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ABSTRACT 
 

MRI is a powerful imaging method that offers several advantages including non-

ionizing radiation, significant depth of penetration, and great spatial resolution. Current 

demand for precision medicine and the movement toward personalized medicine have 

encouraged researchers in the field of medical imaging to develop MRI-based techniques. 

Various techniques are now available for molecular imaging by MRI. MRI started by 

utilizing T1 relaxation properties of molecules but soon after other relaxation mechanisms 

such as T2 and recently Chemical Exchange Saturation Transfer (CEST) were developed. 

Each of those MRI techniques offers advantages and disadvantages such as differences in 

experimental procedures, complexity of the method, selectivity and specificity of signals, 

and translation into clinical applications. 

We have been developing MRI techniques and responsive contrast agents for CEST 

MRI in the Pagel laboratory (Contrast Agent and Molecular Imaging Laboratory, also 

called CAMEL) for the past decade. We have mainly utilized MRI techniques and 

responsive contrast agents to detect and measure cancer biomarkers. Detection of the 

activity of enzymes and measurement of pH have been our main focus, and we have 

developed catalyCEST MRI probes and techniques for the detection of the activity of 

enzymes and acidoCEST for the measurement of pH. My research started with 

investigation on paramagnetic agents as potential CEST MRI probes (paraCEST) and 

continued with an investigation on diamagnetic agents (diaCEST). 

I completed several projects in which I prepared and evaluated paraCEST and 

diaCEST contrast agents for the detection of DT-diaphorase, and alkaline phosphatase 

enzymes, respectively. Although CEST MRI was my main activity in CAMEL, I started a 
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new direction in CAMEL after encountering a series of observations that were 

unexplainable with CEST MRI. Through my research, I introduced a new class of 

responsive contrast agents based on the T2-Exchange (T2-Ex) relaxation mechanism. I 

employed the T2-Ex mechanism to evaluate responsive contrast agents for the detection of 

nitric oxide biomolecule and nitroreductase enzyme. My research activities in the 

CAMEL group resulted in one review paper, one book chapter, two published research 

articles, and two submitted research manuscripts at the time of preparing my PhD 

dissertation. In addition to my projects, I was involved in another project that focused on 

nanocapsule drug delivery, which resulted in a second author publication. 
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1.1 Summary of Research and Contribution 

The importance of a literature review in advancing research encouraged me to study 

relevant reports on Chemical Exchange Saturation Transfer (CEST) and T2-Exchange 

(T2-Ex) MRI mechanisms. Those studies helped me to have a better understanding of my 

research and gave me the opportunity to know about current advances in the field. In 

addition, I was able to publish a review paper and a book chapter about CEST and T2-Ex 

MRI with Dr. M. D. Pagel. 

In the first part of the review paper (1), titled “Double agents and secret agents: the 

emerging fields of exogenous chemical exchange saturation transfer and T2-exchange 

magnetic resonance imaging contrast agents for molecular imaging”, I explained the 

mechanism involved in CEST MRI, CEST history and examples of both exogenous 

responsive diamagnetic and paramagnetic contrast agents. In the second part of the 

review paper, I discussed the mechanism of the T2-Ex phenomenon, the history of 

applications of the T2-Ex, Swift-Connick equation as a method for the estimation of R2-Ex 

relaxation, and examples of contrast agents that work based on this mechanism.  

I focused on responsive paramagnetic CEST MRI contrast agents and their 

applications in the book chapter titled “Responsive ParaCEST MRI Contrast Agents and 

Their Biomedical Applications” (2). After explaining the mechanism of CEST MRI, I 

covered all paraCEST contrast agents and their applications in the detection of enzyme 

activity, nucleic acids, metabolites, ions, redox state, pH, and temperature.  

The field of CEST MRI is advancing vigorously and some the CEST agents have 

been used for clinical research. A few more of responsive paramagnetic and diamagnetic 

agents for CEST MRI have been also introduced for preclinical applications including 
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detection of enzyme activity, and a detection metabolites and pH. In contrast, progress in 

the field of T2-Ex MRI has been slow and no example of responsive T2-Ex agent has been 

reported.  
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2.1 Summary of Research and Contribution 

Yb-DO3A-oAA have been reported as a paramagnetic CEST (paraCEST) agent that 

produces a CEST signal from a proton of the amide functional group connecting the 

aniline ring to the DO3A chelate, and a second CEST signal from the protons of the 

amine group on the aniline ring (1). The reaction of Yb-DO3A-oAA with nitric oxide 

created a larger ligand that caused conformational changes in the agent, which resulted in 

a loss of one or both CEST signals (2). We hypothesized that attaching a larger ligand 

with a quinone functional group to the aniline ring of the paraCEST agent would 

eliminate the CEST signal from the protons of the amine group of the aniline ring. 

Consequently, reduction of the quinone functional group to a hydroquinone group, 

followed by intramolecular disassembly, would release the CEST agent and produce a 

CEST signal from the amine group. We designed this strategy to detect DT-diaphorase 

enzyme (DTD) that is a biomarker for hypoxic tumors (3).  

The cloaked paraCEST agent was synthesized in 8 steps with an overall isolated yield 

of 6%. Activation of the probe was monitored in different combinations of the cloaked 

agent, DTD enzyme, β-nicotinamide adenine dinucleotide (NADH), and glutathione 

(GSH) under anaerobic and aerobic conditions at 37°C. The CEST signals were measured 

at clinically relevant saturation conditions of 6 uT for 4 seconds using a 7 T Bruker 

Biospec MRI scanner.  CEST spectra were fit with Lorentzian line shapes.  

Only one CEST signal at -9 ppm was observed from the solution of the cloaked 

CEST agent in PBS. Incubation of the cloaked CEST agent with DTD enzyme, NADH, 

and GSH resulted in detecting a CEST signal at +9 ppm, which indicated release of the 

CEST agent. The additional CEST studies and mass spectroscopy analyses confirmed 
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that Yb-DO3A-oAA was released from the cloaked CEST agent only with DTD, NADH, 

and GSH. No signal at +9 ppm from the released CEST agent was observed when NADH 

or GSH were not added to the solution. Analysis of the enzyme reaction under anaerobic 

condition showed the same results, including a reaction with no GSH.  

In conclusion, we have developed a new responsive CEST MRI agent that detects 

DTD enzyme activity. The agent can change CEST signals in the presence of DTD, 

NADH and GSH. In addition, the enzyme is stable under reducing conditions, which may 

aid in detecting hypoxic tumors. 

Dr. Mark D. Pagel and I designed the experiments and procedures. I synthesized and 

characterized all intermediates and the CEST MRI contrast agent and. I also performed 

MRI studies and in vitro biological assays. Dr. Kyle M. Jones and I developed new 

Lorentzian Line Fitting codes for Matlab R2016a (MATHWORKS, Inc.; Natick, MA) 

and analyzed the data. 
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3.1 Summary of Research and Contribution 

 Although the field of CEST MRI started by studying a diamagnetic agent, paraCEST 

MRI agents soon became the major class of CEST MRI contrast agents. Paramagnetic 

Chemical Exchange Saturation Transfer (paraCEST) agents offer large chemical shifts 

that facilitate the detection of their CEST signals in biological environments. However, 

presence of metals, mainly lanthanides such as Yb(III), Tm(III), or Eu(III), in their 

chemical structures raises concerns about the toxicity of such metals. This concern 

becomes even more serious when larger concentrations of such CEST MRI agents are 

needed for in vivo studies. In addition, low concentration of the paraCEST agent requires 

larger saturation powers to detect a CEST signal. This issue limits the application of such 

contrast agents for clinical studies. Efforts of researchers in the field introduced several 

classes of diamagnetic CEST (diaCEST) MRI agents with none of the limitations 

presented above. Salicylic acid and its derivatives are one the classes of DIACEST MRI 

agents that offers relatively large chemical shifts of their exchangeable protons. Thus it is 

an ideal contrast agent for biological studies with the goal of in vivo applications.  

 In this study I used fosfosal, a phosphorylated derivative of salicylic acid, for the 

detection of the activity of a biologically important enzyme, alkaline phosphatase (1). Dr. 

Mark D. Pagel and I designed the experiments and procedures. I performed MRI studies 

and in vitro biological assays. Mahsa M.E. Ghaffari and I performed in cellulo biological 

assays and experiments. Dr. Kyle M. Jones and I developed new Lorentzian Line Fitting 

codes for Matlab R2016a (MATHWORKS, Inc.; Natick, MA) and analyzed the data.  
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4.1 Summary of Research and Contribution 

Nitroreductase (NR) enzyme converts harmless prodrugs, such as CB1984 and 

mitomycin C derivatives, to become cytotoxic products by converting nitro groups to 

amines. Mammalian cells do not express NR enzyme while it is expressed in bacteria (1). 

The combination of the expression of the enzyme in the human body and administration 

of prodrugs has been proposed as a strategy for the treatment of Cancer (2). To  develop a 

contrast agents (CA) that detects NR activity, we examined a series of biomarker-

responsive T2-Ex CAs bearing a nitro group or its reduced amine group form (3). We 

hypothesized that conversion of a nitro group to amine form would affect exchange rate 

of water molecule(s) in the inner coordination sphere and consequently affect T2-Ex 

relaxation time. As an advantage, a change in exchange rate that affects T2-Ex relaxation 

does not affect T1 relaxation of the CA, and thus a T1 MR image can be used to account 

for the concentration of the agent and/or monitor other environmental parameters that 

may complicate the interpretation of changes in T2-Ex relaxation caused by the biomarker.  

Ortho, meta and para substituents of Ln-DO3A-Nitrobenzyl and Ln-DO3A-

Aminobenzyl, with Ln=Dy(Iii) or Tm(III), were synthesized and characterized. Exchange 

rates, r1 relaxivities and r2 relaxivities of the complexes were measured. The conversion 

of Ln-DO3A-Nitrobenzyl to Ln-DO3A-Aminobenzyl were tested in presence of NR 

enzyme by measuring R1 and R2 relaxation using a 7T Bruker Biospec MRI system at 

37°C and pH=7.2±0.1. 

Dy-DO3A-ortho-NO2 showed 2.16 mM-1s-1 and 0.35 mM-1s-1 while Dy-DO3A-ortho-

NH2 produced 0.45 mM-1s-1 and 0.40 mM-1s-1 as r2 and r1 relxivities, respectively. The 

meta and para forms of these Dy chemates, and all forms of the Tm chelates, did not 
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show a similar change in r2 relaxivity. NR enzyme was able to convert Dy-DO3A-ortho-

NO2 to Dy-DO3A-ortho-NH2, which changed the R2 rate from 9.3-10.3 s-1 to 6.2 s-1 while 

no significant change in R1 rate was observed.  

In conclusion, we have shown that a MRI contrast agent with a T2-Ex mechanism can 

show different T2 relaxation values while their T1 relaxation values are similar. We have 

shown that such complexes with a nitro group on the ortho position can detect activity of 

nitroreductase enzyme. 

 Dr. Mark D. Pagel and I designed the experiments and procedures. I synthesized and 

characterized the intermediates and final products. I performed MRI studies and in vitro 

biological assays. Dr. J. Dai and I performed chemical exchange studies with NMR. Dr. 

Edward A. Randtke and I developed codes for Matlab R2016a (MATHWORKS, Inc.; 

Natick, MA) and analyzed the data.  
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5.1 Summary of Research and Contribution 

 Yb-DO3A-oAA was previously reported as a CEST MRI agent for the detection of 

nitric oxide that plays an important role in biological systems. This contrast agent 

produced two CEST signals at +8 and -11 ppm before reacting with NO. Interestingly, 

the agent lost both CEST signal after reacting with NO. NO caused dimerization of the 

CEST agent that changes the conformation of the molecule and consequently lost CEST 

signals. The CEST signals were detectable in buffer solutions under reaction conditions 

but magnetization transfer in biological systems limits the detection of the signals at +8 

and -11 ppm in biological systems. We decided to replace the Yb(III) metal in the 

complex with Tm(III) because thulium produces larger chemical shifts (or stronger CEST 

signals). 

 I measured CEST signals of various concentrations of Tm-DO3A-oAA before and 

after a reaction with NO. Unexpectedly, I observed that the magnitude of CEST signals 

decreased in samples with higher concentration of the agent. Further investigations 

revealed that the agent worked based on the T2-Ex mechanism. I studied properties of this 

contrast agent and showed that the R2 relaxation rate changed after a reaction between the 

agent and NO while no change in R1 relaxation constant was observed. Thus R1 served as 

an internal control for the measurement of undesired parameters affecting measured 

relaxations. The T2-Ex property was known when I was working on this project but no one 

had reported the application of this relaxation mechanism for the design of MRI 

responsive agents. Therefore I introduced Tm-DO3A-oAA as the first example of a 

responsive MRI contract agent that worked based on the T2-Ex mechanism.  
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 Dr. Mark. D. Pagel and I designed the experiments and procedures. I synthesized the 

desired compounds, investigated the chemical reactions of NO and the contrast agent, and 

performed MRI studies. Dr. Ed A. Randtke and I developed methods and codes for 

analysis of MRI data and simulation studies.  
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6.1 Introduction 

 The goal in the Contrast Agent Molecular Engineering Lab (CAMEL) is to develop 

MRI methods and contrast agents (CA) for the detection of cancer biomarkers. We 

focused on in vivo experiments in CAMEL as a primary step to translate those techniques 

and contrast agents for clinical applications. As a member of CAMEL lab with expertise 

in chemistry I designed, synthesized, and evaluated MRI CAs that worked based on the 

CEST and T2-Ex mechanisms. I developed some in vitro assays to test CAs and I 

performed animal studies using the probe for the detection of alkaline phosphatase 

enzyme. Although animal studies are the next step for all of the CAs that I studied during 

my Ph.D. research, some of the CAs need a better design to meet requirements for in vivo 

studies. 

6.2 CEST MRI Contrast Agents 

 I studied both a diaCEST and a paraCEST CA for the detection of enzyme activity. 

Each of those CEST MRI agents have their own property requiring a different 

experimental design. I will briefly discuss the next steps in the development of those 

agents for the animal studies. 

6.2.1 Alkaline Phosphatase Enzyme Activity 

Fosfosal was used for the detection of alkaline phosphatase (ALP) enzyme. Fosfosal 

is a phosphorylated derivative of salicylic acid that has been reported as an improved 

anti-inflammatory analgesic compound (1,2). Previous toxicity tests in animals for other 

applications grant administration of fosfosal in an animal for imaging purposes. 

However, the higher dosage generally needed for detection in MRI studies may bring 

caution about toxicity.  
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Previous reports showed that various types of ALP are overexpressed in breast, ovary, 

testis, lung, and gastrointestinal tract cancer, choriocarcinoma, osteosarcomas, Paget’s 

disease, osteoblastic bone metastases, and neuroblastoma (3,4). Therefore mouse models 

with tumors originated from cell lines derived from those disorders are suggested for in 

vivo studies.  

Two drawbacks are negatively impacting developments of this MRI probe are the 

lack of a control signal for the improvement of detection and cell membrane transport 

from an extracellular to an intracellular region.  

 

 

 

 

 

 

The CEST signal produced by fosfosal is mainly caused by ALP enzyme activity. 

However, factors such as temperature, concentration, and pH can affect the CEST signal. 

Therefore having a signal unresponsive to the enzyme activity but responsive to the other 

factors will improve detection. This can be achieved by utilizing phosphorylated 

derivatives of amino-salicylic acid (Figure 6.1).  

Although some isoforms of the APL enzyme are expressed in the extracellular region, 

many are expressed in the intracellular area. Therefore the presence of fosfosal can 

improve detection of the ALP enzyme. Fosfosal has multiple charges on the carboxylic 

acid and phosphate groups under physiological conditions, which inhibits the 

Figure 6.1. A Phosphorylated derivative 
of 4-amino salicylic acid with a 
responsive CEST signal.	
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transportation of the molecule from the extracellular into intracellular region. One 

potential solution is to neutralize the charges by esterification. This strategy has been 

employed for the improvement of pharmacokinetic properties of drugs (5).    

6.2.2 DT-diaphorase Enzyme Activity 

 Activation of the DTD MRI probe required incubation of the CA with the enzyme for 

15 h. Considering that cyclization of the trimethyl lock group occurs with a very fast 

reaction rate, one possible problem could be that the quinone group was not very 

accessible for the enzyme. To overcome this problem, the quinone part can be connected 

to the MRI probe through a chemical spacer where the quinone group is apart from the 

MRI probe by the spacer. Several chemical spacers can be employed for this goal and I 

have designed a molecule that utilizes presence of NMPABA linker (Figure 6.2). The 

self-immolative cleavable linker benefits a fast chemical rate thus it wouldn’t create any 

delay in the release of the MRI CA after the reduction of quinone group. The proposed 

MRI CA can be synthesized in several steps according to previously reported 

synthesis(6). 
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Figure 6.2. Synthesis of the probe with a self-immolative spacer for the detection of DTD enzyme.	
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 The probe with a sufficient activation rate can be tested in vitro using cell lines 

overexpressing DTD enzyme. The probe then needs to be tested in mice bearing tumors 

with overexpressed DTD enzyme. A study by Fitzsimmons, et al. showed that DTD were 

overexpressed in 69 cell lines from the National Cancer Institute (NCI) human tumor cell 

panel and consequently the sensitivity of the cells to mitomycin C and EO9 were 

increased (7). Therefore these cell lines can be used for in vitro and in vivo studies. 

6.3 T2-Exchange MRI Contrast Agents 

 Theoretical calculations show that the T2-Ex mechanism can increase r2 relaxivities 

significantly. A higher magnetic field is a major contributor in increasing r2 relaxivity. 

The trend in the industry is to make MRI instruments with higher magnetic field. The 

direct correlation between the potential r2 relaxivity and the strength of the magnetic field 

is an encouraging factor in the development of CAs working based on the T2-Ex 

mechanism. CAs with potentially higher r2 relaxivity can improve sensitivity, which will 

result in employing lower concentration of CAs for molecular imaging. The application 

of T2-Ex in the design of responsive MRI CAs is a relatively young field. Therefore there 

are only a few examples of this class of CAs for molecular imaging in the literature. 

Basic research in the development of T2-Ex CAs can provide critical information needed 

for the further expansion of this field. Both classes of diamagnetic and paramagnetic T2-Ex 

CAs have been introduced for molecular imaging (8,9), which increase the number of CA 

for this research. One should notice that T2 relaxation in a negative contrast meaning that 

larger R2 relaxation causes a darker image. The difficulty in differentiation between dark 

and darker can be a potential issue for developing this field. However, this is an 
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advantage when this class of CAs is used for the detection of abnormalities in tissues and 

organs that produce bright images such as thyroid. 

6.3.1 Nitroreductase Enzyme Activity 

 Our MRI CA for the detection of nitroreductase (NR) enzyme has shown noticeable 

changes when the nitro group is converted to an amine group. An in vitro assay showed 

that NR was able to partially convert the nitro to an amine group. To validate the MRI 

CA as a probe for the detection of NR, cells or animal models expressing NR enzyme can 

be used (10, 11). Further investigation of this CA requires positive results from animal 

models and providing data on the safety of the agent in animals. Current clinical 

applications of NR enzyme in gene-directed enzyme prodrug therapy and antibody-

directed enzyme prodrug therapy (12) open another window of opportunity and increases 

the chance of using our probe for validation of the activity of NR enzyme in humans.  

6.3.2 Design of New T2-Ex MRI Contrast Agents 

 The slow activation of the nitro group by the enzyme in the Dy-DO3A-o-Nitro 

complex challenges its in vivo application. One possible issue could be limited 

accessibility of the nitro group by the enzyme and low efficiency of the enzyme. Using 

self-immolative likers such as the linker proposed for the detection of DT-diaphorase 

could overcome this issue. The presence of such linkers provides a distance between the 

functional group detectable by NR enzyme and the complex. Therefore it is expected that 

the NR enzyme will have a better access to the substrate without disturbance from the 

complex. In addition to the accessibility of the substrate by the enzyme, a self-immolative 

liker can result in larger size of the complex. The size of CAs has been introduced as a 

key parameter in alteration chemical exchange rate of the exchangeable protons, which is 
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among most important parameters (13). Therefore it is important to realize that 

connecting linkers to the CA increases the size of the complex and consequently 

decreases the exchange rate, which can result in a higher r2 relaxivity. 

6.4 Switching between CEST and T2-Ex Properties 

 The chemical exchange rate plays a very important role in determining the MRI 

modality. Generally CEST CAs produce a relatively slow exchange rate while T2Ex CAs 

have a relatively moderate exchange rate (14). Our results from the detection of the NR 

enzyme indicated that those complexes have water molecule(s) with a chemical exchange 

rate in the range of 6.00 x 105 Hz to 3.77 x 106 Hz. These exchange rates are considered 

to be moderate exchange rate. One strategy to decrease the exchange rate is to increase 

the size of the molecule. Connecting a linker and a warhead for the detection of enzymes 

can potentially pursue this goal and yield a large molecule with a slow exchange rate that 

would be suitable for CEST CAs. The linker can be added to the contrast agent by an 

amide bond between an amine on the T2Ex agent and carboxylic acid derivative of the 

linker. This strategy will decrease the exchange rate of exchangeable protons of amine 

group as amide protons show a slower exchange rate. I have designed a molecule for the 

detection of sulfatase enzyme (Figure 6.3). Upon reaction of the probe with the enzyme 

the contrast agent is released to produce R2Ex relaxation. 

 

 

Figure 6.3. A proposed MRI probe for the detection of sulfatase enzyme. 
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 The proposed MRI probe can be synthesized in several steps (Figure 6.4 and 6.5). 

 

 

Figure 6.4. Synthesis of a TML that can be activated with sulfatase enzyme.  
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Figure 6.5. Synthesis of a probe for the detection of sulfatase enzyme.  

The possibility of using two MRI contrast mechanisms from the same molecule can 

improve detection of a biomarker and lead to a more accurate measurement. 
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7.1 Abstract 

Two relatively new types of exogenous magnetic resonance imaging (MRI) 

contrast agents may provide greater impact for molecular imaging by providing greater 

specificity for detecting molecular imaging biomarkers.  Exogenous Chemical Exchange 

Saturation Transfer (CEST) agents rely on the selective saturation of the magnetization of 

a proton on an agent, followed by chemical exchange of a proton from the agent to 

water.  The selective detection of a biomarker-responsive CEST signal and an 

unresponsive CEST signal, followed by the ratiometric comparison of these signals, can 

improve biomarker specificity.  We refer to this improvement as a “double agent” 

approach to molecular imaging.  Exogenous T2-exchange (T2ex) agents also rely on 

chemical exchange of protons between the agent and water, especially with an 

intermediate rate that lies between the slow exchange rates of CEST agents and the fast 

exchange rates of traditional T1 and T2 agents.  Because of this intermediate exchange 

rate, these agents have been relatively unknown and have acted as “secret agents” in the 

contrast agent research field.  This review exposes these secret agents, and describes the 

merits of double agents, through examples of exogenous agents that detect enzyme 

activity, nucleic acids and gene expression, metabolites, ions, redox state, temperature, 

and pH.   Future directions are also provided for improving both types of contrast agents 

for improved molecular imaging and clinical translation.  Therefore, this review provides 

an overview of two new types of exogenous contrast agents that are becoming useful 

tools within the armamentarium of molecular imaging. 
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7.2 Introduction 

 Magnetic Resonance Imaging (MRI) has become a popular tool for anatomical 

imaging of organs and pathological tissues (1). The development of exogenous MRI 

contrast agents has greatly contributed to clinical MRI since the first in vivo application 

of contrast agents was introduced 37 years ago (2). T1 MRI contrast agents can brighten 

the image contrast of tissues with the agent, which has led to their widespread use for 

clinical diagnoses.  T2* MRI contrast agents darken the image of the tissues with the 

agent, which also has good utility for some clinical diagnoses.  However, many physico-

chemical characteristics can affect the image contrast of tissues with a T1 or T2* contrast 

agent, which limits quantitative analyses with these agents.  In particular, a change in 

image contrast can be difficult to assign to the presence of a biomarker in a tissue, 

because other characteristics such as the concentration of the agent in tissue can also 

change image contrast.  Therefore, T1 and T2* MRI contrast agents have been difficult to 

apply to molecular imaging. 

 Two new types of exogenous contrast agents have been developed to improve 

molecular imaging with MRI.  Chemical Exchange Saturation Transfer  (CEST) contrast 

agents exploit the MR frequency (chemical shift) of an agent to selectively generate 

contrast in a MR image.  Importantly, two CEST effects on a single agent or two similar 

agents can be detected, and the ratio of these two CEST effects can improve the 

quantitative evaluations of molecular imaging in a concentration-independent manner.  In 

this review, we refer to these agents as ‘double agents’ to emphasize the importance of 

this advantage of CEST agents (3). In addition, many endogenous biomolecules can 

generate CEST effects, such as metabolites and peptides produced through transcription 
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& translation of artificial genes.  Our review does not extensively discuss endogenous 

CEST agents, which are already described in other excellent reviews.  

 A contrast agent based on T2 exchange (T2ex) can change the T2-weighted MRI 

contrast without also changing T1-weighted MRI contrast.  The ratio of T2/T1 has 

potential to improve the quantitative evaluations of molecular imaging in a concentration-

independent manner. The T2 exchange mechanism requires a chemical exchange rate in a 

moderately fast regime that has often been unrecognized until recently.  For this reason, 

we refer to these agents as ‘secret agents’ to emphasize that T2ex agents should no longer 

be secret and should be recognized for their importance to molecular imaging with MRI. 

7.3 Exogenous CEST MRI contrast agents 

 CEST MRI contrast agents have one or more exchangeable protons that can be part of 

the covalent structure of the agent, or a proton on a metal-bound water in the inner sphere 

of the contrast agent.  When the chemical shift (MRI frequency) of the exchangeable 

proton is saturated with radiofrequency pulses  (Figure 7.1A), then the net magnetic 

properties of these protons become ‘saturated’ and lose their detectable MRI signal.  

Upon exchange of these protons with the bulk water protons (Figure 7.1B), this saturation 

is transferred to the bulk water (Figure 7.1C) and the MR image of the bulk water 

becomes darker.  Repeating this process for a range of radiofrequencies can be used to 

generate a Z-spectrum (Figure 7.1D), also known as a CEST spectrum (Figure 7.1E). The 

center of the Z-spectrum represents the direct saturation of bulk water, and is defined as 

zero saturation frequency in the Z-spectrum (4). 

