening of the MR image, due to the methodology of a T1-weighted MRI acquisition 

protocol, and are therefore often known as ‘positive-contrast agents’ (Fig. 2) (27). T1-

weighted MR images can be acquired in rapid succession to track the dynamics of the agent, 

which can facilitate the detection and analysis of responsive MRI contrast agents. T1 MRI 

contrast agents typically require a minimum concentration of approximately 10 to 500 μM 

for detection, depending on the quality of the MRI scanner and the biomedical imaging 

application (28).

T2 relaxation is associated with the dephasing process of coherent, detectable net 

magnetization in a plane that is transverse to the direction of the main field of the MRI 

spectrometer magnet, and therefore the T2 relaxation time constant is also known as 

‘transverse relaxation time constant’ (26). This dephasing occurs through a dipole-dipole 

interaction between two protons, thereby earning the name ‘spin-spin relaxation’. T2* 

relaxation is a dephasing of the detectable net magnetization caused by local magnetic field 

inhomogeneities. For example, a superparamagnetic iron oxide nanoparticle (SPION) can 

create a local magnetic field, which strongly interacts with the protons of nearby water 

molecules. This interaction weakens as a function of distance. T2* relaxation is primarily 

influenced by two physicochemical characteristics: the tumbling time of the agent and the 

magnitude of the agent’s superparamagnetism that causes the local magnetic field 

inhomogeneities. Therefore, responsive T2* contrast agents can change in size to change 

tumbling time or water accessibility, or can change the aggregation state of the SPION or 

other paramagnetic particles to change the superparamagnetism.

Using a T2* weighted imaging protocol, T2* contrast agents cause a darkening of the image 

and are typically considered to be ‘negative-contrast agents’ (27), although more 

complicated methods can detect positive image contrast from T2* MRI contrast agents (29). 

Dynamic Susceptibility Contrast MRI can be used to monitor the pharmacokinetic of T2* 

agents in vivo (Fig. 3; 30). In addition, T2* relaxation time constants are shorter than T1 

relaxation time constants, which may reduce the dynamic range of detection sensitivity for 

T2* agents relative to T1 agents. T2* agents can be detected at concentrations approaching 1 

μM, which is a substantial advantage relative to T1 agents when detecting the response of a 

MRI contrast agent to a molecular biomarker (31).

CEST generates MR image contrast through a mechanism that is substantially different than 

T1- and T2*-relaxation. CEST is generated by saturating the coherent net magnetization of 

equivalent protons on a CEST agent (or a water molecule that is transiently bound to the 

agent), and then allowing for the transfer of this saturation from the agent to surrounding 

bulk water through the natural chemical exchange of protons between the agent and water 

(32). This process results in a decrease in the bulk water MR signal, leading to a darkening 

of the MR image. The labile protons of the CEST agent have a different chemical shift than 

that of bulk water. Therefore, acquiring a series of MR images with different saturation 

frequencies can be used to create a CEST spectrum that shows the decrease in water signal 

when the chemical shift of the labile protons are saturated, relative to the saturation at other 

chemical shifts (Fig. 4). A CEST agent’s chemical exchange rate and chemical shift are the 
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two physicochemical characteristics that can be exploited to create responsive CEST MRI 

contrast agents.

Exogenous diamagnetic CEST (DIACEST) agents are metal-free organic molecules (33). 

The labile protons of a DIACEST agent typically reside on amide, amine, thiol or hydroxyl 

chemical groups, which have a range of chemical exchange rates that can be exploited to 

create responsive MRI contrast agents. The chemical shift difference between the DIACEST 

agent’s exchangeable proton and water is a limited range of approximately 0.8 to 10 ppm. 

Tracking changes in the chemical shift from a DIACEST agent can be used to track a 

molecular biomarker, although the limited range of chemical shifts can reduce the 

practicality of this approach. Perhaps more importantly, this limited chemical shift range can 

often complicate the saturation of the magnetization of the proton on the agent without also 

directly saturating some of the magnetization of the water’s protons. This complication often 

requires a minimum concentration of ~5 mM for detecting a DIACEST agent. Yet these 

agents are typically biocompatible, and have been administered at injection concentrations 

approaching 1 M, so that tissue concentrations of DIACEST agents can meet the minimum 

detection threshold.

Paramagnetic CEST (PARACEST) agents comprise a lanthanide ion and an organic chelate, 

although chelates with metals other than lanthanides have also been used to create 

PARACEST agents (34–36). PARACEST agents can generate CEST from amide, amine, 

thiol, hydroxyl or phosphate chemical groups on the agent, or from a water molecule that is 

non-covalently, transiently bound to the agent. The hyperfine contact shift effect of a metal 

can cause greater chemical shift differences between the protons on the agent and water. 

This facilitates the tracking of changes in the chemical shift from a PARACEST agent to 

track a molecular biomarker. The greater chemical shift differences can also create better 

specificity for saturating the proton on the PARACEST agent without also directly 

saturating some of the water’s protons. In addition, a CEST agent must have a chemical shift 

relative to water that is larger than the agent’s chemical exchange rate (to avoid a 

phenomenon known as MR coalescence). Therefore, a PARACEST agent with a greater 

chemical shift can also have a greater chemical exchange rate, and a greater rate can 

generate a CEST effect with a greater amplitude. The improved sensitivity can lower the 

minimum detection limit to ~1 mM metal ion concentration. However, potential toxicity 

limits the administration of PARACEST agents to levels that are near this minimum 

detection limit, which limits the detectability of PARACEST agents during in vivo studies.

Magnetic resonance spectroscopy and spectroscopic imaging (MRS/I) can also be used to 

track the chemical shift of a responsive contrast agent (Fig. 5; 37). 1H MRS/I has been used 

to assess exogenous contrast agents, although detecting the small 1H signal of the agent 

relative to large 1H signal of water in the tissue can be challenging (38–40). Therefore, 

responsive contrast agents for MRS/I studies have exploited the detection of 11B, 19F, 

and 31P from the agent because the endogenous background 11B, 19F, or 31P signal is either 

negligible or does not overwhelm or overlap with the signal from the agent (41–43). These 

agents show a change in chemical shift when interacting with a biomarker. The detection 

sensitivity can range from ~1 to 100 mM on a per-atom basis, depending on the quality of 

the heteronuclear detector system of the MRI scanner.
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Hyperpolarization is a promising method for improving the detection sensitivity of some 

nuclei during MRS/I studies, especially for 13C, 89Y, and 129Xe (Fig. 6; 44–46). 

Hyperpolarization of 13C and 89Y is often accomplished by enhancing the spin polarization 

of the electrons by cooling to low temperature in a magnetic field or through chemically 

induced processes, and then transferring this spin polarization from electrons to nuclei 

through a process known as dynamic nuclear polarization. For comparison, 129Xe is 

commonly hyperpolarized through spin exchange optical pumping with rubidium. Due to 

the signal enhancement, the minimum concentration needed to detect a hyperpolarized agent 

can be reduced as much as 10,000-fold compared to standard MRS/I contrast agents. The 

limited lifetime of hyperpolarization is a potential limitation, particularly for 13C studies. To 

address this pitfall, permanently-labeled 13C- and 31P-labeled molecules have also been used 

to follow metabolism, and 2H-labeled metabolites have used to follow rate limiting steps of 

enzyme catalysis. Technical hurdles, the limited variety of agents, and the additional 

expense of hyperpolarized MRS/I have inhibited the use of this method, although extensive 

efforts are being invested to overcome these challenges.

3. Responsive MRI contrast agents: Sensitivity and Specificity

Based on the detection thresholds listed above, at least 1 μM of exogenous contrast agent is 

required for detection with MRI, and some contrast mechanisms require more than 10 mM 

for adequate detection (28,31,32,34). This indicates that MRI is a relatively insensitive 

biomedical imaging modality. This limited sensitivity often requires a high concentration of 

the biomarker to be detected with responsive MRI contrast agents. As an example, the in 

vivo concentrations of metal ions during physiological processes can reach the concentration 

threshold for direct detection with a responsive MRI contrast agent. In addition to detecting 

the biomarker’s concentration, consideration should be given to detecting a change in the 

biomarker’s concentration during the physiological process. For example, the in vivo 

concentrations of metal ions may be sufficiently high to detect, but a small change in 

concentration required for neural activity, cell signaling, or other physiological events may 

be too low to be accurately determined, rendering the MRI methodology to be ineffective for 

interrogating the physiological process.