The chemical exchange rate of the proton from the agent to bulk water is critical for 

generating CEST MRI contrast for molecular imaging. The exchange rate must be slower 
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Figure 7.1.  The mechanism of Chemical Exchange Saturation Transfer.  (A) Exchangeable protons are 
saturated with a radiofrequency pulse.  (B) Saturated protons are exchanged between the CEST agents and 
the bulk water.  (C) The bulk water loses part of its net MR signal due to the exchange of saturated protons.  
(D) Water signals are collected with a range of radiofrequencies. Direct saturation of bulk water is set as 
the reference (0 ppm).  (E) Connecting the signals of bulk water generates a Z-spectrum.  
 
than the chemical shift difference between the agent and bulk water, so that the 

exchangeable proton exists at the chemical shift of the agent for a sufficient time to be 

saturated by the radiofrequency pulse.  However, faster chemical exchange rates generate 

more transfer of saturation per unit time, which increases CEST MRI contrast.  

Therefore, agents with chemical exchange rates of 100 – 30,000 Hz are typically 

regarded to be CEST MRI contrast agents.  Paramagnetic CEST (paraCEST) agents have 

larger chemical shifts, and typically have chemical exchange rates that are greater than 

1,000 Hz.  Diamagnetic CEST (diaCEST) agents have chemical shifts within 12 ppm of 

bulk water and thus have exchange rates that are typically less than 2,000 Hz (although a 

few diaCEST agents have exchange rates that exceed 2,000 Hz) (5).  Furthermore, the 

chemical exchange rate can be altered after the agent interacts with a biomarker.  As 
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described by examples listed below, the quantitative measurement of changes in chemical 

exchange rates of CEST agents, or the changes in CEST signals that result from changes 

in exchange rates, can exquisitely detect the presence of the biomarker.   

7.3.1 CEST agents that detect enzyme activities 

 Many CEST agents have been developed that detect enzyme activity. One or more 

covalent bonds of the agent can be cleaved or created by the enzyme, which can 

drastically affect the chemical exchange rate of the labile proton of the agent.  This 

irreversible change in the agent facilitates the accumulation of a high concentration of 

altered agent.  Therefore, a low concentration of an enzyme with fast catalytic activity 

can be detected with this imaging approach.  A second CEST agent, or a second 

exchangeable proton on the same agent, can be designed to have a unique chemical shift 

for selective CEST detection, and therefore creates a ‘double agent’ approach.  This 

second CEST effect can also be designed to be unaffected by the enzyme and therefore 

serve as an unresponsive “control” agent to improve the quantitative detection of enzyme 

activity. 

 One of the first examples of an enzyme-responsive paraCEST agent is a Tm(III) 

macrocyclic chelate conjugated to the C-terminal end of a peptide, which serves as a 

substrate for the caspase-3 protease enzyme (Figure 7.2A) (6).  Cleavage of the peptide 

from the Tm(III) chelate converts an amide group to an amine group.  This conversion 

changes the chemical shift of the CEST effect from -51 ppm to +8 ppm and also increases 

the chemical exchange rate.  A Yb(III) chelate without a peptide was not catalyzed by 

caspase-3, which served as the ‘double agent’ for comparison to the responsive CEST  



	 59 

 
 
Figure 7.2.  ParaCEST agents that detect enzyme activity.  Agents have been designed that detect (A) 
caspase-3, (B) urokinase Plasminogen Activator, (C) cathepsin D, (D) transglutaminase, (E) β-
galactosidase, and  (F) esterase. 
 
agent. This ‘double agent’ approach improved the quantification of enzyme activity.  

During these studies, the caspase-3 responsive agent was used to measure the activity of 

3.44 nM of caspase-3 enzyme, which confirmed that high catalytic enzyme activity can 

be exploited to detect low concentrations of agent. 

 This platform technology has enabled the detection of other enzymes such as 

cathepsin D and urokinase Plasminogen Activator (uPA), simply by changing the 

conjugated peptide sequence to peptides specific to each enzyme (Figures 7.2B and 7.2C) 

(7,8). A second CEST agent was used as the ‘double agent’ to improve detection of the 

enzyme.  CEST MRI was also employed to monitor formation of a covalent bond when a 

paraCEST agent was conjugated to the arginine side chains of a protein by the enzyme 

transglutaminase (Figure 7.2D) (9). This conjugation caused an appearance of a CEST 
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signal at -9.2 ppm from a newly formed amide group between the agent and an arginine 

side chain.  In addition, the CEST signal at +4.6 ppm from the arginine side chains of the 

protein decreased after being conjugated to the agent.  Thus, these two CEST effects 

could be exploited as a ‘double agent’ to improve detection of the enzyme. 

 ParaCEST agents have also been developed in which the macrocyclic chelate is 

separated from an enzyme-sensitive substrate ligand with a spontaneously disassembling 

linker. This technology allows the substrate ligand to be easily changed to detect other 

enzymes, without affecting the macrocyclic chelate that generates the CEST effect. For 

example, a galactose sugar ligand of a Yb(III) macrocylic chelate can be cleaved by a β-

galactosidase enzyme, which causes spontaneous disassembly of a benzyloxycarbamate 

linker. This spontaneous reaction converts an amide group to an amine group on the 

chelate, which changes the CEST signal from -16.7 to -20.5 ppm (Figure 7.2E) (10).  As 

another example, an ester ligand of a CEST agent can be cleaved by an esterase enzyme, 

causing a spontaneous intermolecular lactonization of a linker, which releases the ligand 

and linker from a Yb(III) chelate (Figure 7.2F) (11). This multistep process converts an 

amide group to an amine group on the Yb(III) chelate, creating a new CEST signal at +9 

ppm due to the proximity of the amine to the Yb(III) ion.  This agent has another amide 

group that is unaffected by the enzyme-triggered series of reactions, which was used as 

an internal control to improve the quantification of this ‘double agent’. 

 DiaCEST agents have also been used to detect enzyme activities.  For example, 

cytosine and its derivatives can generate CEST effects.  These CEST effects are lost 

when cytosine deaminase catalyzes covalent changes to these diaCEST agents (Figure 

7.3A) (12).  Similarly, 3,5-difluorobenzoyl-L-glutamate loses its CEST signal after being 
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catalyzed by carboxypeptidase G2 (13). For both of these cases, only one CEST signal 

was monitored from the diaCEST agent and a ‘double agent’ approach was not used, 

which has limited the in vivo translation of these agents. 

7.3.2 CEST agents that detect nucleic acids 

 ParaCEST agents have been used to detect DNA.  A polymeric Eu(III) chelate can 

interact with DNA of salmon testes, which reduces the CEST amplitude by ~33% due to 

a change in chemical exchange rate (Figure 7.3B) (14). This interaction did not change 

the chemical shift of the CEST effect of this agent.  A dimeric Nd(III) macrocyclic 

chelate has been shown to interact with a DNA hairpin, causing a ~15% increase in the 

CEST signal without also causing a change in the 12 ppm chemical shift (Figure 7.3C) 

(15). However, the detection of nucleic acids through their direct interaction with 

paraCEST MRI contrast agents is hampered by the poor detection sensitivity of CEST 

MRI and the low concentration of most nucleic acids within in vivo systems.  This 

problem is especially concerning for the detection of DNA, which exists at very low 

concentration in vivo and is typically protected by membrane bilayers of the cell and 

nucleus.  Therefore, these examples of CEST detection of nucleic acids provide an 

interesting proof-of-concept, but may be difficult to optimize for practical imaging 

applications.  Furthermore, these examples involve only one CEST effect and do not 

exploit a ‘double agent’ approach, which limits their ability to provide quantitative 

imaging results. 

 Although the direct detection of nucleic acids is a daunting challenge, the detection of 

genetic activity is an easier task.  Genes that encode for long polylysine or polyarginine 

peptides have been transfected into cells that have then be implanted in rodent models 
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Figure 7.3.  Responsive CEST agents.  (A) Deamination of cytosine by deaminase enzyme.  Other agents 
can detect (B,C) DNA,  (D) glucose, (E) lactate, (E) methyl phosphate, and (F) nitric oxide. 
 
(16-18). The in vivo transcription and translation of these genes produces these long 

peptides, which have amide, amine, and guanidinium groups that can act as diaCEST 

agents.  Variations of homopeptides, protamine sulfate and green fluorescent protein have 

also been developed and used as reporter genes during in vitro studies (19-21). A gene for 

one of these peptides can be tied to other genes of interest for co-transcription and co-

translation, effectively using the diaCEST peptide as a ‘reporter gene’ to report on the 

activity of another gene of interest.  Unfortunately, recent studies have shown that 

biological conditions can modulate the CEST effects of some of these peptides, such as 

phosphorylation, acidosis, and binding to DNA and other proteins (22). A ‘double agent’ 

approach has potential to account for these confounding biological conditions that may 

compromise the assessment of the CEST reporter genes, but this approach has not yet 

been applied to improve evaluations of gene expressions.  
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7.3.3 CEST agents that detect metabolites 

 Metabolites can often exist within in vivo systems at high concentrations greater than 

1 mM, and therefore can be good candidates to generate sufficient sensitivity for 

detection via CEST MRI contrast agents.  A variety of metabolites can be detected with 

paraCEST agents, including glucose, lactate, methyl phosphate, and nitric oxide.  A 

Eu(III) chelate with phenyl boronate ligands can bind to glucose at a 1:1 ratio, causing a 

decrease in the chemical exchange rate of the water molecule that is bound to the agent, 

which causes a ~38% decrease in CEST signal at 50 ppm (Figure 7.3D) (23).  As another 

example, the interaction between a lactate molecule and a Yb(III) macrocycle chelate 

causes a change in chemical shift from -29.1 ppm to -15.5 ppm (Figure 7.3E) (24).  

Similarly, a Eu(III) macrocyclic chelate with a pendant hydroxyl group was used to 

detect methyl phosphate (Figure 7.3F) by monitoring a change in chemical shift from 6 

ppm to 8 ppm after reacting with the metabolite (25). The change in chemical shift of a 

CEST agent is independent of the agent’s concentration to quantify the metabolite and 

therefore does not require a ‘double agent’ approach. 

 Unfortunately, these CEST agents that interact with metabolites lack specificity for 

detecting only the intended metabolite.  As examples, the glucose-detecting CEST agent 

also interacts with fructose, and similarly the agent that detects methyl phosphate shows a 

similar change in the chemical shift of the CEST effect when ineracting with ethyl 

phosphate.  The lactate-detecting CEST agent has affinity for many other carboxylate-

containing metabolites.  This inherent problem with specificity is not unexpected because 

many metabolites have very similar chemical structures.   
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 Most metabolite-detecting CEST agents are reversibly responsive, so that their 

change in CEST characteristics can ‘reverse’ to the original state when the metabolite 

dissociates from the agent.  This can be problematic when attempting to detect temporally 

fleeting metabolites.  As an alternative approach, a CEST agent has been designed to be 

irreversibly responsive, undergoing a permanent change in the bonding of the agent after 

interaction with nitric oxide (Figure 7.3G). This irreversibly responsive change provided 

the advantage of accumulating a high concentration of agent over time that is sufficient 

for detection with CEST MRI, even though nitric oxide was not present at a similar high 

concentration at any instant (26). More specifically, nitric oxide caused the irreversible 

dimerization of the agent through an azide bridge, causing a loss of amine protons and 

changing the conformation of the agent, which consequently resulted in the 

disappearance of the CEST effects of the agent.   A second CEST agent that does not 

interact with nitric oxide was included in these studies, and this ‘double agent’ approach 

was used to improve the detection of nitric oxide. 

 Glucose (27) and its derivatives (28-31) can generate CEST signals from the 

exchangeable protons of the hydroxyl groups on the sugar, and therefore this metabolite 

can be directly detected with CEST MRI.  Although the CEST signal is weak relative to 

other CEST agents, a high concentration of the sugar can be administered to generate a 

CEST signal that is adequate for detection.  Tracking the pharmacokinetics and 

biodistribution of glucose, or glucose derivatives that are trapped along metabolic 

pathways, can be exploited to image pathological tissues with altered glucose 

metabolism.  Glucose is an FDA-approved treatment for some pathological conditions, 

which facilitates clinical translation of CEST MRI with glucose (32). However, a ‘double 
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agent’ approach has not been employed with sugar-based CEST MRI studies, which 

raises concerns that other biological conditions that affect the CEST signal from glucose 

may complicate the analysis of sugar concentrations from CEST MRI studies. 

7.3.4 CEST agents that detect ions 

 Our deep understanding of the interactions of metals with ligands has been a primary 

driving force for developing paraCEST agents that detect ions. A Eu(III) complex with 

pendant pyridine arms has a CEST signal that changes upon binding to Zn2+ ions. The 

exact mechanism of this change in CEST signal is not understood, but may be due to a 

hydroxide ion coordinated to Zn2+ that causes an accelerated chemical exchange rate of 

the complex (Figure 7.4A) (33). A similar concept was employed to detect Ca2+ ions with 

a Yb(III)-based paraCEST agent with pendant bis-carboxylate arms (34). Chelation of 

Ca2+ ions with the Yb3+ macrocylic chelate slowed the chemical exchange rate of protons 

from the amide groups on the chelate and resulted a 60% loss in CEST signals (Figure 

7.4B). This technology has potential applications for in vivo studies. However, the change 

in ion concentration in biological systems could be faster than the detection of the 

reversibly responsive paraCEST agents, which may compromise detection sensitivity. 

Also, additional research is needed to assess the specificity of detecting the intended ion 

relative to other ions with similar sizes and electronic charges.  A clever ‘double agent’ 

approach may possibly aid in improving this detection specificity, as shown by some of 

the other ‘double agent’ approaches listed in this review. 

7.3.5 CEST agents that detect redox states 

 The redox state of the tissue environment is an important biomarker in many 

pathologies such as cancer and wound healing.  The non-invasive detection of such tissue 
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environments can provide great information about disregulation of biomolecules such as 

reducing agents.  ParaCEST agents are very well suited for detecting redox state, because 

the oxidation state of the paramagnetic ion is highly dependent on the environmental 

redox state.  For example, a paramagnetic Co(II) macrocylic chelate with three pyrazole 

ligands can generate a strong CEST signal (Figure 7.4C).  When exposed to reducing 

agents, the oxidized Co(II) metal changes to a reduced Co(III) form that is diamagnetic,  

 

 

Figure 7.4.  ParaCEST agents that detect ions, redox state and temperature. Agents have been designed that 
detect (A) Zn2+, (B) Ca2+, and (C-E) redox conditions. (F-H) Other agents can measure temperature. 
 

so that the paraCEST effect is lost (35).  

 The change in redox state of a paraCEST agent’s ligand can also be used to monitor 

changes in environmental redox status.  As a seminal example, two quinolinium ligands 

exist in an oxidized form in a Eu(III)-based paraCEST agent (Figure 7.4D). These ligands 
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can be reduced by NADH, and the change in the redox state of the ligand causes a weak 

CEST signal at 43 ppm to become 7.5-fold stronger and shift to 50 ppm (36). As another 

example, the anthracene ligand of another Eu(III) macrocylic chelate can be oxidized by 

singlet oxygen to produce an endoperoxide derivative (Figure 7.4E). This oxidation 

caused a 3 ppm change in the chemical shift of the CEST signal. Moreover, the 

specificity of this reaction was shown to be outstanding for 1O2 relative to other species 

such as ONOO−, H2O2, •OH or O2
−

•
 (37). An advantage of these two agents is the change 

in chemical shifts of the CEST signals that is exploited for detection of redox state.  The 

chemical shifts are independent of concentration of the agent, thereby improving the 

specificity for detecting the redox state without requiring a ‘dual agent’ approach.  

7.3.6 CEST agents that measure temperature 

 The changes in the chemical shift of exchangeable protons in paraCEST agents have 

been also investigated as a method for monitoring changes in temperature. The observed 

chemical shift is a time-weighted average of the chemical shift of the labile proton of a 

contrast agent and the chemical shift of the same proton bulk water during the CEST 

experiment (a phenomenon known as MR coalescence).  At higher temperature, this 

time-weighted average moves toward the bulk water signal due to an increase in 

exchange rate of the proton from the agent to water.  The best example of this class of 

agents is a Dy(III) macrocylic chelate that exhibits a change in chemical shift from -800 

to -650 ppm over a range of temperature from 20 to 50 °C, for an impressive change of 

6.9 ppm/°C (Figure 7.4F) (38). For comparison, other paraCEST agents based on Eu(III) 

and Tm(III) chelates have demonstrated much smaller 0.1 to 0.6 ppm/°C changes in 

chemical shifts (Figure 7.4G and 7.4H) (39,40).  Importantly, relying on the chemical 
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shift of the CEST effect does not require a ‘double agent’ approach to account for the 

concentration of the agent, because the chemical shift is inherently independent of 

concentration. 

7.3.7 CEST agents that measure pH 

 The amide and amine protons in paraCEST agents exhibit base-catalyzed chemical 

exchange.  Therefore, the CEST signals generated from these functional groups are 

inherently pH-dependent.  One of the first examples of a responsive paraCEST agent, a 

Yb(III) chelate, had a CEST signal amplitude that was correlated with pH between 6.0 

and 7.2 pH units (Figure 7.5A) (41).  However, the CEST amplitude is also dependent on 

concentration, which complicates pH measurements using this single agent with a single 

CEST signal.  To overcome this limitation, the ratio of CEST signal amplitudes from an 

amide proton and metal-bound water protons of a variety of lanthanide macrocylic 

chelates can be used to measure pH, while this CEST ratio is concentration-independent 

(Figure 7.5B) (42). Similarly, the amide and amine functional groups of an asymmetric 

Yb(III) chelate have selectively detectable CEST effects with different pH dependencies, 

which can also be used in a ratiometric approach to measure pH in a concentration-

independent manner (Figure 7.3G) (43). These examples once again reinforce the  
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Figure 7.5.  CEST agents that measure pH include (A) Yb-DOTAM-Gly-X, (B) Ln-DOTAM-Gly, (C) 
YbIII-HPDO3A, (E) iopamidol, (F) iopromide, (G) iobitridol, (H) and Tm-DOTAM-Gly-Lys, (I) 
Deprotonation of a Eu(III) complex changes the coordination around the Eu3+ ion, which changes the CEST 
effect of this agent. 
 
advantages of a ‘double agent’ approach to improve quantitative imaging. 

 As a twist on this theme, a Yb(III) metal chelate has been designed that can 

interconvert between two conformations.  Each conformation can generate CEST signals 

at different chemical shifts.  The ratio of conformations depends on pH, so that the ratio 

of the two CEST signal amplitudes from each conformation is correlated with pH (Figure 

7.5C) (44). A related example measures pH using a ratio of two CEST signal amplitudes 

from a paramagnetic Co(II) chelate that interconverts between two conformations (Figure 

7.5D) (45). These two examples again demonstrate the advantage of a ‘double agent’ 

approach to remove the effects of agent concentration from the pH measurement.  

 Nonmetallic diaCEST agents have also exploited the ‘double agent’ approach to 

measure pH.  Iopamidol (Isovue™, Bracco Diagnostics) (Figure 7.5E) is a FDA-approved 
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X-ray contrast agent that can generate two CEST signals from two unique amide protons 

on the agent.  A ratio of these two CEST signals is linearly correlated with pH in a 

concentration-independent manner.   A similar agent, iopromide, also generates two 

CEST signals that can measure pH using the same ratiometric approach (Figure 7.5F).  

These agents have been used to measure pH in tumors, kidneys, cartilage and 

intervertrabal disks (46-49).  Another clever ‘double agent’ approach has used iobitridol 

(Figure 7.5G), a similar X-ray agent, that generates two CEST signals with different 

amplitudes when saturated with different radio frequency powers (50). The ratio of these 

two CEST signal amplitudes is also correlated with pH. 

 A newer method uses the linewidth of the peak in a CEST spectrum to measure pH 

(51).  The chemical exchange rate of an amide group becomes faster at higher pH, and 

therefore the CEST peak becomes broader with a faster chemical exchange rate due to 

MR coalescence. In addition, the chemical shift of the CEST signal also changes in 

response to pH due to the same MR coalescence effect.  A Tm(III) macrocyclic chelate 

with an amide group was used to measure pH within in vivo muscle tissue based on the 

linewidth and chemical shift of the agent’s CEST signal (Figure 5H). Monitoring changes 

in the chemical shift of pH-dependent phenolic arms of a contrast agent is another 

method that has been used to evaluate pH. (Figure 7.5I) (52). Notably, the linewidth and 

chemical shift are independent of the agent’s concentration.  Thus pH can be accurately 

determined from a single CEST signal without requiring a ‘double agent’ approach. 

7.4 Future Directions for CEST MRI Contrast Agents 

 Although CEST MRI is a powerful technique for molecular imaging with wide range 

of applications, the low sensitivity of CEST MRI relative to other MRI techniques and 
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most other imaging modalities has had a negative impact on translation to in vivo 

applications. CEST agents must accumulate within in vivo tissues at millimolar 

concentrations for adequate detection, which may cause toxicity issues.  A variety of 

approaches have been tested to increase the sensitivity of paraCEST agents, including 

polymerization (53), conjugation to dendrimers (54) and lipids (55), and encapsulation in 

liposomes (56) and superamolecular adducts (57).  Similar approaches have been used to 

detect diaCEST agents in liposomes (58) and supramolecular adducts (59).  

 The paramagnetism of lanthanide ions has been tremendously useful for expanding 

the range of chemical shifts of paraCEST agents, which greatly facilitates their selective 

detection within the background of endogenous molecules during in vivo studies. 

However, the toxicity of lanthanide ions after the macrocyclic chelate is degraded is a 

concern.  In particular, Nephrogenic Systemic Fibrosis is a debilitating or morbid 

condition that is caused by tissue accumulation of the gadolinium lanthanide ion (60). To 

overcome this toxicity problem, other paramagnetic ions that are nontoxic have been 

incorporated in paraCEST agents.  To date, nontoxic Fe(II), Co(II), and Ni(II) are good 

candidates to replace lanthanide metals in paraCEST agents (45,61). However, only 

certain electronic states of these transition metals are paramagnetic, and a change in 

electronic state can cause the ion to lose its paramagnetic properties.  Although this 

characteristic was successfully exploited to create a redox-sensitive paraCEST agent as 

described above, the instability of the paramagnetic state of these transition metals is 

generally problematic for ensuring that the agent can be used as a paraCEST agent for 

detecting biomarkers other than redox state.  Therefore, an active area of research 
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involves the stabilization of the paramagnetic electronic state of these transition metals in 

macrocyclic chelates for use as responsive paraCEST agents. 

7.5 Exogenous T2ex contrast agents 

 The T2 relaxation process in biological MR studies typically involves a through-space 

exchange of energy between two protons.  This energy exchange causes the MR 

frequencies of each proton to differ, so that the individual magnetic moments evolve to 

have different phases, and the net sum of the magnetic moments decreases over time.  T2
* 

relaxation is a consequence of a similar mechanism where protons in slightly different 

magnetic fields have slightly different MR frequencies, leading to individual magnetic 

moments with different phases over time, so that the net magnetic moment decays in 

amplitude (Figure 7.6A).   

 T2* MRI contrast agents consist of isolated paramagnetic ions or clusters of 

paramagnetic ions that cause slight changes in the magnetic field near the agent. Water 

molecules can temporarily bind to the T2* agent, or more simply diffuse through the 

solvation shell of the T2* agent, and experience these slightly different magnetic fields 

that cause T2* relaxation.  Importantly, this association with the T2* agent can be 

described as chemical exchange of a water molecule between the agent-water complex 

and bulk water.  These chemical exchange rates can approach the fast rate of the diffusion 

limit (the fastest rate for chemical reactions in solution), and fast chemical exchange 

creates highly sensitive T2* agents.  Unfortunately, the fleeting binding of water to the 

agent and the general water diffusion process are each difficult to control, which 

decreases the specificity of T2* agents for detecting specific biomolecules with molecular 

imaging.  
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Figure 7.6.  The mechanism of the T2ex process.  (A) T2 is measured by rotating the net magnetization into 
the transverse plane by an excitation pulse, then components of the net magnetization evolve to defocus, 
and then a 180o pulse causes these components to refocus.  (B) The chemical exchange of protons with 
different phases causes cancelation of net magnetization, creating a shorter T2 relaxation time constant for 
the bulk water due to T2ex. 
 
 For comparison, CEST MRI contrast agents exploit a physical exchange of protons 

between agents and water, as described in previous sections of this review.  This physical 

chemical exchange is easier to control by incorporating specific chemical groups with 

labile protons into CEST agents.  Physical chemical exchange can also be controlled by 

exploiting well-known concepts of hydrogen bonding, selecting ligands with 

electronegativities that modulate the acidity of labile protons, and/or incorporating steric 

hindrance that inhibits the association of a water molecule with the labile proton of the 

agent.  This control of the agent’s chemical exchange properties provides more 

specificity for detecting many types of biomarkers.  However, CEST agents must have a 

relatively slow chemical exchange rate, which reduces their detection sensitivity. 
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 A new class of MRI contrast agents, known as T2 exchange (T2ex) agents, has recently 

been re-discovered that combines the advantages of T2* agents and CEST agents.  A 

physical exchange of protons occurs between a T2ex agent and water (62,63). The specific 

control of these physical chemical exchange processes improves the specificity of these 

agents for detecting intended biomarkers, similar to CEST agents.  This physical 

exchange causes the MR frequency of the exchanging proton to take a time-weighted 

average value between the frequency of the agent and the frequency of water. Because 

the chemical exchange is stochastic, this time-weighted average is different for each 

proton experiencing chemical exchange, causing slightly different average MR 

frequencies for each proton.  These different MR frequencies result in a decay in net 

coherent magnetization like T2 relaxation (Figure 7.6B). The chemical exchange rates of 

T2ex agents are intermediate between T2 agents and CEST agents.  Although this 

intermediate rate causes T2ex agents to have less sensitivity than T2 agents, this 

intermediate rate greatly improves detecting sensitivity relative to CEST agents.  

Interestingly, this regime of intermediate chemical exchange rates of T2ex agents has not 

been recognized or exploited as often as other chemical exchange rates when developing 

MRI contrast agents.  Thus, we refer to T2ex agents as “secret agents” that deserve to be 

exposed and promoted (64). 

7.6 T2ex and the Swift-Connick Equation 

 The study of chemical exchange rates in MRI has greatly benefitted from the 

modified form of equations that describe the evolution of net magnetic moments during 

chemical exchange, known as the Bloch-McConnell equations (65,66). The effects of 

temperature and MR frequency on T2 relaxation in solutions containing paramagnetic  
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Figure 7.7.  The dependence of T2ex on environmental conditions.  (A) An increase in temperature 
increases relaxivities on the rising side (left side) of Swift-Connick plot (shown by the white arrow) while 
an increase in temperature decreases relaxivities on the falling side (right side) of the Swift-Connick plot 
(shown by the grey arrow).  (B) Triangles show relaxivities due to exchange of a proton with the same 
chemical shift and chemical exchange rate in 3 different magnetic fields. The chemical structures of (C) 
Dy-DOTAM-(Gly)x complexes, (D) Eu(III) complexes, and (E) Tm-DO3A-oAA show similar features that 
lead to T2ex relaxation. 
 
ions led to modified versions of the Bloch-McConnell equations (67,68). Eventually the 

Swift-Connick equation was shown to agree with experimental results, and has been used 

as the practical description of T2ex relaxation (Equation 7.1) (69). The Swift-Connick 

equation indicates that T2ex agents should have labile protons with large chemical shifts 

and chemical exchange rates that are comparable to these chemical shifts (Figure 7.7A 

and 7.7B).  

 

!!,!"!#$ = !!!!" ∙
!!! + !!!!" + !!

!! + !!" ! + !! 

 

Eq. 7.1 
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where: 

PB:  the mole fraction of the paramagnetic ions 

kex:  the chemical exchange rate 

ω: the chemical shift (in rad s-1) of the exchangeable proton on the agent 

R2,total: the total transverse relaxation rate that includes effects from chemical exchange 

and energy exchange between dipoles.  

R2: the transverse relaxation rate that only includes effects from energy exchange 

between dipoles. 

Note that R2 = 1/T2 and R2ex = 1/T2ex.  R2 and R2ex are known as relaxation rates, and T2 

and T2ex are known as relaxation time constants. 

 The Swift-Connick equation shows how T2ex relaxation can be sensitive to 

environmental biomarkers.  For example, an increase in temperature typically increases a 

chemical exchange rate.  If the chemical exchange rate is relatively slow (left side of the 

Swift Connick plot in Figure 7.7A), then heating the tissue will increase the R2ex 

relaxation rate.  Conversely, if the chemical exchange rate is very fast (right side of the 

Swift Connick plot in Figure 7.7A), then heat will decrease the R2ex relaxation rate.  

Therefore, this example shows that the chemistry of the T2ex agent should be optimized to 

provide a slower or faster exchange rate, so that the R2ex dependence on a desired 

temperature range is single-valued.  Similarly, the Swift-Connick equation shows that the 

magnetic field strength of the MRI scanner affects the R2ex rate, because the magnetic 

field strength determines the chemical shift (Eq. 7.2).  Therefore, T2ex agents have more 

utility at higher magnetic field strengths (Figure 7.7B).  The dependence of T2ex agents on 

magnetic field strength, temperature and other conditions that affect the chemical 
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exchange rate has contributed to the uncertainty about how these “secret agents” truly 

operate. 

ω = γB0         Eq. 7.2 

where: 

γ = gyromagnetic ratio, a fundamental property of a proton 

B0 = magnetic field strength in units of Tesla (T) 

7.7 The First T2ex Agents 

 The first applications of T2ex relaxation in 1970 were designed to suppress the large 

signal of water to observe the smaller signals in biomolecules in biological MR samples.  

Examples of these agents include urea, ammonium chloride, paramagnetic ions and metal 

complexes (70). Further studies showed that the intensity of the water signal could be 

systematically controlled by adjusting parameters of various MR acquisition protocols 

(71-74).  However, using these T2ex ‘water suppressors’ as MRI contrast agents remained 

a secret until 1988 (75).  Since that time, both paramagnetic and diamagnetic T2ex agents 

have been developed for biomedical imaging. 

7.8 Paramagnetic T2ex Agents 

 The bound water molecule in some types of Dy(III) macrocyclic chelates can have a 

chemical shift as high as 800 ppm (63). These Dy(III) chelates have a chemical exchange 

rate of 0.5x106 to 5x106 Hz.  The agent with the best T2ex effect has a chemical exchange 

rate of 5.5 x106 Hz, and 98% of the T2 relaxation was estimated to be derived from the 

T2ex process (Figure 7.7C).  Preliminary in vivo studies with this best Dy(III)-based T2ex 

agent showed an impressive order-of-magnitude improvement in detection sensitivity 

relative to other tested Dy(III) agents.  
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 Other lanthanide chelates have T2ex relaxation properties that are a fraction observed 

with Dy(III) chelates. For example, the chemical shifts of labile protons in Eu(III) 

chelates are approximately 16 times smaller than the chemical shifts in Dy(III).  The best 

reported Eu(III)-based T2ex agent has a chemical exchange rate of 3.6x105 Hz at 9.4 T 

magnetic field strength, and yet only produces 4.4% of the T2ex relaxation demonstrated 

by the best Dy(III)-based T2ex agent (Figure 7.7D) (76). 

 T2ex agents can also be biomarker-responsive contrast agents (77). As a seminal 

example, a Tm(III) macrocyclic chelate has a weak T2ex relaxation effect due to the 

agents’ chemical exchange rates that are less than 15,000 Hz (Figure 7.7E).   After 

reacting with nitric oxide, the chemical exchange rate of the agent (possibly including a 

bound water molecule) becomes greater than 140,000 Hz, which produces stronger T2ex 

relaxation.  The T1 relaxation time of the agent does not change after interacting with 

nitric oxide.  Therefore the T2/T1 ratio can detect nitric oxide in a concentration-

independent manner.  Originally designed to be a CEST agent, this novel agent was 

unexpectedly discovered to be a “secret agent” with a responsive T2ex relaxation effect. 

7.9 Diamagnetic T2ex Agents 

 Although lanthanide-based paramagnetic agents generate large chemical shifts that 

improve T2ex relaxation, lanthanide metals have potential toxicity that limit the amount 

that may be administered in vivo, which limits detection sensitivity.   For comparison, 

diamagnetic agents have smaller chemical shifts that generate less T2ex relaxation, but 

their potentially low toxicity allows for greater amounts of the agent that may be 

administered, which may improve detection sensitivity.  As an example, iopamidol is a 

FDA-approved contrast agent for X-ray imaging and CT scans, which can be 
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administered at high ~900 mM concentrations in large ~200 mL volumes.  This agent has 

a relatively low T2ex relaxation per molecule, but the very high amount can generate an 

easily detectable T2ex relaxation effect (75). This unintended property of this CT agent 

qualifies this molecule as a “secret agent” for MRI studies. 

 Carbohydrates have also showed noticeable T2ex relaxation due to proton exchange 

with bulk water. Computational stimulations and experimental studies of 

monosaccharides and homopolysaccharides have shown that water molecules hydrogen-

bonded to the hydroxyl groups of the carbohydrates account for this T2ex relaxation effect 

(78). As another example, glucose can generate T2ex relaxation due to its relatively fast 

chemical exchange rate of 4600 Hz, especially at higher magnetic field strengths.  

Glucose is a natural product that can be administered orally or intravenously at high 

concentrations in biological systems with very low toxicological risk (62).  This high 

amount of administration was key to performing in vivo pre-clinical imaging studies that 

detected exogenous glucose with T2-weighted MRI methods.  The T2ex relaxation of 

glucose was unknown when glucose was approved by the Food and Drug Administration 

to be a therapeutic agent, and therefore glucose could be considered to be a “secret agent” 

for molecular imaging. 

In addition to carbohydrates, peptides and proteins may also be used as T2ex 

agents. Exchangeable protons on the side chains of amino acids have chemical exchange 

rates as high as 10,000 Hz, and have been known to produce significant T2 relaxation 

(79). However, the T2ex relaxation properties of peptides and proteins have not been fully 

characterized, so that these biomolecules remain as “secret agents”. 
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7.10 Future Directions for T2ex Contrast Agents 

 T2ex agents show promise as having good detection sensitivity, especially for agents 

with large chemical shifts or agents that can be administered at high amounts.  However, 

the best-reported T2ex agents to date are still at least an order-of-magnitude less sensitive 

than common T2 agents.   Optimizing the chemical exchange rate of an agent can 

improve T2ex relaxation that leads to greater detection sensitivity.  Moreover, delivering a 

greater amount of agent via polymerization or encapsulation may improve the detection 

of a nanoscale agent, as previously discussed with CEST agents in this review.  Future 

investigations are warranted to improve detection using these approaches. 

 The example of a T2ex agent that can detect nitric oxide shows the potential of this 

class of agents to detect important biomarkers of many biological processes and disease 

states.  Importantly, the T1 relaxation time does not change when the chemical exchange 

rate of the agent remains in a slow-to-intermediate regime of chemical exchange rates.  

Thus the T2/T1 ratio is more specific for detecting a biomarker that changes T2ex 

relaxation, by using the T1 relaxation as an ‘internal control’ (80).  This approach causes 

these ‘secret agents’ to also become ‘double agents’ by having two independent 

relaxation effects.  This ‘double-secret agent’ approach has not been exploited beyond the 

seminal example of the nitric oxide-responsive T2ex agent.  Therefore, future research will 

hopefully develop this emerging field of MRI contrast agent for molecular imaging. 
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8.1 Introduction  

Paramagnetic	 Chemical	 Exchange	 Saturation	 Transfer	 MRI	 contrast	 agents	

(paraCEST	 agents)	 typically	 consist	 of	 a	 paramagnetic	 metal	 ion	 and	 an	 organic	

chelate	to	form	a	metal	chelator.		ParaCEST	agents	have	typically	used	a	macrocyclic	

tetraazacyclododecane	as	the	base	structure	due	to	high	kinetic	stabilities	of	these	

metal	 chelates.	 The	 ligands	 of	 the	 metal	 chelates	 can	 include	 amide,	 amine,	 or	

hydroxyl	groups	that	slowly	exchange	protons	with	bulk	water.		In	addition,	a	water	

molecule	may	be	tightly	bound	to	the	metal	chelate,	causing	the	chemical	exchange	

of	 the	 water	 molecule	 with	 bulk	 solvent	 to	 be	 slow.	 	 Thus,	 this	 bound	 water	

molecule	is	considered	to	be	part	of	the	structure	of	the	paraCEST	agent.		Selective	

radio	frequency	(RF)	saturation	of	a	slowly	exchanging	proton	in	a	ligand	or	tightly-

bound	water,	followed	by	exchange	with	bulk	water,	can	generate	the	CEST	signal.	

The	 exchangeable	 protons	 of	 paraCEST	 agents	 can	 have	 exceptionally	 large	

chemical	 shifts	 (MR	 frequency	 relative	 to	 the	MR	 frequency	 of	 water)	 due	 to	 the	

hyperfine	 shift	 of	 the	 proximal	 metal	 ion.	 	 This	 large	 range	 of	 chemical	 shifts	

improves	 the	 specificity	 of	 RF	 saturation	 of	 the	 intended	 proton	 relative	 to	

inadvertently	saturating	the	bulk	water.		The	chemical	shift	is	highly	dependent	on	

the	bond	properties	of	the	chemical	group,	as	well	as	the	location	of	the	proton	with	

respect	 to	 the	atomic	orbitals	of	 the	metal	 ion.	Molecular	 interactions	 that	 change	

the	 chemical	 group	 of	 the	 paraCEST	 agent	 can	 cause	 changes	 in	 the	MR	 chemical	

shift	of	 the	proton.	 	Similarly,	molecular	or	environmental	changes	can	change	the	

conformation	of	the	agent,	which	can	alter	the	location	of	the	proton	relative	to	the	

metal	ion	and	change	the	proton’s	chemical	shift.		This	change	in	chemical	shift	can	
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be	 measured	 by	 recording	 the	 shift	 in	 saturation	 frequency	 that	 generates	 the	

greatest	 CEST	 effect	 from	 the	 paraCEST	 agent.	 Therefore,	 paraCEST	 agents	 can	

detect	molecular	 biomarkers	 such	 as	 enzyme	 activities,	 nucleic	 acids,	metabolites,	

and	ions,	and	can	also	detect	environmental	biomarkers	such	as	pH,	redox	state,	and	

temperature.	

The exchangeable protons of paraCEST agents can also have a wide range of 

chemical exchange rates, typically on the order of 102 – 104 Hz.  The amplitude of the 

CEST signal recorded in a CEST spectrum (CEST amplitude) increases with increasing 

chemical exchange rate.  A larger chemical shift permits the paraCEST agent to have a 

higher chemical exchange rate, because the chemical shift should be higher than the 

exchange rate to avoid MR coalescence of the MR resonance of the agent’s exchangeable 

proton with the MR resonance of bulk water.  The chemical exchange rate is dependent 

on the type of chemical group on the agent, the electronegativities of other chemical 

groups of the agent, and access of the exchangeable proton to bulk water.  Each of these 

characteristics can be altered by molecular biomarkers, such as enzymes that catalyze a 

change in chemical group with the exchangeable proton or other chemical groups that 

change the electronegativity of the agent.  Environmental biomarkers such as pH and 

temperature can inherently alter the chemical exchange rate of the paraCEST agent. 

Therefore, monitoring the CEST amplitude can be used to detect molecular and 

environmental biomarkers. 

As a profound advantage for molecular imaging with MRI, the large range of 

chemical shifts of paraCEST agents greatly facilitates the detection of two CEST effects 

from the same agent.  If one CEST effect is responsive to a biomarker while the other 
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CEST effect is an unresponsive “control” signal, then the ratiometric comparison of both 

CEST effects can improve the specificity for detecting the intended biomarker.   Most 

importantly, each CEST effect is dependent on the concentration of the agent, but the 

ratio of the two CEST effects is concentration-independent.  Similarly, both CEST effects 

may be dependent on the T1 or T2 relaxation time constants of a chemical sample or in 

vivo tissue, but the ratio of the two CEST effects is largely or entirely independent of T1 

and T2 relaxation times.  The concentration of bulk water that is accessible to the agent 

within in vivo tissues can also influence each CEST effect, but the bulk water 

concentration does not alter the ratio of these CEST effects. This ratiometric approach 

with a responsive and unresponsive “control” signal has been exploited to quantitatively 

measure enzyme activity, and to improve the detection of metabolites and pH.   

Unfortunately, paraCEST agents have limited detection sensitivity, and require 

concentrations in the single-millimolar range or higher for adequate detection (1).  To 

boost sensitivity, many paraCEST agents have been packaged in a liposome or an 

adenovirus, and many paraCEST agents have been covalently conjugated to a dendrimer 

or protein carrier.  However, this ‘packaging’ of many paraCEST agents can hinder 

interactions or responsiveness to molecular and environmental biomarkers.  As an 

alternative solution, a larger voxel size can compensate for poor detection sensitivity, but 

at the expense of creating a coarse spatial resolution.  Creating coarse spatial resolution 

compromises one of the great strengths of in vivo MRI relative to other imaging 

modalities.  As a partial solution to this problem, some paraCEST agents have been 

designed to irreversibly alter their CEST effect after interacting with a biomarker (2).  

This strategy of an irreversibly responsive paraCEST agent allows a population of altered 
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agents to accumulate, so that the sensitivity is dictated by the agent’s concentration rather 

than the concentration of the biomarker.  The accumulation of a stable, high 

concentration of altered agent can then be detected using CEST MRI methods with 

overcome the limited sensitivity of paraCEST agents.  In effect, the sensitivity becomes 

‘contrast agent-limited’ rather than ‘molecular target-limited’.    

To date, responsive paraCEST agents have been designed to detect enzyme 

activities, proteins, nucleic acids, metabolites, and ions, and to quantitatively measure 

redox state, pH and temperature.  The following summaries describe paraCEST agents 

that detect each of these molecular and environmental biomarkers.  An emphasis is 

placed on describing the detection mechanism (change in chemical shift vs. change in 

chemical exchange rate), the use of a ratiometric approach to improve the biomarker 

detection, issues regarding reversible vs. irreversible agents, and demonstrations in 

solutio and in vivo.   

8.2 ParaCEST agents that detect enzyme activities 

The direct detection of a protein with MRI contrast agents has not been successfully 

accomplished with paraCEST agents.  For comparison, T1 and T2* MRI contrast agents 

have been used to detect highly abundant proteins such as collagen and fibrinogen (3-6), 

artificially overexpressed cell receptors, and receptors with high cell membrane turnover.  

Yet these relaxation-based agents cause less than a 20% change in image contrast during 

in vivo studies, requiring major efforts to generate reliable MRI results for even these 

most highly expressed protein systems. ParaCEST agents have even lower detection 

sensitivity relative to relaxation-based agents, and therefore are a poor choice for directly 

detecting proteins. 
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Alternatively, many paraCEST agents have been developed that detect enzyme 

activity.  The rapid catalysis of a single enzyme molecule can alter many paraCEST agent 

molecules in a practical time frame, which can amplify the detection of the enzyme.  The 

enzyme catalysis causes an irreversible change to the paraCEST agent that allows for the 

accumulation of a large concentration of agent and reduces the need for rapid temporal 

sampling, which further facilitates the enzyme detection.  The ratiometric comparison of 

an irreversibly responsive CEST signal and an enzyme-unresponsive “control” signal has 

been used to improve the detection of enzyme activity.  The catalytic efficiencies of 

enzymes and chemical exchange rates of the agents have been quantitatively measured, 

which shows that these agents can produce quantitative imaging results.  Finally, the 

variety of paraCEST agents that have been developed show that this approach is a 

platform technology that can be employed to detect many types of enzymes. 

The seminal example of an enzyme-responsive paraCEST agent consists of a 

Tm(III) macrocyclic chelate that is conjugated to the C-terminal end of a peptide (Figure 

8.1) (2,7).  The caspase-3 protease was shown to efficiently cleave the C-terminal amino 

acid of the selected peptide sequence, which caused the amide group of this amino acid to 

be converted to an amine.  This cleavage changed the chemical shift of the CEST effect 

from –51 ppm to +8 ppm, and also accelerated the chemical exchange rate to create a 

lower CEST amplitude.  Importantly, as little as 3.44 nM of caspase-3 enzyme catalyzed 

5.2 mM of the agent that created a 5% CEST amplitude, showing that enzyme catalysis 

can increase the CEST amplitude to levels for practical detection.  To improve this 

analysis, the CEST signals of a enzyme-responsive Tm(III) paraCEST agent were 

compared to CEST of a Yb(III) macrocyclic chelate that was unresponsive to caspase-3 
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enzyme activity. Finally, the Michaelis-Menten enzyme kinetics of this peptide cleavage 

were measured using CEST MRI.  Surprisingly, the catalytic efficiency of this process 

was discovered to be greater than the efficiency of cleaving a commercially-available 

fluorescence agent, demonstrating that a metal chelate does not necessarily hinder 

enzyme catalysis.   

 

Figure 8.1. Detection of caspase-3 enzyme by a derivative of Tm-DOTA (reproduced from 2,7). 
 

This approach has also been used to detect the protease activity of cathepsin D and 

urokinase Plasminogen Activator (uPA), simply by changing the peptide sequence 

conjugated to a Tm(III) chelate to match a well-known peptide substrate for each agent  

 

Figure 8.2. A: Detection of uPA enzyme by Tm-DOTA conjugated to a peptide. Glx is an amino acid with 
either a glutamate or glutamine side chain (8). B: Detection of Cat D enzyme using a derivative of Tm-
DO3A. The conjugated peptide contains a TAT sequence for cell uptake purposes and a peptide sequence 
that can be cleaved by the enzyme (9).  
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(Figure 8.2) (8,9). These additional paraCEST agents demonstrate that this approach is a 

platform technology that can be used to detect many protease enzymes. Only 3 mM of 

agent was needed to detect 0.5 nM of cathepsin D, using a variation of CEST MRI known 

as On-resonance PARAmagnetic CHemical Exchange Effect (OPARACHEE) MRI that 

is described below.  A concentration of 50 mM of agent was used to detect 4.1 nM of 

uPA by monitoring the disappearance of the CEST signal at -52 ppm, relative to an 

enzyme-unresponsive CEST signal from a Yb(III) chelate at -16 ppm.  Furthermore, The 

uPA-sensitive paraCEST agent was used to detect the activity of this protease enzyme 

within in vivo tumor tissues, which shows that this approach can impact in vivo 

biomedical diagnostics.   

More recently, 25 mM of a paraCEST agent was shown to detect 327 nM of 

transglutaminase (TGase), an “anti-protease” that links an amine to the side chain of 

glutamine to create a new amide group (Figure 8.3) (10). The contrast agent consisted of 

a Tm(III) macrocyclic chelate with an aliphatic amine ligand, which was linked to the 

glutamine side chains in albumin to create an amide group through transglutaminase 

enzyme activity.  This conversion of the amine to an amide caused the CEST signal to 

change from -12.7 ppm to -11.6 ppm, which was an almost negligible difference. A 

Hanes Wolff- QUantification of Exchange using Saturation Power (HW-QUESP) CEST 

analysis showed that the chemical exchange rate changed from 2,533 Hz before TGase 

catalysis to 1,260 Hz after catalysis.  This large change demonstrated the value of 

quantitative imaging. This transglutaminase-responsive paraCEST agent should be 

compared with an enzyme-unresponsive CEST signal to ensure that the change in  
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Figure 8.3. A derivative of Tm-DO3A that detects enzyme activity by formation of a covalent bond (10).  

 

chemical exchange rate is due to transglutaminase activity, and not due to other changes 

such as pH or temperature. This platform technology has been extended by using ligands 

that are cleaved by other enzymes besides proteases.  

Importantly, these paraCEST agents use a ligand that separates the macrocyclic 

chelate from the enzyme-active functional group by using a spontaneously disassembling 

linker (Figure 8.4).  This separation creates a modular approach where the functional 

group can be easily modified to detect new types of enzymes without affecting the 

macrocyclic chelate.  As a first example, 20 mM of a ligand conjugated to a galactose 

sugar can be cleaved by approximately 200 µM β-galactosidase, which causes 

spontaneous cleavage of a benzyloxycarbamate spacer, which in turn converts an amide 

to an amine that is proximal to a Yb(III) macrocyclic chelate (11,12). The new amine can 

generate CEST signals at -16.7 and -20.5 ppm.  As a second example, an ester group of a 

Yb(III) macrocyclic chelate at 25 mM concentration can be cleaved by 617 nM of 

esterase, causing an intermolecular lactonization that releases the ligand from the chelate, 

which causes an amide group on the chelate to covert to an amine (13). This conversion 

creates a new CEST signal at +9 ppm due to the proximity of the amine to the Yb(III) 

ion.  This CEST signal was compared with a second enzyme-unresponsive CEST signal  
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Figure 8.4. A: linker with self-disassembly properties upon activation can be used to detect enzyme 
activity. A: Detection of β-galactosidase enzyme by a derivative of Yb-DOTA (11,12). B: Detection of 
esterase enzyme activity with Yb-DO3A-oAA. The ester group is cleaved by esterase enzyme to create an 
intermediate compound with a very fast rate for an intramolecular reaction to release the contrast agent 13. 
 

at -10 ppm from the same agent, which further improved the detection of esterase enzyme 

activity. 

8.3 ParaCEST agents that detect nucleic acids 

The direct detection of deoxyribonucleic acid is difficult to achieve with paraCEST 

agents due to the poor sensitivity of CEST MRI and the relatively low concentration of 

nucleic acids within in vivo systems. Yet paraCEST agents may possibly detect 

exceptional cases of high concentrations of nucleic acids, such as the delivery of high 

payloads of gene therapies (Figure 8.5).  For example, a polymeric Eu(III) chelate 

reduced its CEST amplitude by ~33% after binding to 600 nM of DNA from salmon 

testes, although the chemical shift remained invariant at 52 ppm (14). Also, a dimeric 

Nd(III) macrocyclic chelate increased its CEST amplitude by ~15% after binding to 0.5 

mM of a DNA hairpin, while the chemical shift at 12 ppm did not change (15). 

Therefore, the interactions of each agent with DNA altered the chemical exchange rate of 

the bound water and amide protons of each agent, respectively.  

N

N

N

N

O
O

O

O

O

O

O O

N
H

O

O

Yb3+
OO

OH
HO

OH OH

OHO

OH
HO

OH OH
N

N

N

N

O
O

O

O

O

O

O O

N
H

O

O

Yb3+
O

O
+ CO2

N

N

N

N

O
O

O

O

O

O

O O

H3N
Yb3+

β−Galactosidase Enzyme

A 

B 

N

N

N

N

O
O

O

NH

O

O

O O

Yb3+
NH

O

O

O Esterase Enzyme

O

N

N

N

N

O
O

O

NH

O

O

O O

Yb3+
NH

O

O N

N

N

N

O
O

O

NH

O

O

O O

Yb3+
NH3

O

O



	 97 

 

Figure 8.5. Examples of contrast agents that detect nucleic acids. A: A polymeric contrast agent with 17 
contrast agent units in each chain (14).  B: A dinuclear complex of Nd for the detection specific types of 
DNA hairpins (15). 
 

Further developments of these studies could improve the detection of nucleic acids 

with paraCEST agents.  For example, the CEST amplitudes of both DNA-responsive 

agents are dependent on pH, which could be ratiometrically compared to a pH-

responsive, DNA-unresponsive “control” agent to improve DNA detection.  In addition, 

the quantitative evaluation of chemical exchange rates may improve the quantitative 

detection of specific DNA sequences.  However, both of these agents directly bind to 

DNA, and therefore are limited to detecting high DNA concentrations.  Furthermore, 

both agents reversibly bind to DNA, so that rapid changes in DNA concentration cannot 

be accurately monitored with these paraCEST agents.  Due to these limitations, 

paraCEST agents have not yet detected nucleic acid oligomers during in vivo studies. 

8.4 ParaCEST agents that detect metabolites 

Metabolites can often be present at concentrations greater than 1 mM, which 

provides great opportunities for detection with paraCEST agents at similar concentrations 
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(Figure 8.6).  For example, 5 mM of glucose has been detected with a similar 

concentration of a Eu(III) chelate that has phenylbornate ligand (16-18). The 1:1 binding 

of glucose to the agent slowed the chemical exchange of the bound water, causing the 

peak at 50 ppm in the CEST spectrum to become broader, which was used to 

quantitatively measure a 383 M association constant between glucose and the agent.  

Similarly, 5 mM of lactate has been detected with a heptadentate Yb(III) chelate. The 

binding of lactate to the agent caused a peak in the CEST spectrum to shift from -29.1 

ppm to -15.5 ppm, which was used to determine a 8,000 M association constant between 

lactate and the agent (19).  As another example, the pendant alcohol groups of a Eu(III) 

chelate generated CEST at 6 ppm, which then shifted to 8 ppm upon binding to a 

methylphosphate metabolite at 5 mM concentration (20-22). This change in shift was 

used to estimate an association constant of 100 M when the methylphosphate replaced the 

bound water in the complex of the agent.   