Some responsive MRI contrast agents have physicochemical characteristics that return to 

their original states when the MRI contrast agent no longer interacts with a molecular 

biomarker. These agents are known as reversible responsive MRI contrast agents, and have 

merits for monitoring rapidly changing physiological conditions (47). However, the 

detection sensitivities of these agents are inherently limited by the concentration of the 

biomarker, so that the biomarker concentrations must often be high for practical detection of 

the reversible responsive MRI contrast agent. As an example, a responsive MRI contrast 

agent that reversibly binds to a metal ion is well suited to monitoring rapid changes of high 

concentrations of ion flux.

Alternatively, some responsive MRI contrast agents have physicochemical characteristics 

that do not return to their original states when the MRI contrast agent no longer interacts 

with a molecular biomarker. These agents are known as irreversible responsive MRI contrast 

agents (48). Their detection sensitivities are limited by the accumulation of agent that can be 
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irreversibly altered before the MRI detection. By optimizing the timing of detection, a much 

greater concentration of irreversibly altered agent may be present relative to the biomarker, 

which can amplify the detection sensitivity. This optimal timing of the detection often 

obviates the need to monitor rapidly changing physiological conditions. As an example, an 

irreversible responsive MRI contrast agent is well suited to detect the presence of the 

enzyme, because a low concentration of enzyme can rapidly affect a high concentration of 

agent.

In addition to sensitivity, the specificity of detecting the intended biomarker is a substantial 

challenge when using responsive MRI contrast agents during practical biomedical 

applications. In particular, the T1-weighted or T2*-weighted MR signal amplitude, the 

amplitude of a CEST MR measurement, and the amplitude of a MR spectral peak are each 

dependent on the concentration of the agent. Because pharmacokinetic wash-in and wash-

out within in vivo tissues is spatially and temporally variable, the concentration of a 

responsive MRI contrast agent should be taken into consideration to ensure that the contrast 

agent’s response is specific for the intended biomarker. For example, a MRI contrast agent 

has been labeled with a PET agent to improve the measurement of pH (49). The PET agent 

was used to track the dynamically varying concentration of the agent in tissues, and this 

concentration information was used to convert the concentration-dependent T1-weighted 

MR signal to a concentration-independent T1 relaxivity measurement. Similar attempts have 

used T2* relaxation to track the concentration of a T1-responsive MRI contrast agent, 

although the strong correlations between T1 and T2* relaxation mechanisms cause the 

analysis of these imaging results to be very challenging (50).

As an alternative approach, the chemical shift of a MR spectroscopy agent or a CEST agent 

is concentration-independent, and therefore these agents that change chemical shift have 

excellent specificity for detecting the intended biomarker. Furthermore, the measurement of 

chemical shifts is very precise and accurate, due to decades of technological improvements 

derived from NMR spectroscopy research studies. In addition, chemical shifts are selectively 

detectable, providing opportunities to selectively detect an unresponsive “control” agent 

while also detecting the responsive agent. If the control agent is designed to generate MR 

signal that is dependent on the same concentration and other environmental conditions as the 

responsive agent, then the results from the control agent can be used to cancel these effects 

from the results with the responsive agent, leaving only the results of the specific detection 

of the intended biomarker. For example, an enzyme-responsive CEST agent and an 

unresponsive control CEST agent have been co-administered to a mouse model of mammary 

carcinoma, and the comparison of the CEST effects of these two agents improved the 

detection of enzyme activity (51).

4. Examples of responsive MRI contrast agents

The chemical structures of the responsive MRI contrast agents described below are available 

in the Supporting Information.
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4.1. Responsive MRI contrast agents that are catalyzed by enzymes

Enzymes are responsible for most of the functions in cellular and molecular biology, and 

therefore represent a major class of molecular biomarkers. However, many enzymes are 

initially expressed as zymogens with an inactive form, and are eventually activated when 

needed by the cell or tissue. Therefore, the detection of the presence of an enzyme may 

inadvertently detect an inactive enzyme that is not correlated with the progression or 

treatment of disease states. To avoid this pitfall, contrast agents can be designed to detect the 

activity level of the enzyme rather than the presence of the enzyme. Responsive MRI 

contrast agents are useful for assessing enzyme activities in disease states. A low 

concentration of active enzyme can rapidly create a high concentration of modified contrast 

agent, which amplifies the sensitivity for detecting the enzyme.

An enzyme can alter the covalent bond structure of a PARACEST agent, resulting in a 

change in chemical exchange rate of the labile proton of the CEST agent, which causes the 

CEST effect to appear, disappear, or change in magnitude. For example, a PARACEST 

agent with a peptide ligand has an amide bond that is cleaved by urokinase Plasminogen 

Activator (uPA), which converts the amide to an amine, and causes a disappearance of the 

CEST effect from the amide group of this responsive agent (52). A comparison of this 

responsive agent with an enzyme-unresponsive “control” agent facilitated the in vivo 

detection of uPA activity (51). A similar PARACEST agent with a different peptide ligand 

can detect cathepsin-D activity (53). By simply replacing the peptide ligand of such agents, 

the agent becomes responsive to different enzymes, suggesting that this agent design can act 

as a platform technology for the detection of many other enzymes. It has recently been 

shown that the opposite reaction, a formation of an amide bond from an amine group, can 

also create or change a CEST effect from a responsive agent that detects transglutaminase 

activity (54). This latter example also showed that enzyme catalysis can also change the 

chemical shifts of the CEST effect, which can be exploited to detect enzyme activity.

Modular designs of enzyme-responsive PARACEST agents have created platform 

technologies that may be conveniently modified to detect a variety of enzymes (Fig. 7). For 

example, a Yb(III) chelate with a β-galactose ligand generates CEST after β-galactosidase 

cleaves the agent’s ligand, which generates an electron donating group that promotes 

aromatic delocalization, which further truncates the ligand and creates an amine group that 

can generate CEST (55). In another example, a Yb(III) chelate with an ester group that caps 

a trimethyl lock moiety can detect esterase activity through the appearance of CEST after 

de-esterification triggers an intramolecular lactonization that produces an amine group on 

the responsive agent (56). These examples demonstrate the advantages of a multidisciplinary 

research approach that combines the biochemistry of the agent’s enzyme-cleavable trigger, 

the organic chemistry of the agent’s spontaneous disassembly, and the physical chemistry of 

the imaging agent.

DIACEST agents have also been developed that detect enzyme activity. For example, 

cysteine deaminase can covert a cytosine ligand to a uracil moiety on a DIACEST agent, 

causing a disappearance of CEST from the agent as demonstrated in vitro (57). Because 

cysteine deaminase can convert 5-fluorocytosine into 5-fluorouracil that can act as a 
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chemotherapeutic agent, this DIACEST agent may be used to track enzyme-based prodrug 

therapy in tumors. As another example, the peptide (LRRASLG)8 has a reduced CEST 

effect when Protein Kinase A phosphorylates the serine amino acid residue of this peptide, 

thereby detecting the kinase activity of this enzyme in vitro (58). These examples show that 

DIACEST agents can also detect both bond cleavage and bond formations that are catalyzed 

by enzymes.