  

 

Figure 8.6. A: Phenylbornate ligands have high affinity to glucose. The interaction of phenylbornate 
ligands with glucose blocks the interaction of water molecules with the Eu-complex, causing a change in 
CEST of this agent (16-18). B: The interaction of lactate with a Yb-complex blocks accessibility of water 
molecules to YbIII (19).  C: A methyl phosphate interacts with EuIII-complex in the same fashion as 
previous examples that hinders accessibility of water to the complex (20-22). 
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As additional advantages, these three examples showed that evaluating changes in 

chemical shift or a ratio of two CEST amplitudes at different chemical shifts can 

quantitatively monitor metabolite concentrations within ~10% accuracy.  Furthermore, 

each example exploits reversible binding of the metabolite to the agent, which may be 

appropriate for these metabolites that have high, stable concentrations.  As a 

disadvantage, good specificity for detecting the intended metabolite is difficult to achieve 

for each of these agents. The glucose-binding agent was also shown to bind to fructose, 

and the methylphosphate-binding agent also bound to diethylphosphate.  The lactate-

binding agent relied on the affinity of this agent for carboxylate-containing metabolites, 

and therefore is also likely to bind to other metabolites in addition to lactate.  This 

detection specificity is an inherent problem with metabolites that have very similar 

structures, which may possibly contribute to the lack of in vivo demonstrations of this 

class of agent. 

 As an alternative approach, an irreversibly-responsive paraCEST agent has been 

developed that detects nitric oxide, which is an important metabolite in many pathologies 

including cancer (Figure 8.7) (23). A Yb(III) chelate showed 7% and 4% CEST signals at 

8 and -11 ppm, respectively, which were assigned to the amide and amine of the agent’s 

ortho-aminoanilide ligand.  This agent experienced an irreversible alteration to its 

covalent structure after treatment with NO and O2, causing both CEST effects to 

disappear.  The CEST effect of a NO-unreponsive Tm(III) chelate was measured at -51 

ppm and compared with the CEST effects of the Yb(III) chelate to improve the detection 

methodology.  Using an irreversible paraCEST agent was critical for detecting NO 
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because this metabolite has a fleeting 0.1-5 sec lifespan in vivo, and therefore cannot be 

transiently detected using relatively slow CEST MRI acquisition methods.  This 

irreversibly-responsive agent could accumulate a sufficient 5 mM concentration for 

detection over time, even though NO was not present at this same concentration at any 

instant (a sum of 5 mM of NO was present over 1 hour).  As with reversibly-responsive 

agents, this irreversibly-responsive agent has not yet been used during in vivo studies. 

 

Figure 8.7. Dimerization of two Yb-DO3A-oAA molecules through a nitrogen bridge diminishes CEST 
signals from Yb-DO3-oAA (23).  
 
8.5 ParaCEST agents that detect ions 

The development of paraCEST agents that detect ions has been a natural result of the 

strong understanding of metal chelation among MRI contrast agent researchers (Figure 

8.8).  For example, a Eu(III) macrocyclic chelate with pyridine ligands can chelate Zn2+ 

(24).  The Zn2+ ion is coordinated to a hydroxide ion that catalyzes the exchange of 

protons between the Eu(III)-bound water molecule and the bulk solvent.  This 

acceleration of the chemical exchange of the bound water caused a loss of CEST 

amplitude with a Zn2+ concentration as low as 2 mM. The chemical shift of this 

paraCEST agent at 50 ppm did not change when Zn2+ was chelated by the paraCEST 

agent.  As another example, the coordination of bis-carboxylate ligands to Ca2+ caused an 

electronic redistribution in the Yb(III) macrocyclic chelate, causing a 10-fold slower 

chemical exchange from the amide groups of the agent, resulting in a 60% loss of CEST 

at 200 mM Ca2+ concentration (25). Again, the chemical shift of -13 ppm did not change 
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Figure 8.8. A: Interaction of Zn2+ with side arms of the Eu-complex causes a change in CEST signal (24). 
B: Ca2+ can interact with the carboxylate arms of a derivative of Yb-DOTA or Eu-DOTA complexes (25). 

when Ca2+ was added to this paraCEST agent. 

 These examples demonstrate advantages and disadvantages when using paraCEST 

agents to detect ions.  As an advantage, the design of these agents may represent a 

platform technology, where the types of ligands may be changed to chelate other ions.  

Also, the in vivo concentration of some ions can be high, which reduces concern about 

the inherent insensitivity of paraCEST agents. Both of these paraCEST agents contain 

multiple labile protons that can further boost the CEST effect on a per-ion basis.  As a 

disadvantage, both of these paraCEST agents change their CEST signal in a reversible 

manner, while ion flux can be more rapid than a CEST MRI acquisition protocol, which 

causes the CEST signal to reflect a non-linear weighted average of ion concentration 

during the CEST MRI study.  Moreover, some ligands may have low specificity for 

chelating the intended ion relative to other similar ions, which may further compromise 

B 

A 

N N

N N
O

O O

Ln3+
O NHHN

NHHN

N N

N

COOOOC OOC
COO

OOC
OOC

Ln: Yb or Eu

N N

N N
O

O O

Ln3+
O NHHN

NHHN

N N

NN

COOCOO OOCOOC

Ln: Yb or Eu

Ca Ca

N COO

COO
OOC

OOCCa

COO
COO Ca

Ca2+



	 102 

the quantification of the intended ion concentration. As a testament, the Yb(III) 

macrocyclic chelate that detects Ca2+ was also shown to lose CEST when bound to Mg2+. 

In addition, both paraCEST agents have CEST amplitudes that are dependent on pH and 

temperature.  The ratiometric comparison with an ion-unresponsive CEST agent that is 

dependent on pH and temperature may potentially improve on detection, but this has not 

yet been experimentally demonstrated.   These disadvantages should be overcome before 

using these paraCEST agents during in vivo studies. 

8.6 ParaCEST agents that detect redox state 

 The redox state of tissue environments can be an important biomarker for many 

pathologies that have disregulated concentrations of reducing agents.  To detect oxidative 

vs. reductive environments, a paraCEST agent has been developed that consists of a 

Eu(III) chelate with two quinolinium ligands and a bound water molecule (Figure 8.9A) 

(26). The oxidized form generates a weak CEST signal at 43 ppm at 20 mM 

concentration, while the reduced form has a 7.5-fold stronger CEST signal at 50 ppm. 

The oxidized form has fast chemical exchange from the bound water that is near 17,200 

Hz and therefore nearly too fast to generate CEST, while the chemical exchange from the 

bound water is a slower 11,100 Hz in the reduced form that is more appropriate for 

creating a CEST signal.  Another paraCEST agent has exploited a different approach by 

changing the oxidation state of the agent’s metal ion (Figure 8.9B).  A paramagnetic 

Co(II) chelate with three pyrazole ligands can generate a strong 20-25% CEST amplitude 

at 135 ppm in its oxidized form at 8 mM concentration (27).  The reduced Co(III) chelate 

is diamagnetic and cannot act as a paraCEST agent.  A similar approach was used to 
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detect singlet oxygen with a derivative of EuIII-complex with a anthryl moiety (Figure 

8.9C)  (28).  

These paraCEST agents show that the chemical shift is very sensitive to the 

electronic status of the metal ion or organic chelate.  Using the chemical shift to monitor 

redox state is preferred because the chemical shift is independent of the agent’s 

concentration while the CEST amplitude is concentration-dependent.  Evidence suggests 

that the chemical shift of the CEST effects from the oxidized forms of both agents may 

have a minor dependence on pH.   Using a second redox-unresponsive, pH-dependent 

CEST agent may possibly be used to correct the results for this minor pH effect and 

improve the assessments of redox state.  This improvement may facilitate in vivo studies, 

which have yet to be demonstrated with these two paraCEST agents.   

8.7 ParaCEST agents that measure pH 

The chemical exchange of a proton from an amide or amine to bulk water is base-

catalyzed, and therefore the CEST effect generated from amides and amines can be used 

to measure pH (Table 8.1).  One of the first examples of a pH-responsive paraCEST 

agent generated CEST from the amide ligands of a Yb(III) macrocyclic chelate.  

However, the CEST amplitude also depended on the concentration of this agent, so that 

the CEST amplitude could not be used to accurately measure pH. To improve the pH 

measurement, the pH-responsive CEST amplitude from the amide protons of a Yb(III) 

macrocyclic chelate was ratiometrically compared to the pH-unresponsive CEST 

amplitude from the bound water in the same organic chelate that was complexed with 

Eu(III).  This approach was then further improved by measuring two CEST signals from 

the same paraCEST agent, where the pH-responsive signal was derived from saturating 
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Figure 8.9. A: An EuIII complex with two quinolinium arms that undergoes a protonation/deprotonation 
reaction suitable for detection of redox states (26).  B: CoII is paramagnetic therefore it can be used as a 
CEST agent while CoIII is diamagnetic and does not show any CEST signal (27). C: A derivative of a EuIII-
complex with an anthryl moiety that reacts with singlet oxygen and changes CEST properties of the reagent 
(28). 

the amide resonance, and the pH-unresponsive signal was generated by saturating the 

bound water resonance.  The Pr(III) macrocyclic chelate of this series was shown to 

generate a ratio of CEST amplitudes with the best dynamic range for measuring pH, 

relative to the Nd(III) and Eu(III) chelates.   

An extension of this approach used an ortho-aminoanilide ligand of a Yb(III) 

macrocyclic chelate, which generated two pH-dependent CEST signals from the amide 

and amine of the ligand.  The CEST amplitude from the amine decreased at higher pH 

while the amide’s CEST amplitude increased with increasing pH.  These differences 

caused the ratio of their CEST signals to have a pH dependence with a high dynamic 

range vs. pH, relative to the paraCEST agents that had a pH-unresponsive CEST signal.  
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This higher dynamic range provided an advantage for measuring the extracellular pH 

during in vivo studies of mouse leg muscle and a subcutaneous tumor. 

A macrocyclic metal chelate can have different conformations, and the ratio of these 

conformations can be dependent on pH.  Furthermore, each conformation can generate 

CEST effects at different chemical shifts, which provides the opportunity to selectively 

detect each conformation.  The CEST amplitudes of each conformation can be used to 

measure the ratio of conformations, which can then be related to pH.  For example, a 

Yb(III) macrocyclic chelate has a twisted square antiprismatic and square antiprismatic 

conformations, each with R and S arm rotations.  The ratio of the CEST amplitudes from 

the two conformations has been used to measure pH.  Similarly, a Co(II) macrocyclic 

chelate has multiple conformations that generate four CEST signals, and the ratio of two 

of the CEST amplitudes is linearly correlated with pH.   

As an alternative approach, the linewidth and chemical shift of a peak in a CEST 

spectrum can be dependent on pH.  The CEST linewidth of a Tm(III) macrocyclic chelate 

was used to measure pH in chemical solutions and within in vivo mouse leg muscle.  The 

chemical shift of a peak in a CEST spectrum was shown to be pH-dependent when using 

a Eu(III) chelate with a phenolate ligand.  Importantly, the CEST peak linewidth and 

chemical shift are largely independent of the agent’s concentration, temperature and T1 

relaxation effects, so that pH can be directly determined from a single CEST signal 

without requiring a ratiometric approach to assess two CEST signals.   

8.8 ParaCEST agents that measure temperature 

 The mapping of in vivo tissue temperatures has been investigated by monitoring the 

chemical shift of water in tissues.  However, the small 0.01 ppm/°C change in chemical 
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Table 8.1.  paraCEST agents that measure pH 

Reference 
Agent Measurement Chemical shift 

at 37C 

pH range 

29 
Yb-DOTAM no ratio -14.5, -17.7 

(amides) 

6.0 - 7.2 

30 
Yb-DOTAM-Gly amide vs H2O  

of Eu-DOTAM-Gly 

-16 ppm (Yb) 

~50 ppm (Eu) 

6.5 - 8.5 

31,32 

 

Pr-DOTAM-Gly amide vs H2O 13 (amide) 

-70 (H2O) 

6.0 - 7.5 

31 
Nd-DOTAM-Gly amide vs H2O 11 (amide) 

-50 (H2O) 

6.0 - 7.5 

31 
Eu-DOTAM-Gly amide vs H2O 4 (amide) 

50 (H2O) 

6.0 - 7.5 

33 Yb-HPDO3A 

 

amide vs amide 88, 65 (amides) 5.0 - 7.0 

34 Co-TETAM 

 

amide vs amide 112, 95 

(amides) 

6.8 - 7.8 

35-37 Yb-DO3A-oAA amide vs amine -11 (amide) 

8 (amine) 

6.4 - 7.6 

38 Tm-DOTAM-Gly-Lys linewidth -46 (amide) 6.0 - 8.0 

39 Eu-DO3A-Gly3-phenol chemical shift 49-55 ppm 

(H2O) 

6.0 - 7.6 

 

shift of the water signal has hampered the ability to obtain accurate temperature 

measurements with this MRI technique.  ParaCEST agents have been shown to have 

CEST effects with chemical shifts that are much more sensitive to temperature (Table 

8.2).  These chemical shifts are a weighted average of the proton on the agent and on bulk 
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water (a phenomenon known as MR coalescence).  Following the Arrhenius equation, the 

chemical exchange rate of the bound water (for Dy(III) and Eu(III) chelates) or amide 

protons (for Tm(III) chelates) increases at higher temperatures, which shifts the weighted 

average of the chemical shift towards the shift value of the water.  The large chemical 

shifts of paraCEST agents provides a good dynamic range of temperature-dependent 

changes in chemical shifts of their CEST effects.  In addition, the large chemical shifts 

can avoid complications from endogenous CEST effects, facilitating the in vivo 

measurement of temperature as shown by an in vivo study of mouse leg muscle (38).  

Importantly, the chemical shift is independent of concentration and other experimental 

conditions, so that a ratiometric comparison with a temperature-independent CEST agent 

is not required to improve this temperature measurement.  Because temperature is an 

environmental property, these studies are not limited by a low concentration of a 

molecular target, and therefore 10 mM of a paraCEST agent is typically used for these 

studies.  For these many reasons, paraCEST agents are a promising approach for future in 

vivo temperature measurements within animal models. 

8.9 Future directions for clinical translation of paraCEST agents 

 Of the 28 examples of responsive paraCEST agents, only 4 of these agents have been 

successfully applied to in vivo studies of mice or mouse models of human cancers.  

Several improvements are needed to improve in vivo studies and to facilitate eventual 

clinical translation.  Perhaps most importantly, the poor detection sensitivity of 

paraCEST agents necessitates a high 1-10 mM concentration of the agent to generate a 
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Table 8.2.  paraCEST agents that measure temperature 

Reference Agent ppm/°C Chemical shift 

(ppm) 

Tested temperature 

range (°C) 

40 Dy-DOTAM-Gly 6.9 -650 to -800 20-50 

40 Eu-DOTAM-Gly 0.4 45 to 55 20-50 

41 Eu-DOTAM-Gly-Phe 0.3 39 to 48 20-50 

38 Tm-DOTAM-Gly-Lys 0.27 -44.6 to -46.5 35-39 

42 Tm-DOTA-tBu (TSAP) 0.57 -100 to -104 35-42 

42 Tm-DOTA-tBu (SAP) 0.16 -68 to -69 35-42 

 

detectable CEST signal.  Yet lanthanide metal chelates are potentially toxic, which limits 

the administration of these lanthanide ions to 0.1 mmol/kg of body weight (which is 

equivalent to 0.1 mM, assuming a body density of 1 gram/mL and that the contrast agent 

has uniform biodistribution).  The use of a Co(II) chelate is an insightful remedy for this 

problem, because cobalt ion is biologically relevant (43,44).  In addition, macrocyclic 

chelates with biocompatible nickel and iron have also been shown to generate 

(biomarker-unresponsive) CEST effects, which could be modified to create new 

responsive paraCEST agents.  The use of macrocyclic chelates other than 

tetraazacyclododecane for Co(II), Ni(II), and Fe(II) may provide additional variety for 

expanding the design of paraCEST agents.  However, the stability of the paramagnetic 

form of these metal chelates can be problematic especially in biological environments, 

which will require further study. 

To overcome the problem of needing high saturation powers, other CEST MRI 

protocols may possibly be used that detect CEST agents without directly saturating the 

agent with a long, high-power RF pulse.  For example, the On-resonance PARAmagnetic 
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Chemical Exchange Effects (OPARACHEE) MRI method applies shorter RF pulses at 

the chemical shift of the bulk water, which results in suppression of the bulk water signal 

when a paraCEST agent exchanges protons with bulk water during these RF pulses.  

OPARACHEE MRI requires less RF power, and is ideally suited to detect the presence 

of a paraCEST agent.  However, this method cannot selectively detect multiple CEST 

signals from a single agent or a combination of agents, which obviates a ratiometric 

analysis that is critical for detecting many types of biomarkers.   

 

 

Figure 8.10. Chemical structures of paraCEST MRI contrast agents used for measuring pH or temperature. 
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As another example, FLEX MRI protocols also use shorter RF pulses to detect CEST 

agents by measuring modulation of the water signal based on the chemical shift evolution 

of solute proton magnetization (45).  This method has been applied to detect (biomarker-

unresponsive) paraCEST agents in vivo, and is particularly useful for measuring the 

chemical exchange rate of the paraCEST agent.  The development and application of 

FLEX MRI and other MRI protocols that are specifically optimized for individual 

paraCEST agents may provide a powerful approach for future molecular imaging studies. 

 Table 8.3.  CEST MRI conditions used to detect responsive paraCEST agents  

Agent Application 
Conc. 

(mM) 

% 

CE

ST 

Sat. 

Powe

r  

(µ T) 

Sat. Time 

(s) 
Ref. 

Tm-DOTA-DVED Caspase-3  5.2 5 31 4 2,7 

Tm-DOTA-RGGZ 

urokinase 

Plasminogen 

Activator 

50 15 21 4 8 

Tm-DO3A-

GGS(Dye)GKPILF 
Cathepsin D  3 

OPARACHEE MRI  

was used to detect this agent 
9 

Tm-DO3A-amine 
Transglutamin

ase  
25 15 20 4 10 

Yb-DOTA-αBz-βGal β-

galactosidase  
20 29 25 3 11,12 

Yb-DO3A-oAA- 

TML-ester 

Esterase 

enzyme 
25 

amide: 9 

amine: 6 
14.8 3 13 

Eu-DOTAM- 

ethylester-Gly 
Nucleic Acid 5 33 14.1 4 14 
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Nd2-DO3A-Bridged 

Benzyl 
Nucleic Acid 5 ~15 23.5 3 15 

Eu-DOTAM-Methyl-

bis(phenylbornate) 
Glucose 10 - 24.0 2 16-18 

Yb-MBDO3AM Lactate 30 60 25 6 19 

Eu-S-THP 
Methyl 

phoshphate 
5 >20 - 3 20-22 

Yb-DO3A-oAA NO and O2 40 
amide: 7 

amine: 4 
4.2 4 23 

Eu-DOTAM-Py Zn2+ 20 >25 23.5 2 24 

Yb-DOTAM-

imino(diacetate) Ca2+ 20 60 25 3 25 

Eu-DOTAM-

Tetraamide-

bis(quinolinium) 

Redox 20 ~14 10 5 26 

CoII-TPT Redox 8 22 24 3 27 

Eu-DOTAM-triGly-

Anthracene 
Singlet O2 5 ~12 9.4 4 28 

Yb-DOTAM-Gly pH 30 ~65 25 4 30 

Tm-DOTAM-Gly pH 40 ~40 25 4 30 

Er-DOTAM-Gly pH 40 ~30 25 4 30 

Ho-DOTAM-Gly pH 30 ~20 25 4 30 

Dy-DOTAM-Gly pH 30 0% 25 4 30 

Pr- DOTAM-Gly pH 30 
amide: ~42 

water: ~40 

amide: 

1.35 

water: 

4 31 
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17.1 

Nd-DOTAM-Gly pH 30 
amide: ~37 

water: ~66 

amide: 

1.35 

water: 

17.1 

4 31 

Eu-DOTAM-Gly pH 30 
amide: ~22 

water: ~80 

amide: 

1.35 

water: 

17.1 

4 31 

Yb-DOTAM (Gly or 

methylester Gly) 
pH 30 ~70 - - 29 

Pr-DOTAM-Gly pH 30 
amide: 42 

water: 40 

amide: 7 

water: 

87.6 

4 32 

Nd-DOTAM-Gly pH 30 
amide: 33 

water: 70 

amide: 7 

water: 

87.6 

4 32 

Eu-DOTAM-Gly pH 30 
amide: 25 

water: ~85 

amide: 7 

water: 

87.6 

4 32 

Eu-DO3A-Gly3-Phenol pH 10 ~30 14.1 2 39 

Yb-HPDO3A pH 20 

hydroxyl: 

~40 

water: ~30 

24 2 33 

Yb-DO3A-oAA pH 
100 

amine:18.9 

amide: 11.1 

 

20 

 

5  35-37 

60 amine: ~16 
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amide: ~5.2 

Tm-DOTAM-Gly-Lys pH 10 ~25 14 3 38 

CoII-DO3A-triamide pH 10 ~22-40 24 2 34 

Dy-DOTAM temperature 1 - 17.3 2 40 

Eu-DOTAM-Gly temperature 10 ~25 17.3 2 40 

Tm-DOTAM-Gly-Lys temperature 10 ~25 14 3 38 

Eu-DOTAM-Gly or  

-Gly-Phe 
temperature 10 >35 14 10 41,45 

Tm-DOTAM-tButyl, 

Tm-DOTA-Gly-Lys-OH 
temperature 10 

SAP: ~6 

TSAP: ~16 
20 2 42 
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DETECTION OF DT-DIAPHORASE ENZYME WITH A 
PARACEST MRI CONTRAST AGENT 
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9.1 Introduction 
 
9.1.1 The Role of DT-diaphorase Enzyme in Cancer 

DT-diaphorase (DTD), also known as NAD(P)H-Quinone Oxyreductase 1 (NQO1), 

is a flavoenzyme that catalyzes the two-electron reduction of quinone, quinone imines, 

and azo dyes in the presence of NAD(P)H (1), which results in detoxification of cells 

from xenobiotics (2,3). The enzyme is upregulated in non-small cell lung carcinoma, 

colorectal carcinoma, liver cancers and breast carcinomas in various cell organelles, 

cytosol, and extracellular regions. High expression of DTD is correlated with a lower 

disease free survival and overall survival (4). For comparison, normal tissues have low 

expression levels of the enzyme (5,6).  

 DTD can bioreductively activate quinone-based prodrugs to facilitate selective 

chemotherapy (7,8). Resistance to chemotherapy with quinone-bearing drugs has been 

associated with downregulation of DTD (9,10), and the determination of DTD activity 

has been suggested as a measure of quinone-bearing antitumor drug resistance (11,12). 

Mitomycin C and its derivatives such as EO9 (Apaziquone) have been extensively 

investigated as prodrugs activated by DTD in various types of cancers (13-18) and 

several ongoing clinical trials (such as NCT02563561) are ongoing based on the 

therapeutic effect of these compounds (7,19-22). However, stratifying patients for 

chemotherapy with quinone-based drugs is a notable challenge.  Therefore tools are 

needed for early detection of DTD to improve chemotherapy management. 

9.1.2 Imaging of DT-diaphorase Enzyme 

Reductive lactonization of quinone propionic amide was first introduced as a novel 

strategy for controlled drug release (23-25). This class of organic molecules uses a 
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trimethyl lock (TML), which benefits from a steric effect between a methyl group on the 

quinone ring and two methyl groups on the propionic acid side chain that accelerates the 

rate of lactonization by a factor of ~1016 M (26,27). This feature made TML an ideal tool 

for developing a trigger for molecular release with applications in chemistry, biology, and 

pharmacology (28). The introduction of latent fluorescent probes based on TML provided 

new applications of this compound for imaging studies (29). More recently, several 

fluorescence TML-based quinone probes were introduced for detecting DTD in cancer 

(30-32) and as theranostics for imaging and therapeutic applications (33). Although, these 

agents provide novel tools for detecting enzyme activity within in vivo tissues, the limited 

depth of view of fluorescence imaging in tissues demands another class of agents that 

detect enzyme activity in deep tissues.  

 We previously reported Yb-DO3A-oAA as a CEST MRI agent that produces a CEST 

signal from a proton of the amide functional group connecting the aniline ring to the 

DO3A chelate and another CEST signal from the protons of the amine group on the 

aniline ring. Interestingly, the ratio of CEST signals showed a dependence on pH making 

the agent suitable for measuring pH in solution and in vivo (34-36). We have shown that 

adding a ligand to the aniline group causes a loss of one or both CEST signals, 

presumably due to conformational changes in the agent caused by the new ligand (37,38). 

Therefore we decided to attach a quinone moiety to the aniline ring of the molecule to 

eliminate the CEST signal from the protons of the amine group of the aniline ring to 

develop a responsive agent that detects DTD. We hypothesized that reduction of the 

quinone functional group to a hydroquinone group followed by intramolecular reaction of 

the newly formed hydroxyl functional group and the amide bond would release the CEST 
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agent, which consequently would produce two CEST signals (Scheme 9.1) (23). This 

class of molecules has potential to identify patients who are prone to chemotherapy based 

on DTD-activated prodrugs. 

9.2 Methods and Materials 

 Dry solvents such as acetonitrile, tetrahydrofuran (THF), methanol, dichloromethane, 

N,N-dimethylacetamide (DMA), and other chemicals such as t-butyl bromoacetate, 

thioanisole, and palladium on activated carbon (10%) were purchased from Acros 

Organics (Geel, Belgium). The remaining chemicals were purchased from the following 

companies: cyclen (1,4,7,10-tetraazacyclododecane) from Strem Chemicals, Inc. 

(Newburyport, MA), yttrebium(III) chloride hydrate from Alfa Aesar (Ward Hill, MA), 

methyl 3,3-dimethylacrylate, trimethylhydroquinone, methanesulfonic acid, N-

bromosuccinimide, DMAP (dimethylamin pyridine), EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide), and human DT-diaphorase (NQO1, lyophilized 

powder, recombinant, expressed in E. coli) were purchased from Sigma-Aldrich and 60 Å 

silica gel with 40-60 µm particle size from EMD Chemicals, Inc. (Darmstadt, Germany). 

Hydrogenation was performed using a series 3911EA shaker hydrogenation apparatus 

(Parr Instrument Co., Moline IL). An Orion Star™ A121 pH meter (Thermo-Scientific) 

with an InLab® microelectrode (Mettler-Toledo LLC, Columbus, OH) was used to 

measure pH values. NMR spectra were acquired with a Bruker Avance III 400 MHz 

NMR spectrometer. Mass spectrometry results were obtained using a JEOL HX110A ESI 

mass spectrometer. All MRI results were collected using a Bruker Biospec 7T MRI 

instrument with a 72 mm volume coil. Purification was conducted using a Varian ProStar  
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HPLC system with a 345 UV detector and a Waters XBridge C18 preparation column 

(250 mm length, 19 mm width, 10 µm particle size). 

9.2.1 Chemical Synthesis of the catalyCEST MRI Probe 

9.2.1.1 Synthesis of 6-hydroxy-4,4,5,7,8-pentamethylchroman-2-one (3) 

 Trimethylhydroquinone (5 g, 32.8 mmol), methanesulfonic acid (5 ml), and methyl 

3,3-dimethylacrylate (3.93 g, 34.5 mmol, 4.50 ml, 1.05 eq) were stirred in a flask while 

the temperature was set at 70 oC overnight according to a method developed by Amsberry 

Scheme 9.1. Synthesis of Yb-DO3A-oAA-TML-Q. The caboxylic acid form of quinone was prepared 
in 2 steps. Then it was reacted with tert-butyl protected DO3A-oAA that was prepared in 3 steps. The 
resulting product was deprotected and then used to chelate Yb(III).	
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and Borchardt with some modifications (24). A solid purple mixture was formed after 

stirring for 20 h at 70oC. Water (350 ml) was added and the organic compound was 

extracted with EtOAc (3 x 150 ml). Organic portions were mixed and washed with a 

solution of NaHCO3 (1 M, 170 ml). The solution was dried over anhydrous potassium 

sulfate, filtered, evaporated, and recrystallized by ethyl acetate/hexane solvent mixture to 

produce 5.28 g (69 %) of a white crystalline powder.  

1H NMR (400 MHz, CDCl3): 1.48 (s, 6H), 2.21 (s, 3H), 2.24 (s, 3H), 2.39 (s, 3H), 2.57 

(s, 2H). 

13C NMR (400 MHz, CDCl3): 12.30, 12.57, 14.40, 27.73, 35.48, 46.08, 118.93, 121.86, 

123.43, 128.22, 143.50, 148.80, 168.86. 

9.2.1.2 Synthesis of 3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-

yl)butanoic acid (4) 

 6-hydroxy-4,4,5,7,8-pentamethylchroman-2-one (3) (3 g, 12.8 mmol) was dissolved 

in ACN (300 ml). NBS (2.28 g, 12.8 mmol) was dissolved in water (250 ml) and added 

dropwise to the solution at room temperature according to the method reported 

previously.1 The mixture turned yellow upon addition of NBS. The reaction stopped after 

1 h. The solution was extracted with diethyl ether (3 x 150 ml). The organic solution was 

washed with a solution of NaHCO3 (5%, 2 x 150 ml) to dissolve the product in the 

aqueous phase. Then the aqueous solution was acidified with HCl (0.1 N, 125 ml) to form 

a precipitate (the product). Extraction from the aqueous solution was performed with 

diethyl ether (3 x 100 ml) and then the solution was dried with MgSO4. The solvent was 

evaporated under vacuum to give a yellow product. Recrystallization in ethyl 

acetate/hexane mixture gave 2.3 g (72%) of yellow crystals. 
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1H NMR (400 MHz, CDCl3): 1.46 (s, 6H), 1.95 (q, 3H), 1.98 (q, 3H), 2.17 (s, 3H), 3.05 

(s, 2H). 

13C NMR (400 MHz, CDCl3): 12.10, 12.50, 14.31, 28.80, 37.94, 47.15, 138.41, 139.05, 

142.95, 151.98, 178.00, 187.43, 190.84. 

MS(ESI)[C14H18O3+H+]: 250.9 m/z (calculated: 251.1m/z). 

9.2.1.3 Synthesis of tri-tBu 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

hydrobromic salt (DO3A.HBr) (7) 

Compound 7 (12.67 g, 73%) was prepared according to a previously published 

procedure using cyclen (5) and tBu 2-bromoacetate 6 (39).   

1H NMR (400 MHz, DMSO): 1.43 (s, 9H), 1.44 (s, 18H), 2.71 (m, 8H), 2.85 (m, 4H), 

2.98 (m, 4H), 3.46 (s, 6H), 8.79 (br, 1H). 

13C NMR (400 MHz, DMSO): 28.29, 28.32, 45.97, 48.89, 50.15, 51.56, 52.55, 56.50, 

80.99, 81.07, 170.50, 171.05.   

MS(ESI)[C26H50N4O6+H+]: 515.2 m/z (calculated: 515.4 m/z). 

9.2.1.4 Synthesis of tri-tBu 2,2',2''-(10-(2-((2-nitrophenyl)amino)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (9) 

Compound 7 (5 g, 8.4 mmol), potassium carbonate (8 g, 6.9 eq), and acetonitrile (30 

ml) were added to a 3-neck flask. The flask was placed in an oil bath and the temperature 

increased to 60 ºC and the mixture was stirred overnight under Ar while it turned light 

brown. Compound 8, previously prepared according to a reported method (37), was 

dissolved in acetonitrile and then added to the mixture drop-wise. The mixture was stirred 

for 24 h at 60 ºC under Ar and then it was filtered using gravity filtration to isolate 

insoluble compounds. The solvent was evaporated under vacuum and the residue purified 
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using column chromatography on silica gel by a mixture of CH2Cl2/CH3OH (98:2). 

Compound 9 was obtained in the form of a pale yellow foam (5.14 g, 86%). 

1H NMR (400 MHz, DMSO): 1.38 (s, 18H), 1.42 (s, 9H), 2.16 (b), 2.98 (b), 7.41 (m, 

1H), 7.60 (m, 1H), 7.68 (m, 1H), 7.97 (m, 1H), 10.48 (s, 1H). 

13C NMR (400 MHz, DMSO): 27.97, 28.02, 55.62, 55.90, 56.64, 81.61, 81.63, 125.42, 

126.27, 131.2, 134.32, 143.24, 171.78, 172.90, 172.98. 

MS(ESI)[C34H56N6O9+Na+]: 715.3 m/z (calculated: 715.40 m/z). 

9.2.1.5 Synthesis of tri-tBu 2,2',2''-(10-(2-((2-aminophenyl)amino)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (10) 

Compound 9 (5.14 g, 7.4 mmol) was added to methanol (25 ml) in a hydrogenation 

flask. Palladium/carbon powder (10 wt %) (1.4 g, 27% w/w) was added to the flask and 

then the flask was placed in a hydrogenation apparatus. The mixture was placed under H2 

atmosphere (3 atm) for 2 h.  The product was filtered using gravity filtration to yield a 

green-yellow solution. The solvent evaporated under vacuum to yield a yellow foam (4.8 

g, 98%). 

1H NMR (400 MHz, CDCl3): 1.37 (s, 18H), 1.45 (s, 9H), 2.18 (b), 2.87 (b), 4.81 (s, 1H), 

6.49 (m, 1H), 6.75 (m, 1H), 6.89 (m, 1H), 7.23 (m, 1H), 9.35 (s, 1H). 

13C NMR (400 MHz, DMSO): 28.04, 28.28, 55.72, 55.74, 56.48, 81.57, 81.58, 116.39, 

123.25, 125.69, 126.32, 142.23, 170.73, 172.81, 172.99. 

MS(ESI)[C34H58N6O7+H+]: 663.3 m/z (calculated: 663.4 m/z). 

9.2.1.6 Synthesis of tri-tBu 2,2',2''-(10-(2-((2-(3-methyl-3-(2,4,5-trimethyl-3,6-

dioxocyclohexa-1,4-dien-1-yl)butanamido)phenyl)amino)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (11) 
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Compound 10 (1.0 g, 1.5 mmol), EDC (0.350 g, 2.2 mmol, 1.5 eq), and DMAP 

(0.100 g, 0.5 eq) were added to a flask and then dry DCM (14 ml) was added. The 

mixture was stirred under N2 atmosphere for 20 min. Compound 4 (0.72 g, 1.9 eq) was 

dissolved in DCM (anhydrous, 1.5 ml) and the solution was stirred in RT under N2 

atmosphere for 4 days. Then the reaction was stopped and the solvent was evaporated 

under vacuum to yield a brown residue. The residue was purified using column 

chromatography on silica gel by a gradient solvent system consisting of CH2Cl2/CH3OH 

(0% to 20% methanol). Compound 11 was obtained in the form of a pale yellow foam 

(0.85 g, 63%). 

1H NMR (400 MHz, CDCl3): 1.02 (d, 2H), 1.16 (s, 3H), 1.25 (s, 2H), 1.23 (s, 2H), 1.36 

(s, 6H), 1.39 (s, 3H), 1.47 (s, 18H), 1.49 (s, 9H), 1.99 (s, 3H), 2.07 (s, 3H), 2.17 (s, 3H), 

2.18 (b), 2.23 (s, 2H), 2.17 (s, 2H), 2.30 (b), 2.67 (s, 2H), 2.81 (s, 1H), 2.81 (s, 2H), 3.05 

(s, 2H), 3.34 (b), 3.53 (d, 2H), 6.93 (d, 1H), 7.12 (t, 1H), 7.28 (t, 1H), 7.93 (d, 1H), 8.76 

(br, 1H), 9.58(br, 1H). 

13C NMR (400 MHz, CDCl3): 8.21, 11.48, 12.22, 12.88, 13.24, 13.43, 22.55, 27.82, 

27.86, 27.92, 27.94, 28.01, 28.17, 29.66, 30.54, 41.72, 45.13, 45.87, 47.69, 48.51, 50.47, 

52.55, 55.73, 57.61, 81.78, 81.82, 83.22, 91.75, 123.61, 125.32, 125.80, 128.72, 128.80, 

136.67, 144.56, 145.19, 169.49, 172.25, 172.64, 172.74, 175.34, 195.81. 

MS(ESI)[C48H74N6O10+H+]: 895.3 m/z (calculated: 895.6 m/z). 

9.2.1.7 Synthesis of 2,2',2''-(10-(2-((2-(3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-

1,4-dien-1-yl)butanamido)phenyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triyl)triacetic acid (DO3A-oAA-TML-Q) (12) 
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Compound 11 (0.94 mmol) was dissolved in a mixture of DCM (12 ml) and TFA (10 

ml) and was stirred for 6 h. The solution turned brownish within minutes after the stirring 

step was started. The reaction was stopped and the solvent was evaporated under vacuum. 

The product was re-dissolved in toluene (2 x 20 ml) and evaporated. Then the product 

was re-dissolved in diethyl ether (2 x 20 ml) and evaporated under vacuum. A sticky 

brownish residue was collected and purified with HPLC. The method used for HPLC was 

15-50% acetonitrile in 21 min with a flow rate of 7 ml/min. The compound eluted from 

column with RT=12.2 min. The solvent of HPLC fractions was primarily evaporated 

under vacuum and the rest was lyophilized to yield a white fluffy compound. (0.45 g, 

66%). 

MS(ESI)[C36H50N6O10+H+]: 727.3 m/z (calculated: 727.4 m/z). 

9.2.1.8 Synthesis of Yb-DO3A-oAA-TML-Q (13) 

DO3A-oAA-TML-Q (0.189 g, 0.26 mmol) was dissolved in water (2 ml) and the pH 

adjusted to 7.0 by adding NaOH solution (10%) while it was heated to ~40°C. 

YbCl3.xH2O (0.108 g, 1.05 eq) was added to the solution and the pH was checked 

periodically and it was adjusted to 7.0 if needed. More NaOH was added after 2 h to 

adjust pH to 9. Unreacted YbCl3.xH2O was precipitated at basic pH. The solution was 

stirred for another 20 min and then it was centrifuged and the supernatant was separated.  

The precipitate was washed with MeOH (2 x 2 ml) to recover left-over materials. All 

organic solutions were mixed and evaporated and added to the supernatant from the 

centrifuge step. The aqueous solution was lyophilized and then the lyophilized product 

was re-dissolved in a mixture of MeOH/CH2Cl2 (7:3) and centrifuged. The supernatant 
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was separated and evaporated under vacuum. The product was dissolved in DI water and 

lyophilized to yield a faded yellow product (0.109 g, 46%). 

MS(ESI)[C36H47N6O10+H+]: 898.2857 m/z (calculated: 898.2848 m/z); 

[C36H47N6O10+K+]: 936.2415 m/z (calculated: 936.2405 m/z) 

9.2.2 In Vitro catalyCEST Studies 

9.2.2.1 Sample Preparation 

A lyophilized sample of Yb-DO3A-oAA-TML-Q (13) (22 mg) was dissolved in PBS 

buffer (1X, 0.5 ml) to prepare a solution with a concentration of 24 mM (determined with 

ICP-MS) and then the pH of the solution was adjusted by adding HCl or NaOH solution. 

β-nicotinamide adenine dinucleotide (reduced disodium salt hydrate, 62 mg) was 

dissolved in PBS buffer (1X, 0.25 ml) to yield a solution with concentration of 300 mM 

and its pH was adjusted using HCl or NaOH solution. Glutathione (31 mg) was dissolved 

in PBS buffer (1X, 0.5 ml) to yield a solution with concentration of 200 mM and its pH 

was adjusted using HCl or NaOH solution. DT-diaphorase (from human, recombinant in 

Escherichia coli, ≥100 units/mg) was dissolved in a 100 µl of HEPES solution (50 mM). 

9.2.2.2 Enzymatic Reactions 

Four samples were prepared using different combinations of previously made 

solutions as follows: 

Sample 1:  100 µl of Yb-DO3A-oAA-TML-Q solution, 50 µl of NADH solution, and 50 

µl of GSH solution were mixed together and the pH of the solution was adjusted with  

HCl or NaOH as needed. Then 10 µl of DT-diaphorase was added to the mixture (Yb-

DO3A-oAA-TML-Q: 11 mM, NADH: 71 mM, and GSH: 48 mM). 
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Sample 2: 100 µl of Yb-DO3A-oAA-TML-Q solution and 50 µl of NADH solution were 

added to PBS solution (1X, 60 µl) and the pH of the solution was adjusted with HCl or 

NaOH as needed, then 10 µl of DT-diaphorase was added to the mixture (Yb-DO3A-

oAA-TML-Q: 11 mM and NADH: 71 mM). 

Sample 3: 100 µl of Yb-DO3A-oAA-TML-Q solution and 50 µl of GSH solution were 

added to PBS solution (1X, 60 µl) and the pH of the sample was adjusted with HCl or 

NaOH as needed, then 10 µl of DT-diaphorase added to the mixture (Yb-DO3A-oAA-

TML-Q: 11 mM and GSH: 48 mM). 

Sample 4: 100 µl of Yb-DO3A-oAA-TML-Q solution was diluted with PBS solution 

(1X, 105 µl) to make a sample with a concentration of 11 mM and then the pH was 

adjusted with HCl or NaOH as needed.  

The samples were placed in a water bath at 37°C for 15 hours. Another series of the 

samples were incubated on a hot plate with controlled temperature at 37°C in an 

anaerobic chamber for 15 hours. Then the samples were used for CEST MRI studies at 

37°C. 

9.2.3 Validation of the In Vitro Studies 

 All 4 samples were submitted for mass spectroscopy. In addition, diluted solutions of 

all prepared samples, NADH, and GSH (50-70 µM) were tested by a UV-Vis 

spectrometer at 25°C.   

9.2.4 CEST MRI Protocol 

9.2.4.1 Imaging Protocol  

A CEST-FISP MRI protocol using a 7 T Bruker Biospec MRI scanner was employed 

for all catalyCEST MRI experiments. The following parameters was applied for the FISP 
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acquisition: 2.014 ms echo time; 4.429 ms pulse repetition time; 476.67 ms scan 

repetition time; 10° excitation angle; centric encoding; unbalanced “FID” mode; 1 mm 

slice thickness; 391 x 391 µm in-plane resolution; 5 x 5 cm field of view; and 128x128 

matrix size. A block pulse with no additional spoiling or fat saturation pulses was used 

during the CEST saturation period.  Saturation was applied at a power of 6 µT and a 

bandwidth of 0.3 Hz for 4.0 s unless otherwise noted in the results. Images were 

reconstructed using ParaVision® pv5.1 (Bruker Biospin, Inc.).  Signal amplitudes were 

measured using ImageJ to create a CEST spectrum (40). 

9.2.4.2 Lorentzian Line Shape Fitting 

 A single function that consisted of a sum of two Lorentzian line shapes was fit to each 

CEST spectrum using a customized script written for Matlab R2014b (Mathworks Inc., 

Natick, MA, USA). A Levenberg-Marquardt least squares fitting routine was used to 

optimize the fitting of the function to each CEST spectrum. The center, width, and 

amplitude of each Lorentzian line shape was allowed to change to optimize the fit. 

Because the center of each line shape (i.e., the chemical shift) was fitted, this method 

automatically compensated for potential B0 inhomogeneity during the CEST MR studies. 

Signals with amplitude less than 0.5% were considered as noise and were not used for 

interpretation of data (36,41,42). 

9.3 Results and Discussion 

The cloaked CEST agent was synthesized in 8 steps according to previously reported 

methodologies with some modifications (24,37). We conjugated the carboxylic acid form 

of the quinone 4 to tert-butyl protected DO3A-oAA compound (10) taking advantage of  
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the moderate reaction and flexibility of the reaction with low boiling point solvents such 

as dichloromethane. In addition, the product of this step was easily purified with gravity 

column chromatography. The tert-butyl groups were removed upon purification. The 

quinone moiety was sufficiently stable and tolerated harsh acidic conditions during 

deprotection of the DO3A-oAA macrocycle. Finally, Yb(III) was chelated with DO3A-

oAA in water at 40 °C. The final product was synthesized with an overall isolated yield 

of 7% and was purified using HPLC.  

The agent was tested in several buffer systems, and PBS offered the best activation of 

the cloaked CEST agent in the presence of DTD enzyme, NADH, and GSH. The cloaked 

CEST agent at a concentration of 12 mM in PBS showed 3.2% CEST signal at -9 ppm 

(dashed red line in Figure 2.1a) arising from the proton of the amide functional group 

Figure 9.1. Yb-DO3A-oAA-TML-Q was 
reacted with DT-diaphorase enzyme at 
pH= 8.1±0.1, T=37°C, power level= 6 µT, 
and saturation frequency irradiation time= 
4 sec. No reaction was detected when no 
enzyme, GSH, and NADH were added to 
the solution (a). A new CEST signal at 
8.75 ppm (solid red line) was detected 
when the CEST MRI agent was reacted 
with the enzyme, GSH, and NADH (b). 
The absence of NADH (c) or GSH (d) did 
not allow formation of the desired product 
while the CEST signal of unactivated 
CEST MRI probe (dashed lines in c and d) 
was clearly detected. 
	

Scheme 9.2. The quinone functional group in Yb-DO3A-oAA-TML-Q was reduced to hydroquinone 
in the presence of DT-diaphorase enzyme, NADH, and GSH. Upon reduction, the newly formed 
hydroxy group attacked and dissociated the amide bond as a result of the steric effect between the 
methyl group on the benzene ring and the two adjacent methyl groups, consequently resulting in the 
release of the CEST agent. 
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connecting the aromatic ring to the Yb-DO3A chelate (blue amide in Scheme 9.2). No 

signal at 9 ppm was observed, where the free amine would show a CEST signal, 

indicating that addition of a quinone moiety to the aniline ring changed the conformation 

of the agent. However, the presence of a broad peak with 4.1% CEST signal at 3.5 ppm  

(dotted red line in Figure 9.1a) validated that the second amide group was present in the 

agent.  

After incubation of the cloaked CEST agent (12 mM) with 10 units (100 µg) of DTD 

enzyme, NADH (71 mM), and GSH (47 mM), the solution generated 12.5% CEST signal 

at 8.75 ppm (red line in Figure 9.1b). The solution also showed 0.9% CEST signal at -9 

ppm (dashed red line in Figure 9.1b) indicating that some unreacted agent remained in 

the sample. In addition, a 44% CEST signal at 2.5 ppm was observed (dotted red line in 

Figure 9.1b), which was attributed to the amide protons of NADH and GSH as shown 

experimentally (Figure 9.2).  Formation of the product was also validated with mass 

spectroscopy which confirmed that Yb-

DO3A-oAA was released from the 

cloaked CEST agent (Figure 9.3) only 

with DTD, NADH, and GSH.  

We evaluated the stability of the CEST 

MRI agent and to confirm the specificity 

toward the reductase enzyme, NADH, and 

GSH for activation. The cloaked CEST 

agent was incubated with DTD and 

NADH without GSH, and with DTD and  

Figure 9.2. A sample of 100 mM NADH (solid 
black line) and glutathione (70 mM) (dashed line) 
can produce a broad CEST signal at 2.5 ppm, but 
cannot produce CEST signals at 9 ppm or -9 ppm.  
Measurement  conditions were pH 8.0 ± 0.1, 
37°C, 6 µT saturation power and 4 sec saturation 
time.	
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GSH without NADH. Analysis of the solution with MRI showed 7.2% CEST at -9 ppm 

for the solution with NADH and the enzyme (Figure 9.1c), and 4.6% CEST at -9 ppm for 

the solution with GSH and the enzyme (Figure 9.1d) with no CEST signal at 9 ppm, 

indicating that all reaction components were needed for the activation of the agent.  

Similar optical agents can be activated with the enzyme and NADH without requiring 

GSH, because the optical agents can be detected at nM-to-µM concentrations and thus a 

high ratio of NADH relative to the optical agents can be used to complete the reaction in 

a short time. However, using a higher ratio of NADH relative to our CEST agent was 

impractical as a large concentration of NADH causes a line-broadening effect that 

overlaps with the signal from the activated CEST agent. A smaller ratio of NADH 

relative to the CEST agent in combination with instability of the reduced form of NADH 

in solutions under oxidative conditions will result in a reaction with low yield or longer 

experiment time. A solution 

to this problem is addition 

of GSH to prevent oxidation 

of NADH.  

The same reactions were 

performed in an anaerobic 

chamber to investigate the 

effect of a reducing 

environment on the 

activation of the agent. No 

signal indicating activation 

Figure 9.4. Yb-DO3A-oAA-TML-Q showed stability under 
anaerobic conditions (a) while the presence of DT-diaphorase 
enzyme and NADH in presence (b) or absence (c) of GSH 
activated the agent and produced a CEST signal at 9.5 ppm at 
pH 7.0 ± 0.25, 37°C, power level of 6 µT, and saturation time 
of 4 sec. The agent showed good stability in a reducing 
environment even in the presence of the enzyme and GSH in an 
anaerobic chamber (d).  
	



	 135 

of the agent was detected in the solution of the cloaked CEST agent without NADH or 

DTD enzyme, and the 2.8% CEST signal at -9.75 ppm indicated that the cloaked CEST 

agent was completely stable in anaerobic conditions (Figure 9.4a).  The cloaked CEST 

agent incubated with the enzyme and NADH with GSH under anaerobic conditions 

produced 2.0% and 8.9% CEST signals at 9.5 ppm and -9.5 ppm, respectively, indicating 

that some of the cloaked CEST agent was activated (Figure 9.4b). Interestingly, the 

solution of the cloaked CEST agent with the enzyme and NADH without GSH produced 

3.5% CEST at 9.5 ppm and 8.5% CEST at -9.25 ppm (Figure 9.4c) indicating that 

anaerobic conditions could substitute for GSH in activating the cloaked agent. However, 

the activation of the agent did not occur without NADH (Figure 9.4d) showing that 

NADH was still required. NADH is more stable under anaerobic conditions and will 

remain in its active (reduced) form for a longer time that accelerates activation of the 

cloaked CEST agent. Interestingly, the agent is sufficiently stable to tolerate such a 

reducing environment even in the 

presence of GSH. Such stability 

makes the CEST agent specific 

for the detection of the enzyme. 

The stability of the agent in a 

reducing environment may 

increase the safety profile for in 

vivo applications.  

We adjusted the pH of the 

solutions to 8.0 as previous 

Figure 9.5. UV-Vis analysis of samples containing Yb-
DO3A-oAA-TML-Q confirmed the release of the CEST 
agent when the agent was reacted DTD enzyme, NADH, 
and GSH (blue line), or without GSH (red line) in an 
anaerobic chamber by showing a new peak at 290 nm. 
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reports showed that this pH was suitable for increasing the stability of NADH (43). 

However, the basic pH caused a decrease in the CEST signal of the amide group in the 

activated form of the agent. A neutral pH (7.0±0.25) was suitable to observe both CEST 

signals of the activated agent. Small shifts in saturation frequencies of CEST signals were 

observed that were due to differences in pH of different samples. The pH dependent 

changes in protonation of functional groups can alter resonance frequencies of labile 

protons (44). In addition, changes in the exchange rates of labile protons affect their 

resonance frequencies. Further evidence of activation of the cloaked CEST agent was 

obtained by measuring UV-Vis absorbance of solutions before and after reaction. A 

solution of NADH showed two major absorbance peaks at 260 nm and 339 nm (teal line 

in Figure 9.5). The pure solution of the cloaked agent with or without GSH showed only 

one peak at 260 nm (purple line and green line in Figure 9.5). The solutions containing 

the cloaked CEST agent incubated with the enzyme and NADH, with or without GSH 

under anaerobic conditions, showed an appearance of a shoulder at 292 nm (blue and red 

lines in Figure 9.5). 

 The magnitude of the CEST signal is directly correlated with the saturation power 

level applied during a CEST MRI experiment (38). In our studies, increasing the power 

level increased the CEST signals as expected (Figure 9.6). A higher power level is 

favorable for producing a larger CEST signal, which facilitates signal detection. 

However, a relatively low power level is preferred in a clinical setting due to concerns for 

patient safety. Our results suggested that a power level as low as 3.5 µT was sufficient to 

produce detectable signals which is a safe level for future in vivo studies. 
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9.4 Conclusions 

 We have introduced a new responsive CEST MRI agent for the detection of DT-

diaphorase enzyme. The cloaked CEST agent showed only one signal at -9 ppm before 

activation.  In the presence of the enzyme, NADH, and GSH, the agent showed a 

different signal at 8.75 ppm after activation.  The agent exhibited good stability in a 

reducing environment where no activation was observed. This cloaked agent is a 

promising candidate for in vivo studies that investigate reductase activity within tissues as 

the signals before and after activation can be detected with a power level as low as 3.5 

µT. 
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10.1 Introduction 

Alkaline phosphatases (AP) are a large family of enzymes that remove the phosphate 

group from various types of biomolecules including proteins, carbohydrates, and nucleic 

acids. This class of enzymes shows optimized catalytic efficiency in basic conditions. 

The enzyme is routinely used for biological applications such as antibody conjugates and 

gene expression. Furthermore, unregulated activities of subtypes of the enzyme have 

been reported in various disease states including osteogenic sarcoma, primary sclerosing 

cholangitis, and metabolic syndrome (1-5).  

Non-invasive mapping of AP enzyme activity in situ has been accomplished by using 

a T1 relaxation-based MRI biosensor, which shows a change in T1 relaxation time 

constants after dephosphorylation by AP enzymes (6). However, the T1 relaxation-based 

biosensor is always turned “on”, producing some T1-weighted image contrast before and 

after dephosphorylation, which decreases the merit of this biosensor for molecular 

imaging. Generally T1 relaxation-based MRI biosensors contain metals, which raises 

concerns about safety issues for in vivo applications with this class of biosensors (7-8). 