Enzymes can change the tumbling time of a responsive contrast agent, which can lead to a 

change in T1 relaxation time constant. A β-galactopyranose-containing Gd(III) complex 

undergoes hydrolysis by β-galactosidase, resulting in formation of a reactive phenolate anion 

(59). This reactive group binds the contrast agent to a protein, slowing the tumbling time of 

the contrast agent and decreasing T1 relaxation time constant of the system, as tested in vitro 

and in vivo. Similarly, myeloperoxidase can cause a hydroxytriamine ligand of a Gd(III) 

chelate to form a radical, which can bind the contrast agent to a protein and decrease T1 

relaxation time constant (60). Another Gd(III) chelate has a peptide ligand that is cleaved by 

legumain, which causes the agent to bind to human serum albumin and decrease the T1 

relxation time constant (61). As another example, Gd-DOTA-tyr-gal is converted to 

GdDOTA-tyr by β-galactosidase (62,63). The product then undergoes oligomerisation by 

tyrosinase, creating a large molecular system with a slower tumbling time that decreases the 

T1 relaxation time constant of the system. Using the same approach, the peptide of a Gd(III) 

chelate is cleaved by furin, and a disulfide bond in the remaining peptide ligand is reduced, 

allowing for dimerization and self-assembly of the agents to form a macrocyclic 

nanoparticle (64). The slower tumbling time of the nanoparticle causes a decrease in the T1 

relaxation time constant of the system. These results have been validated in vitro and in vivo, 

and represent yet another modular design that can be exploited as a platform technology for 

enzyme detection.

Enzymes can change the accessibility of water for the agent, which can change T1 relaxation 

time constant. An interesting example exploits a decrease in solubility when a MMP-7 or 

MMP-2 enzyme cleaves a PEG-peptide ligand of Gd-DOTA (65,66). The loss of the highly 

soluble PEG groups causes the remainder of the agent to precipitate from solution, which 

increases T1 relaxation time constant that can be detected during in vivo studies. The same 

concept was used to develop a responsive contrast agent that detects lipase activity in cells. 

Lipase-catalyzed cleavage of the agent’s aliphatic ligands allows the agent to become 

soluble, which decreases the T1 relaxation time constant of the system, as shown during in 

vitro studies (67) and in vivo tests (68). Protamine-linked liposomes that carry a Gd(III) 

chelate can be disassembled with trypsin, causing greater water accessibility for the agent 

that creates an decrease in T1 relaxation time constant (69).

Water accessibility has also been modulated by changing the number of carboxylate groups 

of the agent. Esterase can create carboxylate groups after cleaving ethyl ester ligands of a 

Gd(III) chelate, causing displacement of serum anions that allows for more water 

accessibility to the Gd(III) ion (70). Conversely, glutamic acid decarboxylase activity causes 

decarboxylation of the glutamine ligands of a Gd(III) chelate, which improves the 

accessibility of the surrounding water for the Gd(III) ion, resulting in a decrease in T1 

relaxation time constant (71). Tyrosinase can polymerize a Mn(II) chelate, which 
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destabilizes the chelate and releases the Mn(II) ion, thereby improving accessibility of water 

for the Mn(II) ion and decreasing T1 relaxation time constant (72). These examples 

demonstrate that water accessibility can be decreased or increased to change the 

responsiveness of the agent, and typically use an irreversible approach to change 

accessibility via enzyme activity.

Commercially available histological stains have been explored as responsive T2* agents for 

detecting enzyme activity. S-Gal, a derivative of β-D-galactopyranoside, was originally 

developed as a colorimetric agent for measuring β-galactosidase activity in vitro and in vivo 

(73,74). On action of β-galactosidase, the generated aglycone chelates Fe3+, forming a 

superparamagnetic MRI contrast agent that decreases the T2* relaxation time constant of the 

system. S-Gal has been used to detect β-galactosidase activity during in vivo studies a 

MCF7-LacZ tumor model. Interestingly, the chelate can shorten the T1 relaxation time 

constant before catalysis by β-galactosidase, which provides the opportunity to monitor the 

delivery of the agent to tissues that have low β-galactosidase activity. Similarly, the T2* 

relaxation time constant of the system containing SPION-loaded ferritin can decrease when 

protein domains incorporated onto the ferritin surface are phosphorylated by protein kinase 

A, which causes the ferritin to aggregate (75). In three similar examples, the formation of a 

superparamagnetic MRI contrast agent can be generated when dextranase, MMP-2 or 

MMP-9 protease cleaves the hydrophilic coating of a SPION, causing the nanoparticles to 

aggregate and decrease the T2* relaxation time constant of the system (76–78). Using the 

same concept, but in the opposite sense, aggregated SPIONs linked via complimentary 

stands of DNA can be used to detect the activity of the restriction enzyme EcoRV, which 

cleaves the DNA and irreversibly disaggregates the SPIONs, resulting in an increase in T2* 

relaxation time constant of the system (79). A similar example also generated a change in 

T2* relaxation following disaggregation of DNA-linked SPIONs during in vitro studies, 

when secreted alkaline phosphatase de-phosphorylates 2′-AMP to create adenosine, which 

then disrupts a DNA duplex that links the SPIONs (80). Although disaggregation generally 

increases T2* relaxation time constant by reducing the superparamagnetism of the system, 

disaggregation of highly aggregated systems can decrease the T2* relaxation time constant 

by improving water accessibility to the system. For example, a sample containing a hydrogel 

with a very high local concentration of SPIONs has a high T2* relaxation time constant, and 

disaggregation of the SPIONs after trypsin digestion decreases the T2* relaxation time 

constant (81). Each of these examples exploits an irreversible response for detecting enzyme 

activity.

Changes in the relaxation rates of 19F have also been exploited to detect enzyme activity. 

For example, a Gd(III) chelate has been linked to a trifluoromethoxy benzyl group via a 

caspase-3-cleavable peptide sequence (82). The close proximity of the Gd(III) ion and the 

trifluoromethoxy group causes a short 19F T2 relaxation time, rendering 19F MRS/I 

impractical. Upon proteolysis by caspase-3, the 19F-labeled ligand dissociates from the 

Gd(III) chelate, and the 19F T2 relaxation time becomes sufficiently long for practical MRS/I 

detection. Another contrast agent exploits a similar mechanism by coupling a fluorinated 

ligand to a Gd(III) chelate with a lactam linker, which creates a T2 relaxation time that is too 

short for practical 19F MRS/I detection (83). Cleavage of the linker by β-lactamase releases 
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the fluorinated ligand, which increases the 19F T2 relaxation time and allows for the 

detection of 19F MRS/I signal. Similarly, a Gd(III) chelate has a galactose moiety that can 

be cleaved by β-galactosidase, which causes aromatic delocalization and subsequent release 

of a 19F-labeled ligand, eliminating the paramagnetic relaxation enhancement effect, 

allowing for the detection of 19F MRS/I signal (84). The modular design of this agent may 

represent a platform technology for enzyme detection. These three examples demonstrate 

the merits of detecting nuclei other than 1H, because the appearance of a single 1H signal in 

a crowded 1H MR spectrum of endogenous tissue would be extremely difficult.

Changes in the chemical shifts of 19F and 31P have also been used to detect enzyme activity. 

For example, fluorinated substrates of β-galactosidase experience a 6–10 ppm change in 19F 

chemical shift upon cleavage by the enzyme, which can be used to detect β-galactosidase 

activity in vitro and in vivo (85). 31P MR spectroscopy has been used to monitor the change 

in chemical shift as inorganic phosphate is converted to polyphosphate by vacuolar H+-

ATPase (43). A phosphate group experiences a 3 ppm change in 31P chemical shift when the 

phosphate is transferred from γ position of ATP to phosphocreatine by creatine kinase (86). 

To detect this change in chemical shift, the magnetic resonance signal of the γ-ATP 

phosphate was reduced by applying selective radio frequency saturation, which 

“magnetically labeled” this phosphate group on ATP. When the magnetically labeled 

phosphate group was transferred from ATP to creatine via enzyme activity, the magnetic 

resonance signal of the phosphocreatine enzyme product decreased during in vitro and in 

vivo studies. This latter example demonstrates the advantages of a multidisciplinary 

approach that combines the physics of MR saturation experiments and the biochemistry of 

creatine kinase to detect enzyme activity.

MRS/I of many 13C-hyperpolarized agents have been used to detect enzyme activity by 

monitoring a change in 13C chemical shift before and after enzyme catalysis. MRS/I of 

hyperpolarized [1-13C]pyruvate has been associated with the detection of pyruvate 

dehydrogenase activity, while MRS/I of [2-13C]pyruvate detects the activity of the Krebs 

cycle (87). In addition, hyperpolarized pyruvate has also been used to detect the activities of 

alanine transaminase, carbonic anhydrase, mitogen-activated protein kinase, lactate 

dehydrogenase, and choline kinase α (88–92). Yet MRS/I of hyperpolarized pyruvate and 

associated hyperpolarized metabolites lactate, alanine, and fumarate, should be considered to 

be a molecular imaging method that reports on general metabolism rather than the activity of 

a specific enzyme, because many enzymes are involved in many biochemical pathways that 

can process these metabolites (93–95). As additional examples, [5-13C]glutamine, 1-

keto[1-13C]isocaproate, diethyl[1-13C]succinate, [2-13C]fructose, and 3,5-

diflurorbenzoylglutamic acid have been used to detect the activities of glutaminase, 

branched chain amino acid transaminase, succinate dehydrogenase, hexokinase, and 

carboxypeptidase G2, respectively (96–100). Yet similar caution is needed to assign the 

MRS/I of these hyperpolarized agents to only one enzyme activity, because these agents are 

involved in multiple metabolic pathways with multiple enzymes.
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4.2. Responsive MRI contrast agents that detect proteins

MR spectroscopy of hyperpolarized 129Xe has been employed to detect proteins (Fig. 8; 

101–103). This noble gas can be chelated by a modified cryptophane cage. When a ligand of 

the cryptophane non-covalently binds to a target protein, the change in electronic 

distribution within the agent causes a small change in the chemical shift of 129Xe. The high 

detection sensitivity of hyperpolarized 129Xe facilitates the detection of concentrations of 

target protein as low as 10 μM. This approach represents a potential platform technology, 

although examples of this technology for the detection of proteins with 

hyperpolarized 129Xe has not yet been realized in vitro or in vivo.

4.3. Responsive MRI contrast agents that detect nucleic acids

The DNA concentration in cells is typically far below the ~1 μM limit for detection with 

responsive MRI contrast agents, which severely limits the development and application of 

responsive MRI contrast agents that detect nucleic acids. However, gene delivery systems 

can carry a high payload of DNA that can exceed the MRI detection threshold. To be 

applicable for tracking many types of gene deliveries, a responsive MRI contrast agent 

should be designed to be nonspecific for a DNA sequence. For example, a polymeric Eu(III) 

PARACEST agent shows a decrease in CEST when interacting with DNA at 1 mM 

monomer concentration, due to a change in the chemical exchange rate of a water molecule 

that is bound to the Eu(III) ion (104). As another example, magnetite spheres with DNA 

intercalators can bind to DNA duplexes at 0.5 mM base pair concentration (Fig. 9; 105). 

Although aggregation typically causes an increase in superparamagnetism of the system, the 

extreme aggregation of magnetite in this example reduced water accessibility and 

superparamagnetism, causing the T2* relaxation time constant of the system to increase.

The synthesis of DNA with automated polymerase chain reaction protocols can generate a 

high concentration of DNA products. To detect specific DNA sequences within a product 

mixture, a responsive MRI contrast agent should show high specificity for the desired DNA 

sequence. For example, a dinuclear Nd(III) macrocyclic complex showed an increase in 

CEST when interacting with 0.5 mM of a specific DNA hairpin loop (106). The increase in 

CEST was attributed to an increase in the chemical exchange rate of the agent’s amide 

groups that interacted with the DNA. Similarly, a Gd(III) chelate with a DNA ligand formed 

a DNA duplex with a specific complimentary sequence at 0.03 mM monomer concentration, 

causing a slower tumbling time of the agent that caused a decrease in the T1 relaxation time 

constant (107). MR spectroscopy of hyperpolarized 129Xe in a cryptophane cage with a 

DNA ligand can detect a specific complimentary DNA sequence through a change in 

the 129Xe chemical shift (108). This last example exploited a modular design that represents 

a platform technology, which can be conveniently modified to target other specific DNA 

sequences. Athough these examples show the high creativity of this research field, the low 

concentration of DNA is a major limitation when detecting specific DNA sequences with 

these responsive MRI contrast agents.

4.4. Responsive MRI contrast agents that detect metabolites

The study of metabolism with MRI has greatly benefitted from the rapid development and 

use of hyperpolarized 13C metabolites, including hydrogen peroxide and the enzyme 
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substrates listed in section 4.2 (109). Also, the rapid development of CEST MRI has 

provided opportunities to detect metabolites with labile protons, such as glucose, glutamate, 

myo-inositol, creatine, and hydrogen peroxide (110–115). Oxygen is a paramagnetic 

metabolite, which can directly affect the T1 relaxation time constant of endogenous lipids 

(116) or exogenous 1H and 19F agents (117,118). Yet these methodologies directly detect a 

sub-population via hyperpolarized 13C MRS/I or the metabolite population via CEST MRI, 

or assess the endogenous T1 relaxation time constant affected by O2, rather than detecting a 

change in a physicochemical characteristic that generates a change in imaging signal. 

Therefore, these approaches do not use responsive MRI contrast agents as defined in this 

review.

The development of responsive MRI contrast agents that directly detect metabolites has 

been limited during the last 8 years. Two Gd(III) chelates have been developed that reduce 

water access to the Gd(III) ion by forming a non-covalent adduct with sugars or 

pyrophosphate, which decreases water accessibility and increases T1 relaxation time 

constant of the system (119,120). This reversible responsive agent is well suited for 

detecting sugars or pyrophosphate that have dynamic concentrations during the MRI 

acquisition period. Similarly, the binding of dopamine (Fig. 10; 121) or serotonin (122) to 

the heme group of an engineered protein reduces water accessibility to the iron of the heme, 

resulting in an increased T1 relaxation time constant. The combination of protein 

engineering and biomedical imaging required to achieve this result exemplifies a clever 

multidisciplinary approach for molecular imaging. Using a different approach, the pendant 

alcohol groups of a paramagnetic CEST agent have chemical exchange rates that are too fast 

to generate CEST, but have slower chemical exchange rates that generate CEST when the 

alcohols interact with phosphate derivatives, thereby providing a means to detect phosphates 

(123). Many of these examples have limited specificity for detecting a single metabolite, 

primarily due to the similar compositions of many metabolites, which is a significant 

limitation for further developing this class of responsive MRI contrast agents.

4.5. Responsive MRI contrast agents that detect redox state

The reducing and oxidizing environments in tissues can affect disease states and biological 

processes (124,125). Redox state within cells, cell organelles, or the extracellular 

environment is often regulated by metabolites, including NADH, peroxides, glutathione, 

nitric oxide, and oxidase enzymes. Many of these redox-controlling metabolites can reduce 

or oxidize a responsive MRI contrast agent. However, a responsive agent’s specificity for 

only one type of redox-controlling metabolite can be poor for some agents, and has not been 

demonstrated for other agents, suggesting that these responsive agents are detecting the 

redox state rather than a specific metabolite. In addition, oxygen is the eponymous example 

of an oxidizing agent, so that MRI contrast agents can be oxidized in hyperoxic conditions 

and reduced in hypoxic conditions. Yet some of these MRI contrast agents are directly 

responsive to the redox environment, and only indirectly responsive to oxygen status.

Because reduction causes a gain of electrons and oxidation causes a loss of electrons, 

perhaps the most straightforward design of a redox-sensitive MRI contrast agent involves a 

change in oxidation state of a free radical or a metal ion of the agent. For example, the 
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reduction of a paramagnetic nitroxide radical to a non-paramagnetic hydroxylamine 

lengthens the T1 relaxation time constant, which was used to map redox state in vivo (Fig. 