Thus a new type of non-toxic MRI biosensor that can be converted from “off” to “on” by 

dephosphorylation would improve the molecular imaging of AP activity (9).  

Chemical exchange saturation transfer (CEST) MRI is an innovative imaging method 

that can detect biomarkers with good specificity while retaining the excellent spatial 

resolution and depth of view offered by MRI (10). In this technique, selective radio 

frequency saturation pulses are applied at the MR frequency of a proton on the agent, 

which creates a pool of saturated protons. The exchange of saturated protons between the 

contrast agent and water molecules surrounding the contrast agent can transfer saturation 
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Figure 10.1.  (a) The CEST mechanism (b) Alkaline phosphatase hydrolyzes the phosphoester bond of 
fosfosal to release the phosphate group and salicylic acid. A hydroxyl proton (in red) of the salicylic acid 
can generate a CEST signal. 
 
to the water molecules, which results in the loss of a portion of MR signals from the bulk 

water (Figure 10.1). This loss of the bulk water signal caused by CEST is typically 

demonstrated by plotting the MR signal amplitude of bulk water versus a range of 

saturation frequencies, known as a Z-spectrum (Figure 10.2) (11,12).   

Diamagnetic contrast agents are promising biosensors for the detection of biological 

events with CEST MRI as shown by many recent examples (13). A large chemical shift 

facilitates the selective detection of CEST biosensors relative to detecting CEST signals 

from endogenous biomolecules. Salicylic acid (SA) and its derivatives are a promising 

class of diamagnetic CEST biosensors that have a hydroxyl proton “trapped” by 

hydrogen bonding in a 6-member ring state, which allows SA to produce a significant 

CEST signal (Figure 10.1b). The ring current places the hydroxyl proton in a deshielding 

region that induces a large chemical shift of 7-12 ppm (relative to water that is defined to 

be 0 ppm during MRI studies). SA and its derivatives have a good toxicity profile even in 
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concentrations as high as 500 mM, which makes these biosensors to be superb candidates 

for clinical translation (14-16). Cells tolerate relatively high doses of SA, which increase 

the level of sensitivity of the technique.  

CatalyCEST MRI is a unique variation of CEST MRI methodology that detects an 

appearance or disappearance of a CEST signal after an enzyme catalyzes a change in the 

chemical structure of a CEST biosensor. One or more functional groups, such amines, 

amides, and/or hydroxyl groups, are often incorporated into CEST biosensors, which can 

be chemically modified via enzyme catalysis (9). Novel catalyCEST biosensors based on 

SA derivatives have been reported recently that detect sulfatase, esterase, and cathepsin B 

enzymes (17-19).  

10.2 Results and Discussion 

 We sought to detect AP activity using catalyCEST MRI with a biosensor that is 

potentially translatable to clinical applications. Previous reports showed that nitrophenyl 

phosphate and other phosphorylated phenyl-based compounds are fluorogenic or 

bioluminogenic substrates for AP enzymes (20-21). Our search for a SA based compound 

 

Figure 10.2.  CEST spectra of fosfosal before and after catalysis with calf intestinal alkaline phosphatase 
(CIAP). Spectra are shown for samples of 20 mM salicylic acid (circle, short dashed red line), 20 mM of 
fosfosal incubated with CIAP (square, solid red line), and 20 mM of fosfosal with no enzyme (triangle, 
long dashed red line) for 30 min at 37 °C, pH = 7.4 ± 0.05, saturation power = 3.5 µT, and saturation time = 
4 s. 
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with a phosphate group suggested fosfosal as a new catalyCEST biosensor for detecting 

AP enzymes. Fosfosal was introduced in the early 1980s as an analgesic drug that 

showed improved pharmacokinetic properties suggesting potential for eventual clinical 

translation (22-23). We hypothesized that a CEST signal would not be observed from 

fosfosal as there is no exchangeable proton on this molecule that has an appropriate 

chemical exchange rate to generate a strong CEST signal. In contrast, we hypothesized 

that the product of the reaction of fosfosal and AP enzyme should produce a CEST signal 

with a chemical shift of approximately 9 ppm as previously reported for SA (Figure 

10.1b).  

To test our hypothesis, calf intestinal alkaline phosphatase (CIAP), an AP enzyme 

commonly used in research studies (1), was mixed with a sample of fosfosal at a 

concentration of 20 mM in AP buffer solution (Figure 10.2).  A sample containing the 

same concentration of fosfosal without the enzyme, and a sample of 20 mM SA were 

prepared as controls. After adjusting the pH to reach a value of 7.4, the samples were 

incubated at 37°C for 30 min and then were analyzed with catalyCEST MRI. The sample  

 

Figure 10.3. UV-Vis absorption studies.  (a) The UV-Vis absorption spectra of salicylic acid and fosfosal. 
(b) The progress of the enzyme reaction with 0.05 Units of calf intestinal alkaline phosphatase.  
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containing the CIAP enzyme generated a strong 8.7% CEST signal at 8.75 ppm, which 

closely matched the previously reported CEST signal amplitude of SA. In contrast, the 

fosfosal sample without the enzyme showed very low CEST signal of 1.7%, which was 

considered to be negligible relative to typical contrast-to-noise generated during CEST 

MRI studies. This result confirmed that catalyCEST MRI can detect AP enzyme activity 

using fosfosal.  

We performed UV-Vis spectroscopy studies to confirm that the AP enzyme caused 

the conversion of fosfosal to SA (Figure 10.3). UV-Vis absorption spectra of SA and 

fosfosal showed a peak at 296 and 270 nm, respectively (Figure 10.3a). Therefore the 

appearance of a peak at 296 nm can be used to indicate the conversion of fosfosal to SA. 

Monitoring changes in absorbance at 296 nm in a solution of fosfosal and CIAP clearly 

showed an increase in SA concentration over time (Figure 10.3b). Similar results were  

 

Figure 10.4. Michaelis-Menten kinetics of fosfosal. Fosfosal incubated with (a) calf intestine alkaline 
phosphatase (CIAP) and (b) human liver alkaline phosphatase (HLAP). (c) A CEST-concentration 
calibration for salicylic acid. Calibrated concentration-time graphs for (d) CIAP and (e) HLAP. Hanes-
Woolf plots of (f) CIAP and (g) HLAP. 
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obtained with human liver alkaline phosphatase (HLAP; Figure 10.S1-a). To confirm that 

the conversion was solely due to the presence of the enzyme, UV-Vis spectra of a 

fosfosal solution without AP enzyme was investigated under the same conditions (Figure 

10.S1-b). No changes in the absorbance at 296 nm over time confirmed that fosfosal was 

converted to SA only in the presence of the enzyme. Therefore, the UV-Vis experiment 

confirmed that the signal observed in the CEST MRI experiments originated from the 

conversion of fosfosal to SA in the presence of AP.  

The saturation power and saturation time were adjusted to optimize CEST signal 

amplitude (Figure 10.S2) (24). The CEST signal amplitude increased non-linearly with 

increasing saturation power or time, for concentrations of the biosensor ranging from 2.5 

mM to 30 mM. However, high saturation powers may result in sample heating, and long 

saturation times can slow throughput in radiological clinics, each of which can limit 

translation of CEST MRI to clinical applications. Therefore, we performed all subsequent 

catalyCEST MRI studies with a 6 µT saturation power and a 4 s saturation time that still 

generated strong CEST signals. We evaluated the effect of pH on the CEST signal from 

SA because a correlation between pH and CEST signal has been reported (25). The 

CEST signal decreased significantly when the pH was lower than 6.6, and were relatively 

invariant between pH 6.6 and 7.96 (Figure 10.S3). Thus the CEST signal can be detected 

from this biosensor within a physiologically suitable pH-range. 

We compared the kinetics of converting fosfosal to SA with CIAP and HLAP to 

evaluate the utility of catalyCEST MRI for detecting AP isoforms (Figure 10.4). These 

studies were performed with 0.5-1 Units of the enzymes and ≥2.5 mM of biosensor 

substrate to ensure pseudo-first-order kinetics at the start of the reaction. The kinetics 
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were performed for 100 minutes, considering that MRI is a slow measurement technique 

relative to other methods such as UV-Vis spectroscopy (Figure 10.4a, 10.4b).  The CEST 

signal amplitude of the SA product was converted to concentration using a CEST-

concentration calibration obtained under identical experimental conditions (Figure 10.4c).  

The linear regions of each concentration-time plot (Figure 10.4d, 10.4e) were used to 

calculate the initial velocities, which were the first 23 and 51 minutes of the reactions 

with CIAP and HLAP, respectively, based on analyses of R2 values for all possible 

durations for each reaction. As seen in figures 10a-e, the error in determining the 

substrate concentration at each time point is non-negligible.  This differs from typical 

Michaelis-Menten (MM) kinetics analyses where the substrate concentration can be 

determined with high accuracy and precision. Therefore, we used a Hanes-Woolf (HW) 

plot to determine MM kinetics parameters (Figure 10.4f, 10.4g), which cancels the error 

in the concentration of the substrate when determining the slope, leading to improved 

measurements of the maximum velocity, Vmax, which in turn improved the determination 

of the catalytic rate, kcat. The results showed that kcat was 2.7-fold faster for CIAP than 

for HLAP (Table 10.1).  The Michaelis constant, Km, which approximates the 

dissociation constant, was 3.7-fold lower for CIAP relative to HLAP, demonstrating that 

the biosensor bound with more affinity to CIAP.  The catalytic efficiency, kcat/Km, was an 

order of magnitude higher for CIAP than HLAP due to the superior binding and rate of 

catalysis.  Yet both enzymes had extremely efficient catalysis for the biosensor substrate, 

showing that catalyCEST MRI can efficiently detect the activity of AP isoforms. This 

kinetic efficiency has advantages for future in vivo studies, because in vivo catalyCEST 

MRI depends on rapid conversion of a high concentration of biosensor concentration for 
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Table 10.1. Kinetics parameters for calf intestinal alkaline phosphatase and human liver alkaline 
phosphate enzymes at 37°C. 

Enzyme CIAP HLAP 
Km (M) 1.63 x 10-3 6.07 x 10-3 
Vmax (M.s-1) 2.83 x 10-3 1.29 x 10-3 
kcat (s-1) 2.12 x 106 7.74 x 105 
kcat/Km (M-1.s-1) 1.30 x 109 1.28 x 108 

 
adequate detection. Furthermore, this biosensor should be considered to be a non-specific 

substrate for detecting all alkaline phosphatases.  

We performed studies with cell lystate to demonstrate that catalyCEST MRI with 

fosfosal can detect biologically relevant levels of AP enzymes (26-27). Confluent 

HEK293T cells were lysed by mammalian protein extraction reagent (mPER) lysis 

solution. This lysate was mixed with fosfosal solution and incubated for 3 h at 25°C. 

CEST MRI showed that the mixture produced a CEST signal at 8.75 ppm, indicating the 

appearance of SA (Figure 10.5). To confirm that the signal was produced by the reaction 

between AP enzyme and fosfosal, a solution containing a similar concentration of 

fosfosal but with no lysate and a solution containing fosfosal, lysate and a cocktail 

containing AP enzyme inhibitors were studied with catalyCEST MRI. Both of these  

 

Figure 10.5. CEST spectra of fosfosal before and after catalysis with cell lysate. Spectra are shown for 27 
mM fosfosal (triangle and short dashed red line), 27 mM fosfosal with lysate (square and solid red line), 
and 27 mM fosfosal with lysate pre-treated with the inhibitor cocktails (circle and long dashed red line) 
with pH of 7.40±0.05 were incubated with lysate solution for 3 h at 25°C. 
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additional samples showed the same negligible CEST signal amplitude, which confirmed 

that the observed CEST signal from fosfosal in lysate was produced by conversion of 

fosfosal to SA. This showed that fosfosal could be used to detect biologically relevant 

concentrations of AP enzymes in vitro. In particular, intracellular AP enzymes are only 

expected to be detected in necrotic tissues, because necrosis causes cells to release their 

intracellular components. Thus catalyCEST MRI with fosfosal may be useful for 

detecting necrotic tumor tissues after initiating cancer treatment, and before macroscopic 

changes in tumor size can be observed. 

10.3 Conclusions 

 In conclusion, fosfosal can be used as a biosensor for the detection of AP enzymes 

with excellent specificity and in the presence of other biomolecules. Our results clearly 

showed that catalyCEST MRI can detect the activity of various isoforms of AP enzymes 

with fosfosal. High catalytic efficiency of the isoforms of AP enzymes for fosfosal 

facilitated the catalyCEST MRI detection of AP activity.  Moreover, we were able to 

show that biologically relevant concentrations of AP enzyme can be detected by our 

method. In addition to biologically relevant experimental conditions, catalyCEST MRI 

parameters that were used in this experiment were within the range acceptable for clinical 

translation, which warrants future in vivo studies. 

10.4 References 

1. Phosphatase Modulators; J. L. Millán, Ed.; Human Press,  New York 2013. 

2. J. L. Millán, Purinerg. Signal. 2006, 2, 335-341.  

3. S. A. Mamari, J. Djordjevic, J. S. Halliday, R. W. Chapman, J. Hepatol. 2013, 58, 

329-334. 



	 151 

4. K. Kaliannan, S. R.  Hamarneh, K. P.  Economopoulos, S. N. Alam, O. Moaven, P. 

Patel, N. S. Malo, M. S. Ray, M. Abtahi, N. Muhammad, A. Raychowdhury, A. 

Teshager, M. M. Rafat Mohammad, A. K. Moss, R. Ahmed, S. Hakimian, S. 

Narisawa, J. L. Millán, E. Hohmann, H. S. Warren, A. K. Bhan, M. S. Malo, R. A. 

Hodin, Proc. Natl. Acad. Sci. USA. 2013, 110, 7003-7008. 

5. R. B. McComb, G. N. Bowers, S. Posen Jr., Alkaline Phosphatase, Plenum Press, 

New York & London, 1979. 

6. G. G. Westmeyer, Y. Emer, J. Lintelmann, A. Jasanoff, Chem. Biol. 2014, 21, 422-

429.  

7. A. C. Silva, J. H. Lee, I. Aoki, A. P. Koretsky, NMR Biomed. 2004, 17, 532-543. 

8. P. H. Kuo, E. Kanal, A. K. Abu-Alfa, S. E. Cowper, Radiology 2007, 242, 647-649. 

9. I. Daryaei, M. D. Pagel, J. Res. Rep. Nuc. Med. 2015, 5, 19-32. 

10. V. Guivel-Scharen, T. Sinnwell, S. D. Wolff, R. S. Balaban, J. Magn. Reson. 1998, 

133, 36-45. 

11. B. Yoo, M. D. Pagel, J. Am. Chem. Soc. 2006, 128, 14032-14033. 

12. R. G. Bryant, Annu. Rev. Biophys. Biomol. Struct. 1996, 25, 29-53. 

13. D. V. Hingorani, A. S. Bernstein, M. D. Pagel, Contrast Media Mol. Imaging 2015, 

10, 245-265. 

14. X. Yang, X. Song, Y. Li, G. Liu, S. R. Banerjee, M. G. Pomper, M. T. McMahon, 

Angew. Chem. Int. Ed. 2013, 52, 8116-8119. 

15. A. Bar-Shir, J. W. M. Bulte, A. A. Gilad, ACS Chem. Biol. 2015, 10, 1160-1170. 

16. E. Noble, L. Janssen, P. J. Dierickx, Cell Biol. Toxicol. 1997, 13, 445-451. 

17. G. Fernández-Cuervo, S. Sinharay, M. D. Pagel, ChemBioChem 2016, 17, 383-387. 



	 152 

18. S. Sinharay, G. Fernández-Cuervo, J. P. Acfalle, M. D. Pagel, Chem. Euro. J. 2016, 

22, 6419-6495. 

19. D. H. Hingorani, L. A. Montanoa, E. A. Randtke, Y. S. Lee, J. Cárdenas-Rodríguez,  

M. D. Pagel, Contrast Media Mol. I. 2015, 11, 130-138. 

20. M. N. Levine, R. T. Raines, Anal. Biochem. 2011, 418, 247-252. 

21. W. Zhou, C. Andrews, J. Liu, J. W. Shultz, M. P. Valley, J. J. Cali, E. M. Hawkins, 

D. H. Klaubert, R. F. Bulleit, K. V. Wood, ChemBioChem 2008, 9, 714-718. 

22. J. Ramis, J. Torrent, R. Mis, M. Barbanoj, M. Abadias, F. Jane, J. Forn, Int. J. Clin. 

Pharmacol. Ther. Toxicol. 1988, 26, 421-427. 

23. J. Ramis, I. Gich, J. Torrent, R. Mis, F. Jané, J. Forn, Int. J. Clin. Pharmacol. Ther. 

Toxicol. 1989, 27, 352-357. 

24. M. T. McMahon, A. A. Gilad, J. Zhou, P. Z. Sun, J. W. M. Bulte, P. C. M. van Zijl, 

Magn. Reson. Med. 2006, 55, 836-847. 

25. K. M. Ward, R. S. Balaban, Magn. Reson. Med. 2000, 44, 799-802.  

26. U. Domar, B. Nilsson, V. Baranov, U. Gerdes, T. Stigbrand, Histochemistry 1992, 98, 

359-364. 

27. F. J. Benham, J. Fogh, H. Harris, Int. J. Cancer 1981, 27, 637-644. 

10.5 Supplementary Information 

10.5.1 Materials and Instruments 

Commercially available fosfosal was purchased from VWR International, SA was 

purchased from Sigma Aldrich (St. Louis, MO, USA), HLAP was purchased from 

Calzyme Laboratories (San Luis Obispo, CA, USA), and CIAP and AP 10X buffer 

containing TRIS.HCl (50 mM), MgCl2 (10 mM), ZnCl2 (1 mM), and spermidine (10 
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mM) were purchased from Promega Corp. (Madison, WI, USA). Phosphatase inhibitor 

(cocktail A and B) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). All MRI experiments were performed with a Biospec 7T MRI scanner (Bruker 

Biospin, Inc., Bilarica, MA, USA) with a 72 mm diameter transceiver coil.   UV-visible 

absorption spectra were obtained using an Agilent 8453 spectrophotometer equipped with 

a VWR 1180S temperature controller. An Orion Star™ A121 pH meter (Thermo-

Scientific, Inc., Waltham, MA, USA) with an InLab® Microelectrode (Mettler-Toledo 

LLC, Columbus, OH, USA) was used to measure pH values. 

10.5.2 Preparation of Solutions 

Fosfosal (26.2 mg, 0.12 mmol) and SA (19.0 mg, 0.12 mmol) were each dissolved 

in 1X alkaline phosphatase (AP) buffer (2 mL) to yield a solution with 60 mM 

concentration. HCl (100 mM) and NaOH (100 mM) were used to adjust the pH of the 

mother solution. Serial dilution of the mother solution with 1X AP buffer produced the 

final solutions.   HLAP (10 units) dissolved in 1X AP buffer (100 µL) and CIAP (100 

units) were diluted in1X AP buffer (1000 µL), and therefore each 10 µL contained 1 unit 

of the enzyme. 

10.5.3 Enzyme Reactions 

Various fosfosal solutions were prepared by diluting a 60 mM mother solution 

with 1X AP buffer, while the pH of each solution was adjusted to be 7.40±0.05 as the 

mother solution, and then 10 µL of the enzyme solution containing 1 Unit of the CIAP 

enzyme was added.  A solution of SA was also prepared with the same procedure (Figure 

10.2). The symbols represent % water signal measured with CEST MRI; the black lines 

represent the Lorentzian line fitting to the experimental data; the red lines represent the 
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Lorentzian line shapes for each CEST signal.  Spectra are shown for samples of 20 mM 

salicylic acid (circle, short dashed red line), 20 mM of fosfosal incubated with CIAP for 

30 min (square, solid red line), and 20 mM of fosfosal with no enzyme (triangle, long 

dashed red line) at 37 °C, pH = 7.4 ± 0.05, saturation power = 3.5 µT, and saturation time 

= 4 s. The fosfosal sample that was incubated with CIAP produced a CEST signal that 

was as great as the CEST signal from salicylic acid. 

10.5.4 UV-Vis Spectrometry 

Solutions of fosfosal and SA samples with an initial concentration of 20 mM were 

diluted with 1X AP buffer to yield samples with 100 µM concentration and adjusted pH 

of 7.4±0.05. 500 µL of each solution was added to a UV-Vis cuvette and the spectrum 

was recorded at 37 °C (Figure 10.3). Then CIAP (0.05 unit) and HLAP (0.1 unit) (Figure 

10.S1a) were added to separate samples of fosfoal with 100 µM concentration and pH of 

7.4±0.05, and UV-Vis spectra were collected every 1 min for 20 min. Spectra of a sample 

of fosfosal with 100 µM concentration and pH of 7.4±0.05 were collected every 1 min for 

20 min without adding enzyme (Figure 10.S1b).  

 

Figure 10.S1.  UV-Vis absorption studies.  (a) the UV-Vis absorption spectra of 100 µM of fosfosal in the 
presence of 0.05 units HLAP enzyme at 37°C, pH = 7.40 ± 0.08. The progress of the enzyme reaction was 
monitored for 20 minutes in 1-minute increments by observing an increase in absorbance at 296 nm. (b) the 
UV-Vis absorption spectra of 100 µM of fosfosal with no enzyme at 37°C, pH = 7.40 ± 0.08. 
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10.5.5 Optimization of CEST MRI Parameters and pH 

 Fosfosal solutions (each 200 µL) with concentrations of 2.5, 5.0, 10.0, 16.0, 20.0, 

and 30.0 mM and SA solutions (each 200 µL) with concentrations of 2.5, 5.0, 10.0, 16.0, 

20.0, and 30.0 mM were prepared by serial dilution of a 40 mM mother solution using 1X 

AP buffer. NaOH (10%) and HCl (5%) were used to adjust the pH of samples to be pH= 

7.28 ± 0.06. Different saturation powers from 0.5 µT to 9 µT were applied to the samples 

with a constant saturation time of 4 s while the temperature was maintained at 37°C 

(Figure 10.S2-a). Then CEST MRI of the samples was collected while a range of 

saturation times from 0.5 s to 10 s and constant saturation power of 6 µT were applied at 

37°C (Figure 10.S2-b).  

A series of SA samples with concentration of 20 mM were prepared and their pH 

adjusted between 6.05 and 7.96. CEST MRI collected while saturation power of 6 µT at 

saturation time of 4 s were applied on the samples at the temperature of 37°C (Figure 

10.S3). 

 

Figure 10.S2.  Evaluation of CEST saturation parameters.  (a) The CEST signal of various concentrations 
of salicylic acid were evaluated as a function of saturation power with a constant saturation time of 4 s, (b) 
and were evaluated as a function of saturation time with a constant saturation power of 6 µT.  CEST studies 
were performed at 37 °C and pH= 7.28 ± 0.06.  
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Figure 10.S3.  The effect of pH on the CEST signal of salicylic acid.  (a) CEST spectra of 20 mM salicylic 
at 37 °C, saturation power of 6 µT, and saturation time of 4 s at different pH values. (b) The CEST signal 
for salicylic acid was relatively constant between pH 6.68 and 7.96. 
 
10.5.6 Michaelis-Menten Enzyme Kinetics Studies  

Fosfosal solutions (each 200 µL) with concentrations of 2.6, 5.1, 10.3, 16.4, 20.5, and 

30.8 mM (series I) and 2.6, 5.3, 10.5, 15.8, 21.0, and 31.5 mM (Series II) were prepared 

by serial dilution of a 40 mM mother solution using AP buffer 1X. NaOH (10%) and HCl 

(5%) were used to adjust the pH of samples to be 7.40 ± 0.08. Samples were placed in a 

customized MRI cradle and CEST MRI results were collected while the samples were 

maintained at a temperature of 37°C. Then 0.5 Units of CIAP (5 µL) and 1 Unit of HLAP 

(10 µL) were added to samples in series I and II, respectively. CEST MRI results were 

continuously collected for 100 min after the enzymes were added to the samples. CEST 

MRI results were processed by fitting Lorentzian line shapes to Z-spectra at each time 

point, using customized routines written for MATLAB version R2014b (Mathworks, Inc., 

Natick, MA). A CEST-concentration calibration was obtained at 37 °C, pH= 7.40 ± 0.08, 

saturation power = 6 µT, saturation time = 4 s. The R2-value of the graph showed that the 

concentrations used for this series of the experiments were under the threshold of 

reaching a non-linear CEST response. The slope of the line was used for the conversion 

of the CEST-time graph to concentration-time graphs. Thus all CEST signal amplitudes 
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from CEST-time plots were corrected by dividing with a factor of 1.31 obtained from the 

reference CEST-concentration plot.  The linear region of the yielded concentration-time 

graph was investigated by comparing R2-values of the lines consisting of various 

numbers of data points with a minimum of 2 data points.  The slope of the line in the 

linear region of the yielded concentration-time graph for each concentration of the two 

series of samples was used as the initial velocities for Hanes-Woolf kinetics analysis that 

determined Vmax and Km  (1). The Vmax values were used to determine the kcat values for 

each enzyme using the enzyme concentration for each study. 

10.5.7 Cell Lysate Assay 

HEK293T cells were maintained in 90% DMEM media supplemented with 10% FBS, 

100 U/mL penicillin, 100 µg streptomycin and 2.5 µg/mL amphotericin B at 37 °C in a 

5% CO2 incubator. Cells were split regularly at 70-80% confluence into T75 flasks.  

Confluent HEK293T cells were plated at a density of 1 x 106 cells in 6 well plates for 24 

hours. Each well was washed with 300 µL of ice-cold PBS and cells were lysed in 100 

µL Lysis Buffer, mPER (Thermo Scientific, Inc.) for 20 minutes at 4°C. Cell lysate was 

cleared at 14,000 rcf for 10 minutes at 4°C. 

A 150 µL solution of 40 mM fosfosal at pH 7.40±0.05 was mixed with AP inhibitor 

cocktail A containing bromotetramisole (10 µL) and cocktail B containing imidazole (10 

µL) and then 50 µL of the cell lysate was added to the solution. In a second study, an 

identical solution was mixed with 20 µL 1X AP buffer and then 50 µL of the cell lysate 

was added to solution. In a third study, an identical solution was mixed with 70 µL 1X 

AP buffer. The final concentration of fosfosal in all samples calculated to be 27 mM. The 

samples were incubated at 25°C for 3 hours. 
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10.5.8 CEST MRI 

A CEST-FISP MRI protocol using a 7 T Bruker Biospec MRI scanner was employed 

for all catalyCEST MRI experiments. The following parameters were applied for the 

FISP acquisition: 2.014 ms echo time; 4.429 ms pulse repetition time; 476.67 ms scan 

repetition time; 10° excitation angle; centric encoding; unbalanced “FID” mode; 1 mm 

slice thickness; 391 x 391 µm in-plane resolution; 5 x 5 cm field of view; and 128x128 

matrix size. A block pulse with no additional spoiling or fat saturation pulses was used 

during the CEST saturation period.  Saturation was applied at a peak power of 6 µT and a 

bandwidth of 0.3 Hz for 4.0 s unless otherwise noted in the results. Images were 

reconstructed using ParaVision® pv5.1 (Bruker Biospin, Inc.).  Signal amplitudes were 

measured using ImageJ to create a CEST spectrum (2). 