11; 126). A manganese chelate with a reduced Mn(II) form has been shown to generate 

strong T1 relaxation resulting in a short T1 relaxation time constant, while the oxidized 

Mn(III) state generates weak T1 relaxation that creates a long T1 relaxation time constant 

(127). A paramagnetic Co(II) chelate shows a strong CEST effect, but the corresponding 

oxidized Co(III) chelate is diamagnetic and does not generate CEST (128).

A change in electronic state of non-metallic components of a contrast agent can also be 

exploited to detect redox state. As a straightforward example, hyperpolarized [1-13C]-

dehydrascorbate can be reduced to vitamin C, which changes the 13C chemical shift by 3.8 

ppm (129). The incorporation of O2 into a siloxane polymeric matrix causes a change in 

electronic state of the polymer, causing a decrease in T1 relaxation time constant of the 

system (130). As a more complex example, a Eu(III) chelate with a N-methylquinolinium 

ligand (131) or an anthryl ligand (132) can be reduced, which causes a change in the 

electron density at the coordinating ligand. This change in electron density slows the 

chemical exchange rate of the water that coordinates the Eu(III) ion. Chemical exchange 

rates can cause the chemical shift of the labile hydrogen atom of CEST agent to become a 

weighted average of the chemical shifts of the hydrogen on water and on the agent (a 

phenomenon known as MR coalescence). Therefore, the change in chemical shift of this 

agent manifests as a change in the CEST effect, which reports on the reducing environment.

Reduction and oxidation can lead to a change in water accessibility of a metal chelate, which 

can change T1 relaxation time constants. For example a manganese chelate can be oxidized 

by hydrogen peroxide to form a biomolecular product that blocks water access to the 

manganese ions, which increases the T1 relaxation time constant of the system (133). 

Similarly, a Gd(III) chelate with a merocyanine motif that can be reduced to a spiropyran 

motif, which blocks water accessibility to the Gd(III) and causes the T1 relaxation time 

constant to increase (134). Conversely, the reduction of a nitro group to form a protonated 

amino group forces the positively charged amino group to be repelled from the positively 

charged Gd(III) ion in the chelate, which decreases the T1 relaxation time constant by 

increasing water accessibility to the Gd(III) ion (135). Increased water accessibility was also 

observed for oxidized Mn(III) in a porphyrin-containing protein, which decreased the T1 

relaxation time constant for this system relative to the reduced Mn(II) form of this agent 

(136).

Changing the tumbling time of the agent can also modulate T1 relaxation. For example, a 

Gd(III) chelate with a thiol group can undergo oxidation and form a disulfide bond with the 

redox-sensitive Cys34 amino acid residue of albumin (137). The slowing of the tumbling 

time of the protein-bound Gd(III) chelate leads to a decrease in T1 relaxation time constant. 

Notably, the binding of the agent to albumin may cause a decrease in water accessibility, 

leading to an increase in the T1 relaxation time constant of the system. These offsetting 

effects may explain the reduced responsiveness to redox from this agent, which may 

compromise both sensitivity and specificity for detecting redox states.
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4.6. Responsive contrast agents that detect metal ions

Ion transport in biological systems has been studied since the 19th century (138). Metal 

homeostasis emerged as important medical research field in the 1980s, especially regarding 

neurodegenerative diseases (139). More recently, the many dynamic roles of metals in 

functional biochemistry have spawned the field of metallomics (140). A variety of 

responsive MRI contrast agents have been developed to address the need to study metal ions 

within in vivo tissues. Care should be taken to design and use agents that measure the 

physiologically relevant concentration range for each desired metal ion, and that are 

sufficiently sensitive to measure changes in ion concentrations that pertain to the biomedical 

condition under study.

The most common mechanism for detecting metal ions with MRI is the use of contrast 

agents that change T1 relaxation in response to a change in water accessibility to Gd(III). 

These contrast agents contain a ligand that coordinates the Gd(III) ion in a chelate, and the 

ligand then reorients away from the Gd(III) and binds to another metal ion, providing greater 

water accessibility to the Gd(III) ion that increases the T1 relaxation time constant of the 

system. This mechanism has been exploited to detect Zn2+, Ca2+, Cu+, or Cu2+, by 

designing a ligand that has strong and specific binding to the desired metal (Fig. 12a; 141–

146). A similar contrast agent that binds to Zn2+ exploits a different mechanism by 

subsequently binding to albumin, causing 3-fold decrease in T1 relaxation time constant of 

the Zn2+-albumin-bound agent (147, 148). These many examples demonstrate that this 

approach is a platform technology for detecting metal ions with MRI. Multiple ligands from 

the same contrast agent may dissociate from the Gd(III) and associate with the targeted 

metal ion, or multiple ligands from two tethered agents may reorient from Gd(III) to the 

targeted metal, which can improve the sensitivity of the MRI response from the agents. This 

same mechanism has been used to change the water accessibility of Mn(III) to detect Zn2+ 

(149). The coordination of ligands to a metal ion can also be designed to change water 

accessibility to the contrast agent. The pyridine ligands of a PARACEST agent can 

coordinate Zn2+ in an orientation that overlaps with the position of the bound water of the 

agent, which accelerates the exchange rate of this bound water and therefore causes a loss of 

CEST (Fig. 12b; 150). In general, the extensive use of chelation chemistry for detecting 

metal ions with responsive MRI contrast agents has naturally derived from the extensive 

development of metal chelates for MRI.

The extensive understanding of metal chelation has also driven the development of MRI 

contrast agents that change T1 relaxation in response to a change in tumbling time. Three 

Gd(III) chelate contrast agents with a 1,10-phenanthroline ligand can coordinate Fe2+, Ni2+, 

or Mnn+, creating a rigid trimer that tumbles more slowly than each monomer (151,152). 

Similarly, a Gd(III) chelate with a bisphosphate ligand can coordinate Ca2+ or Mg2+ ions, 

creating an oligomer that has a slower tumbling time (153). In addition, the coordination of a 

Gd(III) chelate to a metal can be followed by metal-induced binding to a protein, causing the 

protein-metal-bound Gd(III) chelate to tumble more slowly (149). In each case, the slower 

tumbling time leads to a decrease in the T1 relaxation time constant of the system. An 

understanding of bioinorganic chemistry and biomedical imaging is needed to develop this 
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approach, which once again shows how multidisciplinary research is needed to develop 

novel responsive MRI contrast agents.

Achieving high specificity for detecting a single type of metal ion with this mechanism can 

be difficult, especially with systems that need coordination involving multiple molecules. To 

address this problem, a DNAzyme has been used to create a uranium-detecting MRI contrast 

agent (154). One DNA strand of the DNAzyme was conjugated to streptavidin, while the 

other strand was conjugated to a Gd(III) chelate, to create a macromolecular agent that 

creates a decreased T1 reaxation time constant for the system. The binding of UO2
2+ to the 

DNAzyme causes the strand with the Gd(III) chelate to be cleaved and dissociate from the 

macromolecular complex, and the increase in tumbling time of the Gd(III) chelate causes an 

increase in the T1 reaxation time constant. Although there may be no apparent need to detect 

uranium in biomedical systems with MRI, this example shows the high creativity of this 

research field, which may lead to the development of new agents that use a similar 

DNAzyme-based mechanism.

Responsive MRI contrast agents have been developed that take advantage of the ionic 

effects of metals. In particular, the chemical shift of hyperpolarized 129Xe in a cryptophane 

cage is very sensitive to the electronic distribution of the cryptophane. The coordination of 

Zn2+ by a nitrolotriacetic acid ligand of the cryptophane cage causes a ~2 ppm change in 

the 129Xe chemical shift (155). As another example, a phenylboronic acid-pendant cyclen 

can chelate Zn2+ that balances the charges in the system, which catalyzes the hydrolysis of 

the ligands to release boronic acid and causes a change in the chemical shift of 11B (156). 

PARACEST agents can also be sensitive to electronic redistributions caused by ionic effects 

of metals. The coordination of bis-carboxylate ligands to Ca2+ causes an electronic 

redistribution in a PARACEST agent, resulting in a 10-fold reduction in chemical exchange 

rate and a loss of CEST (157).

4.7. Responsive contrast agents that measure pH

The measurement of extracellular pH has significant clinical value for disease diagnoses 

(158), for predicting the efficacy of pH-dependent chemotherapies (159), and for monitoring 

the effects of pH-altering therapies (160). For example, the extracellular pH in solid tumors 

typically ranges between ~6.5 and ~7.2, which requires pH measurements with excellent 

accuracy and precision to assess tumor acidosis in this narrow pH range. The measurement 

of intracellular pH provides outstanding opportunities to monitor the endosomal pathway for 

drug delivery (161). The evolution of immature endosomes to mature lysosomes is marked 

by an evolution from a neutral pH of ~7 to an acidic pH of ~5. Therefore, monitoring this 

evolution requires pH measurements with moderate accuracy and precision, and can be 

monitored with agents that are responsive to pH transitions rather than requiring accurate pH 

measurements.

Acidification is commonly employed to dissolve or degrade materials. This approach has 

been employed to dissolve urchin shaped nanoparticles or hollow mesoporous silica 

nanoparticles containing manganese, which releases the manganese and decreases the T1 

relaxation time constant of the system (162,163). Similarly, acidification of a pH-sensitive 

liposome causes release of a Gd(III) chelate into solution and decreases the T1 relaxation 
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time constant (164). Acidification of a imidazole-containing micelle that encapsulates 

Gd(III) chelates can cause the micelle to disassemble and decrease the T1 relaxation time 

constant of the system, which has been used to diagnose acidic tumors during in vivo studies 

(165). Hydrogels can also be acidified, which swells the hydrogel and releases coated 

SPIONs into the surrounding water that decrease the T2* relaxation time constant (166). A 

polymeric micelle with a polyaminoester component can also be acidified, which dissolves 

the micelles and releases uncoated SPIONs (167). However, unlike coated SPIONs that are 

soluble, uncoated SPIONs rapidly precipitate, which increases the T2* relaxation time 

constant. Each of these systems relies on dissociation of the metal from an agent, and are 

therefore irreversible responsive MRI contrast agents. Each of these systems is responsive to 

a pH transition, but cannot accurately measure the pH.

A change to a more acidic pH can protonate a MRI contrast agent, leading to a change in 

tumbling time that changes T1 relaxation. For example, increased protonation of a cross-

linked polymer embedded with carboxylate groups and flexible Gd(III) chelates causes the 

polymer to shrink, which reduces the flexibility of the Gd(III) chelates and decreases the T1 

relaxation time constant of the system (168). This macroscopic system has a large number of 

carboxylate groups that create a near-continuous range of protonation states, which creates a 

near-continuous scale for measuring pH. Each protonation event is reversible, so that this 

MRI contrast agent is reversibly responsive.

A change in protonation state can also be exploited to change water accessibility of the 

agent, which leads to a change in T1 relaxation. An aminoethyl group of a chelate can 

coordinate to a Gd(III) ion, blocking the water accessibility to the Gd(III) and causes the T1 

relaxation time constant to increase (169). An increased propensity for protonation of the 

aminoethyl group at acidic pH causes this group to dissociate from the Gd(III), providing 

accessibility for water to the Gd(III) and decreasing T1 relaxation time constant. Similarly, a 

mesitylene-based ligand blocks water access to Gd(III) in a HOPO-based chelate. 

Protonation of this ligand causes charge-charge repulsion with the Gd(III) ion, forcing the 

ligand away from Gd(III) which allows water to interact with Gd(III) that causes a decrease 

in T1 relaxation time constant (170). These agents are reversibly responsive, and can 

measure pH values.

Chemical exchange between water and an amide or amine group is base-catalyzed at 

physiological pH. Therefore, the amplitude of CEST is dependent on pH. Although other 

conditions can change the CEST amplitude, including the concentration of the agent, CEST 

agents that have two selectively detectable CEST effects can be used to measure a 

concentration-independent ratio of CEST that is still dependent on pH. In addition, fast 

chemical exchange rates change the chemical shift of the detected CEST through the effect 

of MR coalescence. Furthermore, some CEST agents can have two conformations that 

generate CEST at different chemical shifts. Rapid interconversion between these 

conformations creates one chemical shift at the population-weighted average of the chemical 

shifts of the two conformers. The pH can alter the relative populations of the two 

conformers, thereby altering the weighted-average chemical shift of the CEST effect. Thus a 

pH-dependent change in chemical exchange rate can also change the chemical shift of 

CEST. The chemical shift is independent of concentration, which improves the utility of this 
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technique. Therefore, many CEST agents have been developed to measure pH, including 

PARACEST agents (171–176) and DIACEST agents (177,178), and some of these CEST 

agents have been used to measure extracellular pH within in vivo tumors (Fig. 13). The 

chemical shift of a hyperpolarized 89Y chelate has also been shown to be sensitive to pH, 

and therefore can also measure pH values (46).

4.8. Responsive contrast agents that measure temperature

Chronic hyperthermia can be used to treat tumors and other pathological tissues, and acutely 

heating tissues has been used to release drug payloads from thermosensitive nanocarriers 

(179,180). Non-invasive monitoring of tissue temperature can be used ensure that 

temperature-based treatments are localized to pathological tissues. A variety of MRI 

techniques have been used to map temperature distributions in tissues, including MRS and 

MRI phase mapping of the temperature-dependent chemical shift of water, and MRI to 

measure the temperature-dependent T1 relaxation time constant and diffusion rate of water 

(181). Yet MR signal phases, chemical shifts, T1 relaxation time constants and diffusion 

rates depend on other tissue characteristics, which may compromise the accuracy of the 

temperature map.

Responsive MRI contrast agents have also been developed to measure temperature maps. 

The concept of thermosensitive drug nanocarriers has been leveraged to make 

thermosensitive liposomes that can be heated to release a Gd(III)-based MRI contrast agent, 

which improves the water accessibility of the agent and decreases T1 relaxation time 

constant (182). Liposomes that are tuned to transition from gel to liquid crystalline phases at 

specific temperatures can be used to measure temperature transitions. DNA duplexes are 

also thermosensitive, as complimentary DNA strands can be designed to dissociate at 

specific temperatures. SPIONs can be aggregated when their DNA ligands associate to form 

a network of duplexes, which can be disaggregated at higher temperatures that cause the 

DNA strands to dissociate (105). This reversible disaggregation causes an increase in T2* 

relaxation time constant, which can be used to measure temperature transitions. Solid 

gadolinium metal is also thermosensitive, transitioning from a ferromagnetic state to a 

paramagnetic state at the Curie temperature (183). A loss in magnetic susceptibility caused 

by transitioning to the paramagnetic state can be used to measure temperature transitions.

Dy(III) and Eu(III) chelates with Gly and GlyPhe amino acid ligands or t-butyl amide 

ligands can generate a temperature-dependent CEST effect, because chemical exchange 

rates are dependent on temperature (Fig. 14; 175,184–186). A temperature-dependent 

change in chemical exchange rate can also change the chemical shift of CEST through the 

effect of MR coalescence. The temperature-dependent change in amplitude of the CEST 

effect is typically greater than the change in chemical shift, which has advantages regarding 

measurement precision. Yet the chemical shift measurement is independent of other 

conditions such as concentration of the agent or the endogenous T1 relaxation time constant 

of the tissue, which has advantages regarding measurement accuracy.
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4.9. Responsive contrast agents that detect light

Bioluminescence is a very unique characteristic of some biological systems that has been 

exploited for many diagnostic applications in biomedicine. The fluorescence of many 

proteins can be stimulated by a light source outside the biological system, while light can be 

generated from within a biological system from the catalysis of luciferin by luciferase, or via 

Cerenkov radiation (187–189). However, light scattering and absorbance in tissues can 

reduce the spatial resolution and depth of tissues that may be interrogated during diagnostic 

tests. To address these pitfalls, responsive MRI contrast agents have recently been 

developed that can detect light. A Gd(III) chelate with a merocyanine motif can be 

converted to a spiropyran motif with light at 563 nm wavelength, which increases water 

accessibility to the Gd(III) and decreases the T1 relaxation time constant (Fig. 15; 134). This 

same hydrophilic merocyanine motif was conjugated to SPIONs, and light-induced 

conversion to a hydrophobic spiropyran motif caused the nanoparticles to aggregate and 

increase their superparamagnetism, leading to a decrease in T2* relaxation time constant 

(190). These last examples attest to the creativity of this research field with responsive MRI 

contrast agents. Such creativity may provide opportunities to detect and measure other 

environmental conditions, such as flow, hydrophobicity, or pressure.