10.5.8.1 Lorentzian Line Fitting 

 A single function that consisted of a sum of two Lorentzian line shapes was fit to each 

CEST spectrum using a customized script written for Matlab R2014b (Mathworks Inc., 

Natick, MA, USA) (3-5). A Levenberg-Marquardt least squares fitting routine was used 

to optimize the fitting of the function to each CEST spectrum. The center, width, and 

amplitude of each Lorentzian line was allowed to change to optimize the fit. Because the 

center of each line shape (i.e., the chemical shift) was fitted, this method automatically 

compensated for potential B0 inhomogeneity during the CEST MR studies. 
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11.1 Introduction 
 
11.1.1 The Role of Nitroreductase Enzyme in Cancer Treatment 

 Nitroreductase (NR) is a flavoprotein that reduces biological molecules with the help 

of NAD(P)H. The enzyme is mainly expressed in bacteria in two major classes and they 

catalyze 1-electron and 2-electron reduction processes (1,2). Although the human body 

does not express NR, the enzyme activity is observed in diseases resulting from bacterial 

infection such as West African trypanosomiasis or Chagas disease (3).  

 The combination of the expression of an enzyme in the human body and 

administration of prodrugs has been proposed as a strategy for the treatment of diseases 

that suffer serious medical side-effects (4). Generally prodrugs are considered as safe 

compounds that are not cytotoxic until activated.  Therefore prodrugs have been used for 

diseases such as cancer especially to improve dose escalation. The ability of the NR 

enzyme to reduce a nitro group to an amine group has made this enzyme a great 

candidate for the activation of prodrugs such as Nifurtimox, CB1984, and mitomycin C 

(3,5,6).  

 Antibody Directed Enzyme Prodrug Therapy (ADEPT) and Gene-Directed Enzyme 

Prodrug Therapy (GDEPT) are two technologies introduced for the treatment of cancer 

and other bacterial infection disorders. NR enzyme is conjugated to antibodies that target 

specific biomarkers that are expressed in cancer cells in ADEPT while the gene of the 

NR enzyme is integrated into the genetic code of cancer cells using various types of 

vectors in GDEPT. The administration of a prodrug in the next step will kill cells in the 

area where NR is present. The effective expression of NR enzyme and its activity are the 

major parameters in success of these technologies (7).   
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11.1.2 Imaging of Nitroreductase Enzyme 

 Several fluorescent (8-14), bioluminescent (15), and chemoluminescent (16) optical 

agents have been developed for the detection of NR enzyme (Scheme 11.1). The common 

feature of these agents is a nitro group that is reduced to an amine by the enzyme. In 

some agents, the reduction of nitro changes the emission wavelength of the agent. In 

other designs the chemical conversion releases part of the original molecule for a 

secondary effect such bioluminescence. Limited depth of penetration is the major barrier 

for the clinical application of optical probes. Tissues such as the prostate require 

modalities with the capability for deep tissue detection.  

 
 

Scheme 11.1. Optical probes designed for the detection of nitroreductase activity.  

Our interest in detecting NR enzyme activity with a modality other than optical 

imaging encouraged us to develop NR-responsive T2-Ex contrast agents fro MRI. We 

examined a series of CAs bearing a nitro group or its reduced amine group form as a 

substituent on the ortho, meta, or para position of a benzene ring. We selected the nitro 

and amine functional groups for our study because the conversion of a nitro group to an 

amine group is performed by the NR enzyme in biological systems. Changes in electronic 

or resonance properties of chemical functional groups in MRI CAs affect the chemical 
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exchange rate of the CAs (17-20).  For example, a chemical or biological conversion of a 

nitro or amide group to an amine group can change the chemical exchange rate of a 

proton, which has been used to design biomarker-responsive T1 or CEST MRI CAs for 

the detection of enzymes or other biological molecules (21-23).  Similarly, enzymes or 

biological molecules can modify the chemical structure of the ligand of a biomarker-

responsive T2-Ex CA, causing alteration of the chemical exchange rate of water molecules 

in the first solvation shell of the CA, which can change the T2-Ex relaxation rate of the 

responsive T2-Ex CA (24-26).  As an advantage, a change in exchange rate that affects T2-

Ex relaxation does not affect T1 relaxation of the CA, and thus a T1 MR image can be used 

to account for the concentration of the agent and/or monitor other environmental 

parameters that may complicate the interpretation of changes in T2-Ex relaxation caused by 

the biomarker.  

11.2 Methods and Materials  

 Acetonitrile (ACN), methanol (MeOH), dichloromethane (DCM), N,N-

dimethylacetamide (DMA), t-butyl bromoacetate, thioanisole, potassium carbonate, 

sodium acetate, and palladium on activated carbon (10%) were purchased from Acros 

Organics (Geel, Belgium). The remaining chemicals were purchased from the following 

companies: cyclen (1,4,7,10-tetraazacyclododecane) from Strem Chemicals, Inc. 

(Newburyport, MA); dysprosium(III) chloride hydrate from Alfa Aesar (Ward Hill, MA); 

nitroreductase (≥90%, recombinant, expressed in E. coli) and 2-nitrobenzyl bromide from 

Sigma-Aldrich; 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA) from 

Macrocyclics, Inc. (Dallas, TX) and 60 Å silica gel with 40-60 µm particle size from 

EMD Chemicals, Inc. (Darmstadt, Germany). Hydrogenation was performed using a 
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series 3911EA shaker hydrogenation apparatus (Parr Instrument Co., Moline, IL). An 

Orion Star™ A121 pH meter (Thermo-Scientific) with an InLab® microelectrode 

(Mettler-Toledo LLC, Columbus, OH) was used to measure pH values. NMR spectra 

were acquired with a Bruker Avance III 400 MHz NMR spectrometer and 17O-exchage 

rate experiments were obtained with a Bruker DRX 500 MHz NMR spectrometer with a 

broadband inverse probe (Bruker Biospin, Inc., Bilarica, MA). Mass spectrometry results 

were obtained using a JEOL HX110A ESI mass spectrometer. All MR results were 

collected using a Bruker Biospec 7T MRI instrument with a 72 mm volume coil. 

Purification was conducted using a Varian ProStar HPLC system with a 345 UV detector 

and a Waters XBridge C18 preparation column (250 mm length, 19 mm width, 10 µm 

particle size). 

11.2.1 Chemical Synthesis of T2-Ex MRI Contrast Agents 

Synthesis of tri-tert-butyl 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

hydrobromic salt (t-But-DO3A.HBr) (A3) 

Compound 7 was prepared according to a previously published procedure using 

cyclen (A1) and tert-butyl 2-bromoacetate (A2) (12.67 g, 73%) (27).   

1H NMR (400 MHz, DMSO): 1.43 (s, 9H), 1.44 (s, 18H), 2.71 (m, 8H), 2.85 (m, 4H), 

2.98 (m, 4H), 3.46 (s, 6H), 8.79 (br, 1H). 

13C NMR (400 MHz, DMSO): 28.29, 28.32, 45.97, 48.89, 50.15, 51.56, 52.55, 56.50, 

80.99, 81.07, 170.50, 171.05.   

MS(ESI)[C26H50N4O6+H+]: 515.2 m/z (calculated: 515.4 m/z). 
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Synthesis of tri-tert-butyl 2,2',2''-(10-(X-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triyl)triacetate (t-But-DO3A-x-Nitro) (A5, A6, or A7) 

t-But-DO3A.HBr (A3) (2.6 g, 4.2 mmol) and K2CO3 (3 g, 21.7 mmol) were added to 

a 3-neck flask containing ACN (anhydrous, 20 ml). The mixture was stirred under N2 

atmosphere in reflux conditions for 6 h. Then x-nitrobenzyl bromide (x=ortho, meta, or 

para) (A4) (1.14 g, 5.3 mmol) was dissolved in ACN (10 ml) and added slowly for 10 

min. The mixture was stirred under N2 atmosphere and reflux conditions for an additional 

2.5 h. The mixture was filtered to remove potassium salts then the solvent of the filtrate 

was evaporated under vacuum to yield a foamy compound. The crude was purified using 

	

Scheme 11.2. Synthesis route used for preparation of materials in this study. a) Synthesis of Ln-
DO3A-x-NO2 and Ln-DO3A-x-NH2. b) Synthesis of Ln-TETA. 
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column chromatography on silica gel by a solvent gradient of 0-10% DCM in MeOH.  

Compound A5 was obtained in the form of a pale yellow foam (1.90 g, 67%). 

 1H NMR (400 MHz, CDCl3): 1.41 (s, 1H), 1.43 (s, 11H), 1.46 (s, 18H), 2.25 (m, 2H), 

2.35 (br, 6H), 2.90 (m, 5H), 3.06 (s, 6H), 3.92 (s, 2H), 7.43 (t, 1H), 7.52 (t, 1H), 7.75 (d, 

1H), 7.79 (d, 1H). 

13C NMR (400 MHz, CDCl3): 27.83, 27.97, 28.06, 28.16, 28.19, 49.99, 53.48, 53.81, 

55.81, 56.41, 82.49, 82.95, 124.27, 128.68, 130.78, 132.05, 132.52, 151.33, 172.70, 

173.55. 

MS(ESI)[C33H55N5O8+H+]:650.3 m/z (calculated: 650.4 m/z). 

Compound A6 was obtained in the form of a pale yellow foam (1.7 g, 60%). 

1H NMR (400 MHz, CDCl3): 1.42 (s, 9H), 1.44 (s, 3H), 1.45 (s, 15H), 2.18 (m, 2H), 2.39 

(d, 8H), 2.72 (br, 4H), 3.03 (d, 6H), 3.18 (d, 2H), 3.50 (d, 2H), 7.55 (t, 1H), 7.76 (d, 1H), 

8.13 (d, 1H), 8.70 (s, 1H). 

13C NMR (400 MHz, CDCl3): 27.79, 27.83, 28.04, 28.07, 28.16, 49.85 (b), 55.66, 55.99, 

58.84, 82.54, 83.10, 122.53, 124.75, 129.51, 137.14, 139.75, 148.60, 172.57, 173.52. 

MS(ESI)[C33H55N5O8+H+]:650.3 m/z (calculated: 650.4 m/z). 

Compound A7 was obtained in the form of a pale yellow foam (2.54 g, 92%). 

1H NMR (400 MHz, CDCl3): 1.44 (s, 27H), 2.19 (m, 2H), 2.41 (br, 8), 2.73 (br, 4H), 3.38 

(br, 10H), 7.79 (d, 2H), 8.15 (d, 2H). 

13C NMR (400 MHz, CDCl3): 27.83, 27.93, 28.05, 50.10 (b), 55.74, 56.07, 58.94, 82.48, 

83.06, 123.64, 131.07, 145.41, 147.24,172.62, 173.67. 

MS(ESI)[C33H55N5O8+H+]:650.3 m/z (calculated: 650.4 m/z). 
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Synthesis of 2,2',2''-(10-(x-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetic acid (DO3A-x-Nitro) (A8, A9, or A10) 

t-But-DO3A-x-Nitro  (1.9 g, 2.9 mmol) was dissolved in DCM (20 ml) and then TFA 

(15 ml) was added to the solution. The solution was stirred overnight at room 

temperature. The solvent was evaporated under vacuum. Toluene (3 x 15 ml) was added 

and evaporated after each addition to remove residue of TFA from the mixture. The 

green-black crude was purified using HPLC with 0-40% ACN in 20 min and flow rate of 

7 ml/min. The solvent was partially dried using N2 flow and the rest was lyophilized to 

yield compound A8 as a white fluffy product (1.30 g, 93%). 

MS(ESI)[C21H32N5O8+H+]:482.20 m/z (calculated: 482.22 m/z). 

[C21H32N5O8+Na+]:504.30 m/z (calculated: 504.49 m/z). 

Compound A9, (1.13 g, 80%) 

MS(ESI)[C21H32N5O8+H+]:482.27 m/z (calculated: 482.22 m/z), 

[C21H32N5O8+Na+]:504.33 m/z (calculated: 504.49 m/z). 

Compound A10, (1.32 g, 94%) 

MS(ESI)[C21H32N5O8+H+]:482.36 m/z (calculated: 482.22 m/z), 

[C21H32N5O8+Na+]:504.32 m/z (calculated: 504.49 m/z). 

Synthesis of Ln-DO3A-x-Nitro (A11-A16) 

DO3A-x-NO2 (A6) (0.380 g, 0.77 mmol) was dissolved in H2O in a conical tube. A 

10% solution of KOH was used to adjust the pH of each sample between 6-8. Then 

DyCl3 (0.308 g, 1.1 eq.) or TmCl3 (0. 275 g, 1.1 eq.) was added to the solution. The 

reaction was stirred in a capped conical tube for 3.5 h at 40°C.  The pH was increased to 

>10 and the solution was stirred for another 0.5 h to precipitate free Dy3+ ions. The 
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reaction mixture was centrifuged and the supernatant was separated and lyophilized. A 

mixture of DCM/MeOH (4:1) was added to the lyophilized powder to precipitate free 

Dy3+ ions. The solution was filtered through celite. Then the solvent mixture was 

evaporated under vacuum and the residue was dissolved in water and lyophilized to yield 

a white product.  A small quantity of each product was used for a free lanthanide 

colorimetric test (28). No free Dy3+ or Tm3+ was detected in the sample. 

Dysprosium-2,2',2''-(10-(2-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-o-NO2, A11): 0.280 g (56%), MS(ESI)[DyC21H29N5O8+H+]: 

643.1306 m/z (calculated: 643.1308 m/z), the expected isotope pattern was observed. 

Dysprosium-2,2',2''-(10-(3-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-m-NO2, A12): 0.370 g (74%), MS(ESI)[DyC21H29N5O8+H+]: 

643.1314 m/z (calculated: 643.1308 m/z), the expected isotope pattern was observed. 

Dysprosium-2,2',2''-(10-(4-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-p-NO2, A13):  0.410 g (82%), MS(ESI)[DyC21H29N5O8+H+]: 

643.1318 m/z (calculated: 643.1308 m/z), the expected isotope pattern was observed. 

Thulium-2,2',2''-(10-(2-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

(Tm-DO3A-o-NO2, A14): 0.290 g (57%), MS(ESI)[DyC21H29N5O8+H+]: 648.1353 m/z 

(calculated: 648.1353 m/z), the expected isotope pattern was observed. 

Thulium-2,2',2''-(10-(3-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

(Tm-DO3A-m-NO2, A15): 0.384 g (76%), MS(ESI)[DyC21H29N5O8+H+]: 648.1355 m/z 

(calculated: 648.1353 m/z), the expected isotope pattern was observed. 
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Thulium-2,2',2''-(10-(4-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

(Tm-DO3A-p-NO2, A16): 0.424 g (84%), MS(ESI)[DyC21H29N5O8+H+]: 648.1370 m/z 

(calculated: 648.1353 m/z), the expected isotope pattern was observed. 

Synthesis of Ln-DO3A-x-Amine (A17-A22) 

Dy-DO3A-x-Nitro (A11-A13) or Tm-DO3A-x-Nitro (A14-A16) (0.160 g, 0.25 

mmol) was added to a hydrogenation flask. Pd/C moisturized with water (0.093 g) was 

added to MeOH (12 ml) and was stirred. The mixture was added to the hydrogenation 

flask and was shaken for 3 hours. Then the mixture was filtered and the powder was 

washed with extra MeOH. The solvent was evaporated under vacuum to yield a dark 

yellow product, which was dissolved in water and washed with DCM (3 x 10 ml) to 

separate organic residues.  Finally the product was lyophilized to yield a white powder.  

A small quantity of each product was used for a free lanthanide colorimetric test. No free 

Dy3+ or Tm3+ was detected in the samples. 

Dysprosium -2,2',2''-(10-(2-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-o-NH2, A17): 0.120 g (79%), 

MS(ESI)[DyC21H31N5O6+H+]:613.1561 m/z (calculated: 613.1566 m/z), the expected 

isotope pattern was observed. 

Dysprosium -2,2',2''-(10-(3-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-m-NH2, A18): 0.125 g (82%), 

MS(ESI)[DyC21H31N5O6+H+]:613.1574 m/z (calculated: 613.1566 m/z), the expected 

isotope pattern was observed. 

Dysprosium -2,2',2''-(10-(4-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Dy-DO3A-p-NH2, A19): 0.123 g (81%), 
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MS(ESI)[DyC21H31N5O6+H+]:613.1548 m/z (calculated: 613.1566 m/z), the expected 

isotope pattern was observed. 

Thulium-2,2',2''-(10-(2-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Tm-DO3A-o-NH2, A20): 0.126 g (82%), 

MS(ESI)[DyC21H31N5O6+H+]:618.1630 m/z (calculated: 618.1611 m/z), expected isotope 

pattern was observed. 

Thulium-2,2',2''-(10-(3-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Tm-DO3A-m-NH2, A21): 0.131 g (85%), 

MS(ESI)[DyC21H31N5O6+H+]:618.1621 m/z (calculated: 618.1611  m/z), expected 

isotope pattern was observed. 

Thulium-2,2',2''-(10-(4-aminobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (Tm-DO3A-p-NH2, A22): 0.129 g (84%), 

MS(ESI)[DyC21H31N5O6+H+]:618.1628 m/z (calculated: 618.1611 m/z), expected isotope 

pattern was observed. 

Synthesis of Ln-TETA (B2 and B3) 

TETA (B1) (300 mg, 0.461 mmol) was dissolved in water (3 ml) and its pH adjusted 

to 6-7. The solution turned light-brown after TETA dissolved in water. Then DyCl3 (174 

mg, 1 eq) or TmCl3 (179 mg, 1 eq) was added to the solution. The solution was stirred at 

room temperature for 7 days. The pH was checked each day and 1-2 drops of 10% KOH 

were added to adjust the pH value between 6-7.  After seven days, the pH of the solution 

was adjusted to 9 to precipitate unchelated Ln(III) ions. Then the solution was 

centrifuged and the supernatant was lyophilized. The product was dissolved in a mixture 

of DMC (3 ml) and MeOH (7 ml) to precipitate salts and possibly unreacted Ln(OH)3. 
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Then the product was filtrated and the supernatant was dried under reduced pressure. The 

product was dissolved in water and was lyophilized to yield a white product. 

Dy-TETA (B2): 0.299 g (72%), MS(ESI)[DyC18H28N4O8+H+]: 593.1347m/z (calculated: 

593.1346 m/z), MS(ESI)[DyC18H28N4O8+Na+]: 615.1168/z (calculated: 615.1162 m/z). 

Tm-TETA (B3): 0.318 g (76%), MS(ESI)[TmC18H28N4O8+H+]: 599.1401 m/z 

(calculated: 599.1400 m/z), MS(ESI)[TmC18H28N4O8+Na+]: 621.1219/z (calculated: 

621.1236 m/z). 

11.2.2 Measurements of R1 and R2 Relaxation Rates 

 Mother solutions of Dy-DO3A-o-NO2, Dy-DO3A-o-NH2, and Dy-TETA were 

prepared in deionized water with concentrations of 5 mM, 9 mM, and 12.05 mM 

(determined by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)) and their 

pH was adjusted to 7.0±0.1 using HCl and NaOH solutions. Serial dilution with 

deionized water with pH of 7.0±0.1 yielded the final samples used for MRI studies.  

11.2.3 Measurements of Chemical Exchange Rates 

160 µl of Dy-DO3A-NO2 or Dy-DO3A-NH2 agent at a concentration of 4 mM was 

mixed with 40 µl of 17O-water (10%) to yield a final solution with a concentration of 3.2 

mM containing 2% of 17O-water and pH of 7.0±0.05. Exchange rate estimation was 

performed as previously reported by Soesbe, et al. (25), to measure water exchange rates. 

Briefly, the Full Width Half Maximum (FWHM) of the oxygen peak of the water 

associated with the transition metal was measured at various temperatures with 

increments of 5°C.  The difference between FWHM of 17O of the water in the contrast 

agent and the FWHM of Ln-TETA with no exchange was fit according to the Swift-
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Connick model. The initial guess for exchange rate was 2 x 105 Hz, with a lower limit of 

5 x 103 Hz and an upper limit of 107 Hz.   

95% confidence intervals were calculated using the residual of fit and Jacobian with the 

nlparci function in Matlab.  When expressing the 95% confidence intervals on the 

logarithmic scale, the error was propagated using the error propagation. 

11.2.4 Effect of pH on R1 and R2 Relaxation Rates 

 8-10 samples of each contrast agent with final concentration of 3.5 mM were 

produced by dilution of the mother solutions with TRIS.HCl buffer (20 mM). 

Different amounts of HCl or NaOH (1M) were added to each sample and their pH 

were measured before running MRI studies.  

11.2.5 In Vitro and Control Studies 

Buffer solutions including PBS, HEPES (0.1 M), and TRIS (0.1 M) were prepared 

and their pH were adjusted using HCl and NaOH solutions to reach final pH values of 

7.43, 7.00, and 7.04 for PBS, HEPES, and TRIS, respectively. Mother solutions of 

NADH and Dy-DO3A-o-NO2 in PBS (3X), HEPES (0.1), and TRIS (0.1 M) were 

prepared by dissolving those agents in the buffers and their pH were adjusted with HCl 

and NaOH solutions to give pH values of 7.37, 7.05, and 7.27 for NADH in PBS, 

HEPES, and TRIS buffers, respectively.  A Dy3+ mother solution had pH values of 7.26, 

7.12, and 6.91 in PBS, HEPES, and TRIS buffers, respectively.  The concentration of the 

Dy3+ mother solution was determined by ICP-MS. Samples with different components 

and concentrations were prepared by mixing various volumes of NADH and Dy-DO3A-

o-NO2 from mother solutions and nitroreductase enzyme solution (1 mg dissolved in 1 ml 

of HEPES solution) to provide final concentrations as mentioned in each case.  An extra 
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volume of the buffer was added to each sample for control samples that did not have 

enzyme. Samples were prepared and incubated over 14 h an anaerobic chamber. Then the 

samples were prepared for MRI experiments.  Experiments using PBS buffer consisted of 

Dy-DO3A-o-NO2 (6 mM), NADH (20 mM), and nitroreductase (5 µl).  Experiments 

using HEPES buffer had Dy-DO3A-o-NO2 (6 mM), NADH (20 mM), and nitroreductase 

(5 µl).  Experiments using TRIS buffer contained Dy-DO3A-o-NO2 (4 mM), NADH (53 

mM), and nitroreductase (20 µl). 

11.2.6 T1 and T2 MRI Protocols 

 A spin echo MRI protocol was used to measure T1 relaxation time constants with the 

following parameters: 12.7 ms echo time; 18.339 ms, 100 ms, 400 ms, 800 ms, 1500 ms, 

2500 ms, 3800 ms, 5400 ms, 7200 ms, and 10000 ms repetition time; 1 mm slice 

thickness; 782 x 782 mm in-plane resolution; 5 x 2.5 cm field of view.  The same spin-

echo MRI protocol was used to measure T2 relaxation times with the following 

parameters: 15-960 ms echo time in 

increments of 15 ms; 40 second repetition 

time; 1.07 mm slice thickness; 400 x 400 

mm in-plane resolution; 5.12 x 2.56 cm 

field of view.  To calculate the T1 and T2 

relaxation times, the signal amplitudes 

were fitted with a monoexponential 

function with a constant to account for a 

possible DC offset using ParaVision® 

Pv5.1 (Bruker Biospin, Inc.). Scheme 11.3. Chemical structures of compounds 
synthesized and analyzed in this study. 
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11.3 Results and Discussion 

We first sought to develop a paramagnetic contrast agent that had a large T2ex effect. 

Multistep syntheses were used to prepare two series of Tm(III) and Dy(III) macrocyclic 

chelates using tetraazacyclododecane-1,4,7,10-triacetic acid (DO3A) with a 

benzylmethylene ligand that included a nitro substituent as a strong electron withdrawing 

group or an amine substituent as a strong electron donating group on ortho, meta, or para 

positions (Schemes 11.3).  These agents were designed to accommodate at least one 

water molecule in the inner coordination sphere that could directly interact with the 

lanthanide ion.  Tm(III) and Dy(III) chelates of tetraazacyclotetradecane-1,4,8,11-

tetraacetic acid (TETA) were also synthesized as reference compounds that could not 

accommodate a  water molecule in the inner coordination sphere due to stearic crowding.  

The identities and purities of all final products were confirmed with high-resolution mass 

spectroscopy (HR-MS) and HPLC.   

 

Figure 11.1. R2 (1/T2) (a) and R1 (1/T1) (b) relaxation rates of a series of Dy-DO3A-o-NO2, Dy-DO3A-o-
NH2, Dy-TETA, and NADH solutions with different concentrations were measured in water with 
pH=7.05±0.05 at 37°C. Error bars represent the standard deviation of measurements, and some error bars 
are smaller than the data symbol.  
 

The T1 and T2 relaxation time constants were measured for the 14 agents, which were 

used to determine the r1 and r2 relaxivity values for each agent (Figure 11.1, Table 11.1).  
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The r1 values of all DO3A-based agents were higher than the r1 values of the TETA-

based agents, confirming that a water molecule was present in the inner coordination 

sphere of each DO3A-based agent at least part-time.  Furthermore, the ortho versions of 

the Dy-DO3A-based agents had r1 values that were higher than the r1 values of the meta 

and para versions.  This evidence suggested that the ortho substituent could directly 

 interact with the lanthanide ion, carboxylates, and/or water molecule in the inner 

coordination sphere, while the meta and para substituents were not oriented in a way to 

interact with the inner coordination sphere.  The ortho, meta, and para versions of Tm-

DO3A-based agents did not show a similar difference in r1 values.  These results 

suggested that the greater stearic crowding of the DO3A around the Tm(III) ion relative 

to the Dy(III) ion precluded a similar interaction of the ortho substituent into the inner 

coordination sphere.  For these reasons, we focused our attention on the Dy(III) chelates 

for subsequent studies, with particular attention on the ortho-based Dy(III) chelates. 