5. Future Directions

The combination of our previous review (17) and our current review has uncovered a total of 

171 examples of responsive MRI contrast agents (Fig. 16). Approximately one third of these 

agents detect enzyme activity, one third detect pH or ions, and one third detect the remaining 

biomarkers. This distribution has been consistent between the two reviews, with only a 

minor increase in the development of redox-responsive agents and a minor decrease in 

developing metabolite-responsive agents and contrast agents that measure pH. The 

development of platform technologies for detecting some classes of biomarkers is partly 

reflected by this distribution. The relatively few examples of responsive MRI contrast agents 

for some biomarker categories demonstrate an area of unmet need for future research 

endeavors.

As a general consideration, the detection sensitivity of responsive MRI contrast agents is 

often low, which often compromises the ability to detect or quantify the molecular 

biomarker that is interrogated by the agent. Furthermore, many hurdles involved with in vivo 

pharmacokinetics can reduce the delivery of contrast agents to tissues that harbor a 

molecular biomarker. Nanocarriers may potentially be used to address these two potential 

pitfalls, including linear polymers, branched polymers, proteins, micelles, liposomes, and 

hydrogels (191). A payload of tens-to-thousands of MRI contrast agent molecules may be 

packaged in these nanocarriers, which can greatly amplify detection sensitivity. 

Nanocarriers may also improve delivery of the agent to tissues. This improved delivery may 

occur through passive mechanisms, such as using nanoparticles that exploit the Enhanced 

Permeability and Retention effect exhibited by some solid tumors, or such as PEGylating the 

surface of the nanocarrier to avoid uptake of the agent in the nanocarrier by the 

reticuloendothelial system. This improved delivery may also occur through active 
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mechanisms, such as coating the nanocarrier with ligands that provide avidity for uptake in 

specific tissues.

As shown by some examples highlighted in this review, the disassembly or disaggregation 

of a nanocarrier can change the physicochemical properties of a responsive MRI contrast 

agent associated with the nanocarrier. In these cases, the nanocarrier is an inherent 

component of the response mechanism. For responsive MRI contrast agents that are not 

inherently dependent on the nanocarrier, care should be taken to ensure that responsive MRI 

contrast agents that are packaged in nanocarriers do not lose their responsiveness. This loss 

of response may occur by shielding the agent from the environment that contains the 

intended molecular biomarker, or by partially quenching the response of each agent by 

placing the agents in close proximity. Some evidence has shown that this quenching effect 

may be particularly problematic for some CEST agents that are packaged with a nanocarrier.

Clinical MRI scanners are now available with 7T “ultra high” magnetic field strengths, and 

pre-clinical MRI scanners have been developed with 15.2 T ultra-high magnetic fields (192). 

Stronger magnetic fields improve the dynamic range of chemical shifts in absolute units of 

Hz, which can improve the precision of measuring chemical shifts. CEST and MRS/I 

acquisition methods can measure chemical shifts, so that ultra-high magnetic fields may 

improve the precision of detecting molecular biomarkers with responsive CEST and MRS/I 

contrast agents. In addition, a CEST agent must have a chemical shift relative to water in 

absolute units of Hz that does not exceed the chemical exchange rage that is also represented 

in units of Hz. Expanding the chemical shift of the agent to greater values in Hz provides the 

opportunity to generate CEST with agents that have faster chemical exchange rates. 

Therefore, ultra-high magnetic fields may potentially expand the variety of CEST agents 

that can respond to molecular biomarkers.

The availability of ultra-high magnetic fields may have less impact on the development of 

responsive MRI contrast agents that employ T1- and T2*-relaxation. The relaxivities of T1 

contrast agents typically decrease in ultra-high magnetic fields. Yet T1 contrast agents still 

have value at these field strengths, because the T1 relaxation time constant of the 

endogenous tissue becomes longer in ultra-high magnetic fields. Thus a small change in T1 

relaxation time constant caused by an agent in tissue with a long endogenous T1 relaxation 

time constant in ultra-high magnetic fields may be just as easy to measure as a large change 

in T1 relaxation time constant caused by the agent in tissue with a short endogenous T1 

relaxation time constant in weaker magnetic fields. T2* contrast agents may have less value 

in ultra-high magnetic fields, because the magnetic field inhomogeneities within endogenous 

tissues are accentuated at higher magnetic fields. The relaxivities of T2* contrast agents are 

primarily independent of the magnetic field strength, and instead depend on the local 

magnetic field inhomogeneities imposed by the agent, so that a higher magnetic field 

strength does not improve the responsiveness of these agents (27). Thus, the change in T2* 

relaxation time constant caused by a contrast agent may be more difficult to assess if the 

endogenous T2* relaxation time constant is very short.

Many examples of reporter gene imaging have employed responsive contrast agents (193). 

Both β-galactosidase and β-lactamase have often been used as reporter gene systems for 
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optical imaging, which has led to an abundance of responsive MRI contrast agents that 

detect these enzyme activities. Yet other responsive MRI contrast agents may possibly be 

used for reporter gene imaging. A protein produced by transcription and translation of the 

reporter gene may possibly change the concentration of DNA, metabolites, or ions 

surrounding a responsive MRI contrast agent, or may possibly change the pH, redox state, 

temperature or luminescence near the vicinity of the responsive agent. Exploiting these other 

responsive MRI contrast agents may expand reporter gene imaging. As an example, the 

detection of a polyphosphate metabolite with 31P MRS has been exploited for reporter gene 

imaging (194).

Many examples of responsive MRI contrast agents listed in this review have shown the 

merits of a multidisciplinary approach that includes cellular and molecular biology. Reporter 

gene imaging is an outstanding example that inherently requires an understanding of genetic 

expression processes and biochemical pathways in cell biology. Additional multistep 

mechanisms have also been employed to develop responsive MRI contrast agents, such as 

protein-protein interactions, cell-cell signaling, cell trafficking, and biological processes of 

organelles. Therefore, multidisciplinary research that combines cell and molecular biology 

with radiology and chemistry has great potential to provide innovation for developing 

additional responsive MRI contrast agents. This review provides a foundation for 

developing these multidisciplinary approaches that can expand the armamentarium of 

molecular imaging.

Conclusion

This review evaluated 117 examples of responsive MRI contrast agents that have been 

reported between 2005 and 2014, which adds to the 54 examples that were previously 

reported. This increase in the number of agents within the last eight years reflects the 

growing interest in developing new MRI methods for molecular imaging. The changes in six 

physicochemical characteristics of MRI contrast agents have been exploited to detect 

concentrations or activities of enzymes, proteins, nucleic acids, metabolites, or metal ions, 

and changes in redox state, pH, temperature, or light. These many combinations of 

physicochemical characteristics and biomarkers show the outstanding creativity that drives 

this research field.
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Figure 1. 
Schematic of the six physicochemical mechanisms that can be exploited to create a 

responsive MRI contrast agent: a) a change in tumbling time; b) a change in aggregation 

state that changes superparamagnetism; c) a change in chemical exchange rate between the 

agent and water; d) a change in water accessibility; e) a change in ligand proximity; f) a 

change in electronic state.
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Figure 2. 
Monitoring a T1 MRI contrast agent within in vivo tissues. a) An axial MR image of a 

xenograft tumor model of MDA-MB-231 mammary carcinoma before injection, and b) after 

injection of 0.1 mmol/kg of Gd-DTPA (Magnevist™) showed a brighter image in the tumor 

due to accumulation of the agent. c) The temporal change in T1-weighted MR signal of the 

tumor can be used to track the dynamic uptake of the agent in the tumor. (Pagel, 

unpublished results).
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Figure 3. 
Monitoring a T2* MRI contrast agent within in vivo tissues. a) A brain MR image (with 

nonbrain areas masked) of an intracerebral mouse tumor model before injection, and b) after 

injection of 26.9 μg Fe/g of Feridex® showed a darker image in the tumor due to 

accumulation of the agent. c) The temporal change in T2*-weighted MR signal was used to 

track the enhanced uptake of the agent in the tumor, relative to lower uptake in the 

contralateral side of the brain. Reproduced with permission from (30).
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Figure 4. 
Monitoring a CEST MRI contrast agent within in vivo tissues. a) An axial MR image of a 

xenograft tumor model of MDA-MB-231 mammary carcinoma before injection showed the 

location of the tumor. b) The MR signals from the tumor region were measured in images 

acquired with a series of selective saturation frequencies, which were used to create a CEST 

spectrum. The CEST effects at 5.6 and 4.2 ppm arose from the exchangeable amide protons 

of the CEST agent, and the decreased water signal shown at 0 ppm arose from direct 

saturation of water. (Chen, Howison and Pagel, unpublished results).
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Figure. 5. 
Monitoring two 19F nanoemulsions during an in vivo MRI study. a) The 19F MRI results of a 

mouse model with a MDA-MB-231 tumor after co-injection of perfluorocrownether (PCE) 

and perfluorooctane (PFO) showed accumulation of each agent in the tumor tissue. The time 

point in units of minutes is listed below each image. b) A 1H MR image (grayscale) provides 

an anatomical reference for the 19F MRI signal (green), which demonstrates that a region of 

the tumor showed substantial 19F MR signal. C) The 19F concentrations of PCE and PFO 

show a similar temporal dependence in tumor tissue. Reproduced with permission from (37).
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Fig. 6. 
Montoring a hyperpolarized 13C MRS agent during an in vivo MR study. A) Serial 13C MR 

spectra recorded every 3 seconds following addition of hyperpolarized 3,5-DFBGlu to 10 

units of carboxypeptidase G2 were used to generate b) integrals of the parent peak 1 and its 

metabolic product 1′, which showed dynamic changes due to carboxypeptidase G2 activity. 

Reproduced with permission from (100).
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Figure 7. 
Responsive MRI contrast agents can detect enzyme activities using a multistep approach. a) 

β-galactosidase hydrolyzes a β-galactopyranose ligand, forming a reactive phenolate anion 

that binds the contrast agent to a protein, slowing the tumbling time of the contrast agent and 

decreasing T1 relaxation time constant (59). b) β-galactosidase hydrolyzes the same ligand 

on CEST agent, forming an electron donating group that promotes aromatic delocalization 

that creates an amine group that can generate CEST (55). c) β-galactosidase-catalyzed 

hydrolysis of the same ligand creates a tyrosine ligand that can be polymerized by 

tyrosinase, creating a large molecular system with a slower tumbling time with decreased T1 

relaxation time constant (62). d) Secreted alkaline phosphatase de-phosphorylates 2′-AMP 

to create adenosine, which can disrupt a DNA duplex that links SPIONs, which increases 

T2* relaxation time constant. Figure 7d was reproduced with permission from (80).
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Figure 8. 
Protein detection with hyperpolarized 129Xe MRS. A xenon-binding cryptophane with a p-

benzenesulfonamide ligand (right) can noncovalently bind to carbonic anhydrase IX (left). 

The binding causes a 3.2 ppm shift in the 129Xe MR spectrum, from 63.7 ppm for the 

unbound agent to 66.9 ppm for the bound agent (center). Reproduced with permission from 

reference (101).
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Figure 9. 
Nucleic acid detection with a T2* MRI contrast agent. A) Intercalation of the agent’s ligands 

into the DNA double helix causes aggregation of the iron oxide nanoparticles. b) The 

aggregation decreases r2 relaxivity (circles) that indicates an increase in the T2* relaxation 

time constant. The r1 relaxivity (triangles) also decreased following aggregation. 

Reproduced with permission from reference (105).
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Figure 10. 
Detecting a metabolite with a responsive MRI contrast agent. The BM3h-8C8 agent was 

developed through directed evolution to bind dopamine to the protein’s heme group. a) A 

coronal MR image from a rat injected with BM3h-8C8 in the presence (orange dashed 

circle) or absence (blue dashed circle) of equimolar dopamine. MRI hyperintensity is 

noticeable near the tip of the dopamine-free cannula, indicating a short T1 relaxation time 

constant, while the lack of hyperintensity at the dopamine cannula indicates a long T1 

relaxation time constant for the system in the presence of this agent. b,c) The temporal 

change in T1-weighted MRI signal shows a relative decrease in T1-weighting in the presence 

of dopamine (orange) in the rat treated with BM3h-8C8 relative to the rat treated with the 

wildtype BM3h protein that does not bind to dopamine. Reproduced with permission from 

reference (121).
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Figure 11. 
Detection of in vivo redox state with a responsive MRI contrast agent. T1-weighted MR 

images were acquired 2 minutes after injection of the nitroxide. a) Reduction of the nitroxide 

in the tumor tissue caused a loss of MR contrast due to a longer T1 relaxation time constant. 

b) The reduction of the nitroxide causes a loss of the radical form. c) The same study was 

performed with a healthy brain, which showed highly reducing activity that caused a loss of 

MR contrast from the agent in the brain. Reproduced with permission from reference (126).
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Figure 12. 
Responsive MRI contrast agents that detect zinc. a) The ligand of a Gd(III) chelate changes 

conformation when the ligand binds to Zn2+, which improves water access to Gd(III) and 

decreases T1 relaxation time constant (142). b) Two ligands of a Eu(III) chelate change 

conformation when the ligands bind to Zn2+, which accelerates the chemical exchange of 

water coordinated to the Eu(III) and improves CEST (150).
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Figure 13. 
A MRI contrast agent that measures extracellular pH within in vivo tumor tissue. a) 2-

dimensional and 3-dimensional models of Yb-DO3A-oAA shows that the proximity of 

Yb(III) to the amide and the amine causes a shift in the magnetic resonance frequencies of 

these labile protons, which facilitates CEST MRI studies. b) The CEST effects from the 

amide and amine are dependent on pH. c) A log10 ratio of the CEST effects is linearly 

related to pH. d) A parametric pH map of a mouse tumor model overlaid on an anatomic 

MR image shows an acidic extracellular environment in the tumor region. The agent was 

directly injected into the tumor tissue to generate strong CEST signals in the tumor. 

Significant CEST signals were not detected elsewhere in the mouse model. Reproduced with 

permission from (174).
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Figure 14. 
Temperature measurement with CEST MRI. A) The chemical structure of Tm-DOTA-Gly-

Lys shows amide protons that are proximal to the Tm(III) metal. B) This proximity causes a 

highly shifted CEST effect at −50 ppm. C) The linewidth of this CEST effect is correlated 

with temperature. D) The linewidth of the CEST peak in an in vivo CEST spectrum e) can 

be used to generate a parametric map of in vivo temperature. Reproduced with permission 

from reference (175).
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Figure 15. 
A unique light-responsive MRI contrast agent with a merocyanine motif (right) can be 

converted to a spiropyran motif (left) with light at 563 nm wavelength, which increases the 

T1 relaxation time constant (134).
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Figure 16. 
The distributions of responsive MRI contrast agents. 117 responsive MRI contrast agents 

were reported in 2005–2014, and have been categorized with regard to a) detection 

mechanism and b) biomarker. c) The distribution of 171 responsive MRI contrast agents 

reported in this current review and our previous review (17) is also shown.
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