The r2 relaxivity value of 2.16 mM-1s-1 for Dy-DO3A-o-NO2 was 3.5-fold higher than 

the r2 relaxivities of all other Dy(III) chelates, which ranged between 0.45 and 0.61 mM-

1s-1.  The r2/r1 ratio of 6.17 for Dy-DO3A-o-NO2 exceeded the r2/r1 ratios for the other 

agents, which ranged from 1.13 to 2.42. Because dipolar relaxation mechanisms typically 

Table 11.1. r1 and r2 relaxivities of various Ln-DO3A-x-NO2 and Ln-DO3A-x-NH2 samples (Ln 
represents Dy or Tm lanthanide and x shows position of the nitro or amine substituent on a benzene 
ring) in water with pH=7.05±0.05 at 37°C. 
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cause r1 and r2 relaxivities to be similar for small molecule paramagnetic agents, this 

increased T2 relaxation of Dy-DO3A-o-NO2 was not attributed to dipolar T2 relaxation, 

and instead was attributed to the T2-Ex relaxation.  For comparison, the r2 relaxivities of 

the Tm(III) chelates were similar and had low  0.47-0.58 mM-1s-1 values (as an exception, 

the r2 relaxivity of Tm-DO3A-o-NH2 was even lower at 0.22 mM-1s-1), validating our 

focus on the series of Dy(III) agents.   

We then compared the NO2 and NH2 versions of the Dy-DO3A-ortho contrast agents 

to further investigate the higher T2-Ex relaxation with NO2 relative to NH2.  The chemical 

shift of the aliphatic H4 proton on the macrocyclic chelate has previously been shown to 

be related to the chemical shift of a water molecule in the inner coordination sphere.  

NMR spectroscopy studies showed that the H4 chemical shift of the NO2- and NH2-based 

agents were -396  and -46  ppm, respectively, and these values were used for the water in 

the inner coordination sphere for each agent.  Assuming that the difference in r2 

Figure 11.2. Measurement of water exchange rates a) r2-Ex relaxivities of the complexes were calculated 
considering a chemical shift of -396 ppm for the Dy-DO3A-o-NO2 complex and -46 ppm for the Dy-
DO3A-o-NH2 complex. The filled triangle represents r2-Ex relaxivity measured for Dy-DO3A-o-NO2 and 
the filled diamond represents relaxivity observed for Dy-DO3A-o-NH2 based on exchange rates of 
2.48x106 and 6.0x105 Hz, respectively. The line-width of 17O peak at Full Width Half Maximum 
(FWHM) was measured at various temperatures for samples of the agents with concentration of 3.6 mM 
while enriched with 2% 17O containing water with pH 7.05±0.05.  
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relaxivities between DO3A-based agents and TETA-based agents can be assigned to r2-Ex 

relaxivities (i.e., the dipolar through-space T2 relaxation mechanisms are the same for 

DO3A- and TETA-based agents), then the r2-Ex values are 1.95 and 0.25 mM-1s-1 for the 

NO2- and NH2-based agents, respectively. 

A Swift-Connick plot describes the relationship between the r2-Ex relaxivity and 

chemical exchange rate for a specific chemical shift value (Figure 11.2a).  Based on the 

plot for each agent and the r2-Ex values estimated above, the chemical exchange rates of 

the NO2- and NH2-based agents are 5.01x106 and 5.4x105 Hz, respectively.   

Figure 11.4. Measurements 
of R2 (1/T2) and R1 (1/T1) 
relaxation rates of Dy-DO3A-
o-NO2 (A) and Dy-DO3A-o-
NH2 (B) at various 
temperatures for solutions of 
the complexes in water with 
pH=7.05±0.05 and different 
concentrations. Error bars 
represent the standard 
deviation of measurements, 
and some error bars are 
smaller than the data symbol.  
	

Figure 11.3. Measurement and calculation of water exchange rates for Ln-DO3A-x-NO2, Ln-DO3A-x-
NH2, and Ln-TETA complexes by measuring Full Width Half Maximum (FWHM) of the oxygen peak 
of the water molecule interacting with the complexes. The line-width of 17O peak at various 
temperatures was measured for samples of the agents with concentration of 3.6 mM while enriched with 
2% 17O containing water with pH 7.05±0.05. 
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To support these estimates of the chemical exchange rates, 17O NMR studies were 

performed that used the temperature-dependent linewidth of the 17O resonance to 

measure average chemical exchange rates (Figures 11.2b, 11.3).  These results 

demonstrated an exchange rate of 2.48 x106 and 6.0 x105 Hz for the NO2- and NH2-based 

agents, respectively, which equates to a range of 6.4 and 5.8 expressed on a log10 scale, 

respectively (filled circles in Figure 11.2a).  These estimates were in reasonable 

agreement with the exchange rates estimated from the Swift-Connick plot.  Based on the 

estimated chemical exchange rates, the Swift-Connick plot for each agent shows that an 

increase in chemical exchange rate should reduce the r2 relaxivity for each agent.  This 

expectation was confirmed by measuring decreasing r2 relaxivities as the agent was 

heated from 22 °C to 52 °C (Figure 11.4, 11.5). 

 

Figure 11.5. Changes in r1 and r2 relaxivities of Dy- DO3A-o-NH2 (a) and Dy-DO3A-o- NO2 (b) complexes 
with pH=7.05±0.05 in different temperatures. 
 

Based on the comparison of NO2- and NH2-containing agents, we tested whether MRI 

studies with Dy-DO3A-o-NO2 could detect nitroreductase activity that converts NO2 to 

NH2 (Scheme 11.4, Figure 11.6).  Prior to testing nitroreductase activity, we confirmed 

that the R2 relaxation rate (1/T2) of TRIS buffer was almost unchanged after adding 5 µg 
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of enzyme (first two bars from the left in Figure 3A, increasing from 3.2 to 3.4 s-1).  The 

addition of NADH to TRIS buffer with or without enzyme increased the R2 rate to 4.8 s-1 

(3rd and 4th bars in Figure 11.6), indicating that NADH has a r2 relaxivity of 0.033 mM-1s-

1. This minor r2 relaxivity was attributed to the T2-Ex relaxation that can be generated from 

the hydroxyl groups of sugars and amine and amide of nitrogen bases, and was only  

 

Scheme 11.4. Nitroreductase converts the nitro (NO2) group of the agent to an amine (NH2) in the presence 
of NADH. 

 
Figure 11.6. R1 and R2 relaxation rates of various combinations of the Dy-DO3A-o-NO2 (3 mM), NADH 
(56 mM), and nitroreductase enzyme (5 µg) in TRIS solution with pH=7.35±0.1 at 37°C.  
 

detectable due to the high 56 mM concentration of NADH used during these studies (29).  

The R1 relaxation rates (1/T1) of these samples were a consistent 0.22 to 0.24 s-1 (Figure 

11.6).  As expected, the addition of the agent to TRIS buffer with or without NADH 

greatly increased the R2 rate to 9.3-10.3 s-1 (5th and 6th bars of Figure 11.6), which  
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matched the expected R2 rate of 9.7 s-1 based on the r2 relaxivity and 3 mM 

concentration of the agent.  A similar increase in R1 rate was also observed. 

The addition of enzyme to a TRIS-buffered solution of agent and NADH caused the 

R2 relaxation to decrease to 6.2 s-1 (7th bar of Figure 11.6). If all of the 3 mM of Dy-

DO3A-o-NO2 was converted to Dy-DO3A-o-NH2 by nitroreductase, and based on the r2 

relaxivity of the NH2-containing agent, the final solution would be expected to have a R2 

rate of 4.6 mM-1s-1.  Therefore, the conversion of Dy-DO3A-o-NO2 to Dy-DO3A-o-NO2 

was estimated to be 69% complete.  Mass spectroscopy confirmed the presence of the 

product, Dy-DO3A-o-NH2, and also confirmed that some NO2-containing substrate was 

still present .  Furthermore, the R1 rate experienced almost no change after enzyme was 

added to the sample of agent and NADH, decreasing from 0.68 to 0.64 mM-1s-1 (Figure  

11.6).  Thus the R2/R1 ratio of the sample of agent and NADH decreased from 13.6 to 

9.6.  The R2/R1 ratio is an intrinsic, concentration-independent property of the agent, 

demonstrating that the R2/R1 ratio can monitor nitroreductase activity without also 

requiring a measurement of the agent’s concentration.  This observation is critical for 

eventual translation of this MRI contrast agent to in vivo studies, because variable 

pharmacokinetics can deliver different concentrations of agent to tissues, which greatly 

complicates many other in vivo molecular imaging studies with exogenous contrast 

agents. 

We also tested the pH dependence of the R2/R1 ratio for the NO2 and NH2-containing 

versions of Dy-DO3A-ortho agents (Figure 11.8). This R2/R1 ratio decreased 1.43 units 

throughout the range of pH 6.6 to 7.8 for Dy-DO3A-o-NO2, and decreased 1.70 units for 
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Dy-DO3A-o-NH2.  These decreases in each ratio throughout this pH range were less than 

a 3.03 unit difference in R2/R1 ratio for Dy-DO3A-o-NO2 and Dy-DO3A-o-NH2 at pH 

6.0, and a 3.23 unit difference at pH 7.8.  Also, the lowest R2/R1 ratio of 7.0 for Dy-

DO3A-o-NO2 at pH 7.8 was still greater than the highest R2/R1 ratio of 5.4 for Dy-

DO3A-o-NH2 at pH 6.6.  Therefore, the R2/R1 ratio of the Dy-DO3A-ortho agent could 

still measure nitroreductase activity even if the sample experiences a drastic change in 

pH. 

The two meta and para versions of Dy-DO3A-NO2 agents, and the three versions of 

Tm-DO3A-NO2 agents, were also tested for responsiveness to nitroreductase activity 

(Figure 11.9).  The R2 rates of each of these five agents did not substantially change after 

adding enzyme. These results were expected, because the T2-Ex properties of these five 

agents were low relative to the T2-Ex of Dy-DO3A-o-NO2, which again validated our 

focus on the ortho version of the Dy(III) chelate.  In addition, each of the five pairs of 

NO2- and NH2-containing agents showed similar R2/R1 ratios at pH 6.0 to 7.6, further 

Figure 11.8. Changes in ratio of R2 (1/T2) and R1 (1/T1) relaxation rates of various Ln-DO3A-x-NO2 
and Ln-DO3A-x-NH2 samples (Ln represents Dy or Tm lanthanide and x shows position of the nitro 
or amine substituent on a benzene ring) at 3-7.5 mM in TRIS buffer solution at 37°C. 
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confirming that these agents are not responsive to nitroreductase activity (Figure 11.8b-f).  

However, these results suggest that agents may possibly be used to measure pH. 

11.4 Conclusions 

 We have shown that a MRI contrast agent with a T2-Ex mechanism can show different 

T2 relaxation values while their T1 relaxation values are similar. These complexes can be 

considered as a new class of responsive agents in which unchanged T1 behaves as a 

control for monitoring undesired effects impacting relaxation of the complex and T2 

provides information about biological events such as enzyme activity. We have also 

shown that such complexes with a nitro group on the ortho position can detect activity of 

nitroreductase. 
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12.1 Abstract 

Purpose:  This study investigated a fundamentally new type of responsive MRI 

contrast agent for molecular imaging that alters T2 exchange (T2ex) properties after 

interacting with a molecular biomarker. 

Methods: The contrast agent Tm-DO3A-oAA was treated with nitric oxide (NO) and 

O2.  The R1 and R2 relaxation rates of the reactant and product were measured with 

respect to concentration, temperature and pH.  CEST spectra of the reactant and product 

were acquired using a 7 T MRI scanner and analyzed to estimate chemical exchange 

rates and r2ex relaxivities. 

Results: The reaction of Tm-DO3A-oAA with NO and O2 caused a 6.4-fold increase 

in the r2 relaxivity of the agent, while r1 relaxivity remained unchanged, which 

demonstrated that Tm-DO3A-oAA is a responsive T2ex agent.  The effects of pH and 

temperature on the r2 relaxivities of the reactant and product supported the conclusion 

that the product’s benzimidazole ligand caused the agent to have a fast chemical 

exchange rate relative to the slow exchange rate of the reactant’s ortho-aminoanilide 

ligand.    

Conclusion: T2ex MRI contrast agents are a new type of responsive agent that have 

good detection sensitivity and specificity for detecting a biomarker, which can serve as a 

new tool for molecular imaging. 

12.2 Introduction 

T2-exchange (T2ex) MRI contrast agents are fundamentally different from the 

common contrast agents used for MRI (1-5). T2ex contrast agents possess a labile proton 

or bound water molecule with a chemical exchange rate of 105 – 108 Hz (6).  The 



	 190 

stochastic chemical exchange of protons between the T2ex agent and bulk water causes the 

net precession of the bulk water protons to become broadly distributed, especially when 

the labile proton has a large chemical shift.  This change in the net precession of the 

water protons causes a faster R2 (1/T2) relaxation rate for the water.  Importantly, this 

chemical exchange process does not affect the R1 (1/T1) relaxation rate of the bulk water. 

We investigated whether a T2ex agent can detect a molecular biomarker (7).  We 

hypothesized that a biomarker-responsive change in R2 relaxation rate can be compared 

to a biomarker-unresponsive “control” R1 relaxation rate to detect the biomarker in a 

manner that is independent of the agent’s concentration.  Although T2ex has been 

investigated for more than 40 years (8-10), its utility for detecting molecular biomarkers 

has not been explored. 

 To develop a responsive T2ex MRI contrast agent, we first considered Yb-1,4,7,10-

tetraazacyclododecane-(N,N’,N’’-triacetic acid)-(N’’’-orthoaminoanilide) (Yb-DO3A-

oAA) that changes its chemical exchange rate after reaction with NO and O2 (11). The 

chemical shifts of the labile protons of Yb-DO3A-oAA are -11 and +8 ppm.  We 

hypothesized that replacing Yb(III) with Tm(III) may cause larger chemical shifts for the 

labile protons of this agent, based on comparisons of similar lanthanide chelates with 

Yb(III) and Tm(III) (12), which would lead to a stronger T2ex relaxation effect (Equation 

12.S3)  (3).  This report describes the R1 and R2 relaxation rates and the CEST MR 

properties of Tm-DO3A-oAA before and after reaction with NO and O2. 
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12.3 Methods 

12.3.1 Chemical Reactions and Preparation of Samples 

 The synthesis of the contrast agent Tm-1,4,7,10-tetraazacyclododecane-(N,N’,N’’-

triacetic acid)-(N’’’-orthoaminoanilide) (Tm-DO3A-oAA; Figure 12.S1), reactions with 

NO (Figure 12.S2), and details regarding sample preparations are provided in the 

Supplementary Information. 

12.3.2 R1 and R2 Relaxation Rate Measurements 

 A spin echo MRI protocol was used to measure R1 relaxation rates with a 12.7 ms 

echo time; 10 repetition times between 18.339 and 10000 msec; 1 mm slice thickness; 

782 x 782 µm in-plane resolution; 5 x 2.5 cm field of view; and 64x32 matrix using a 7 T 

Bruker Biospec MRI scanner.  The same protocol was used to measure R2 relaxation 

rates with a 15-960 ms echo time in increments of 15 ms; 40 sec repetition time; 1.07 mm 

slice thickness; 400 x 400 µm in-plane resolution; 5.12 x 2.56 cm field of view; and 

128x64 matrix size.  All MRI experiments were performed at 37.3°C, except for 

temperature-dependent studies that were performed from 27°C to 48°C (Figure 8.S4).  To 

calculate the R1 and R2 relaxation times, the signal amplitudes were fitted with a 

monoexponential function with a constant to account for a possible DC offset using 

ParaVision® PV5.1 (Bruker Biospin, Inc., Billerica, MA). 

12.3.3 CEST MRI Studies 

CEST spectra were obtained at 1-30 mM concentrations of the reactant and 30 mM of 

the product treated with NO and O2 gas, at 37.3°C.   A HW-Conc fitting method was 

used to correlate CEST signals with concentrations (13).  MRI studies were performed 

with a CEST-FISP MRI protocol using a 7 T Bruker Biospec MRI scanner (14). The 
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FISP acquisition used a 1.624 ms TE; 3.248 ms TR; 422.41 ms scan repetition time; 30o 

excitation angle; linear encoding; unbalanced “FID” mode; 1 mm slice thickness; 391 x 

391 µm in-plane resolution; 5 x 5 cm field of view; and 128x128 matrix size. CEST 

saturation consisted of a series of Gaussian shaped pulses with 10 µs interpulse delays.  

Saturation was applied at a peak power of 20 µT and a bandwidth of 650 Hz for 2.995 

sec. Images were reconstructed using ParaVision® pv5.1.  Signal amplitudes were 

measured using ImageJ to create a CEST spectrum (15).  

 The baseline was not flat in some CEST spectra due to sample heating and/or power 

drift from the amplifier that caused a change in the tip angle of the FISP imaging 

sequence.  To correct for this sloped baseline, the baseline region with no CEST peaks 

was fit with a straight line, and this line was subtracted from the CEST spectrum.  CEST 

spectra were smoothed with a cubic spline and a sum of four Lorentzian line shapes was 

fit to each smoothed CEST spectrum using Matlab R2012B (Mathworks, Inc., Natick, 

MA) (16,17). A Levenberg–Marquardt least squares fitting routine optimized the center, 

width, and amplitude of each Lorentzian line to fit the lines to the experimental data.  

Because the chemical shift of the direct saturation of water was fitted, this method 

automatically compensated for B0 inhomogeneity during the CEST MRI studies (18).  

The amplitude of the Lorentzian line shape represented the % CEST value. 

12.3.4 Chemical Exchange Rate Estimations 

  Experimental CEST spectra of nine samples of Tm-DO3A-oAA at 1 to 30 mM 

concentration were simultaneously fit with the Bloch-McConnell equations using a four-

pool model (19,20). The estimate of the chemical exchange rate is largely dependent on 

fitting the line width of the CEST peak while the estimate of the concentration is largely 
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dependent on fitting the CEST peak amplitude (21). Thus, the chemical exchange rate 

can be accurately estimated without also requiring the fitting to provide an accurate 

estimate of the concentration and/or the number of equivalent protons on the agent.  The 

T1 and T2 time constants of water, the B0 shift, and a scale factor that accounts for 

transceiver coil characteristics were fit for each sample, because each sample had a 

different concentration and location in the magnet bore.  The B1 power, chemical 

exchange rates, and chemical shift offsets of the three labile pools were simultaneously fit 

for all phantoms, because these characteristics are the same for each sample regardless of 

concentration or location in the magnetic field.  The fitting was performed by using a 3 

second, 9 µT continuous wave pulse instead of a series of Gaussian shaped pulses.  To 

confirm the validity of this approximation, we simulated CEST spectra with a Gaussian 

pulse train or a continuous wave pulse using the other parameters determined from the 

fitting process, and observed that the simulated CEST spectra had a difference that was 

much less than the residual of our fitting to the experimental data.  Because linear 

encoding was used for image acquisition, our simulated CEST spectra included 0.211 s of 

evolution without RF irradiation, corresponding to the time required to reach the center of 

k-space acquisition. 

12.3.5 Swift-Connick Plot 

 Swift-Connick plots were generated to show the relationships between chemical 

exchange rates and r2ex relaxivities for the reactant, based on CEST signals at -49, -29, 

and +19 ppm at 7 T magnetic field strength (details are provided in Supplementary 

Information) (3).  To gain insights about the product, three-dimensional Swift-Connick 

plots were generated to show the relationships between chemical exchange rates, 
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chemical shifts, and r2ex relaxivities at 7 T magnetic field strength, for one or two 

exchangeable protons. 

12.4 Results 

12.4.1 Synthesis and T2-Ex Characterization 

Tm-DO3A-oAA was synthesized in five steps (Figure 12.S1). The reaction of Tm-

DO3A-oAA with NO and O2 gas was confirmed with HPLC and its product was 

characterized by high-resolution mass spectroscopy (Figure 12.1a).  The formation of the 

product was consistent with previous reports (22,23). 

The R1 and R2 relaxation rates of serially-diluted samples of the reactant and product 

treated with NO and O2 gas were used to determine r1 and r2 relaxivities (Figure 12.1b).  

The r2 relaxivity of Tm-DO3A-oAA increased 6.4-fold after the reaction, from 0.21 ± 

0.020 mM-1s-1 to 1.32 ± 0.20 mM-1s-1. The r1 relaxivities of the reactant and product did 

not change.  The r2 relaxivity values showed that the reactant had a good detection 

sensitivity that is within an order of magnitude of the sensitivity of T1 contrast agents, 

and the product had good detection sensitivity that was 

 

Figure 12.1. A responsive T2ex contrast agent.  (a) The reaction of Tm-DO3A-oAA in the presence of nitric 
oxide and oxygen. (b) The R1 and R2 relaxation rates before and after reaction with NO and O2 gas were 
measured at 37.3oC.  The reactant was measured at pH 6.77 ± 0.06, and the product was measured at pH 
6.90 ± 0.12. Error bars represent the standard deviation of measurements, and some error bars are smaller 
than the data symbol. (c) The ratio of the relaxation rates for the reactant or product are concentration-
independent.  This ratio is higher for the product than the reactant, which can be used to indicate the 
detection of nitric oxide. 
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comparable to the sensitivity of T1 contrast agents (which typically have r1 relaxivities of 

approximately 1-4 mM-1s-1).  Notably, this detection sensitivity also depends on the 

endogenous T2 relaxation time of tissues, which may reduce the detection sensitivity 

during in vivo studies. These results also demonstrated good detection specificity because 

T2-weighted MR contrast could be compared to T1-weighted MR contrast to detect the 

biomarker in a concentration-independent manner (Figure 12.1c). 

 The R2 relaxation rates of the reactant and the product of reaction with NONOate 

were dependent on pH (Figure 12.2). Both the reactant and the product showed an 

increase in R2 when the pH was increased from 3.5 to 5.8, which was attributed to faster 

base-catalyzed chemical exchange involving the multiple acetate ligands. For pH values 

higher than 5.8, the R2 value of the reactant initially decreased to reach a minimum at pH 

7.1 and then this value increased at higher pH.  The product showed a 1.5 fold higher R2 

for the product versus the reactant at pH 7.1. This different dependence on pH was 

attributed to the presence of the product’s benzimidazole arm, because benzimidazoles 

typically have a pKa of ~7.  The R1 rate of both the reactant and the product did not 

change between pH 3.5 to 8, which provided additional evidence that the pH-dependent  

 

Figure 12.2. The pH dependence of R1 and R2 relaxation rates of the reactant and product after treatment 
with NO and O2 gas.  Samples were measured at 5 mM concentration and at 37.3oC. Error bars represent 
the standard deviation of measurements, and some error bars are smaller than the data symbol. 
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T2 relaxation was due to a T2ex effect. 

12.4.2 CEST MRI Studies and Analyses of Chemical Exchange Rates 

We acquired CEST spectra of the reactant and product of reaction with NO and O2 

gas. The two labile groups of protons in the reactant produced three CEST signals at -49 

ppm, -29 ppm, and +19 ppm (Figure 12.3a). The generation of three CEST signals may 

be due to multiple conformations of the lanthanide chelate, which has been reported for 

other CEST agents (24,25), and/or may be arise from a water molecule that is bound to 

the chelate in addition to the labile protons on the aminoanilide ligand. All CEST signals 

of the reactant showed an enhancement when the concentration of the agent was 

increased to 10 mM, but these CEST signals decreased at higher concentrations (Figure 

12.3b).  This loss of CEST at higher concentrations was attributed to a decrease in 

saturation caused by faster R2 relaxation at higher concentrations.  For comparison, the 

product from treatment with NO and O2 gas did not show a CEST signal (Figure 12.3c), 

which differed from the observation of CEST at +500 ppm for similar Tm(III) complexes 

(26).  This lack of a CEST signal indicated that the product had a faster chemical 

exchange rate than the reactant. 

We simultaneously fit a series of CEST spectra of the reactant at different 

concentrations using Bloch-McConnell equations, which determined that the chemical 

exchange rates of these CEST signals at -49 ppm, -29 ppm, and +19 ppm were 8,400 Hz, 

14,500 Hz, and 4,700 Hz, respectively.  The 95% confidence intervals of our fittings 

were ±15.7%, ±17.9%, and ±17.1%  for CEST signals at -49 ppm, -29 ppm, and +19 

ppm, respectively, which indicated good fitting despite the weak CEST signals generated 

by this agent.  Based on a Swift-Connick plot, these chemical exchange rates from CEST 



	 197 

 

Figure 12.3.  The CEST spectrum of Tm-DO3A-oAA before and after reaction with NO and O2 gas. (a) 
The CEST spectrum of 30 mM of the reactant showed three CEST peaks.  (b) The concentration 
dependence of the CEST signal of Tm-DO3A-oAA before reacting with NO gas and O2 is shown with lines 
that represent the results of a HW-conc fitting method that does not account for R2 relaxation (30).  (c) The 
CEST spectrum of the product at 30 mM concentration did not show CEST peaks.  All samples were tested 
at 37.3oC and pH 7.2. 
 
MRI studies were estimated to generate r2ex relaxivities of 0.045, 0.090, and 0.019 mM-1s-

1, respectively (Figure 12.4a) (3,8).  The sum of these r2ex relaxivities is 0.154 mM-1s-1, 

while the measured r2 relaxivity was 0.210 mM-1s-1 (Figure 12.1b).  The difference 

between these values, 0.056 mM-1s-1, was attributed to the r2 relaxivity mechanisms of the 

Tm(III) chelate that are attributed to properties other than chemical exchange.  

Assuming that the product also has the same 0.056 mM-1s-1 dipolar r2 relaxivity attributed 

to the Tm(III) chelate, then the r2ex relaxivity of the product is 1.26 mM-1s-1. An increase 

in temperature caused an increase in r2 relaxivity for the reactant (Figures 12.4b, 12.S3), 

which agreed with a previous report (3).  An increase in temperature should cause an 

increase in chemical exchange rate, which enhances the r2ex relaxivity of the reactant that 

has chemical exchange rates that are slower than the exchange rate at the peak of the 

Swift-Connick plot (Figure 12.4a). In contrast, an increase in temperature caused a 

decrease in the r2ex relaxivity of the product treated with NO and O2 gas, indicating that 

the product has a chemical exchange rate that is faster than the exchange rate at the peak 

of a Swift-Connick plot.  The r1 relaxivities of the reactant and the product remained 

unchanged with temperature, further supporting that the product is a T2ex contrast agent. 
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Figure 12.4. The estimation of the chemical exchange rate of the product.  (a) A Swift-Connick plot of the 
reactant relates the expected r2ex relaxivity with the chemical exchange rate of CEST signals at -49 ppm 
(red), -29 ppm (green) and +19 ppm (blue) at 7 T magnetic field strength.  The chemical exchange rates 
determined from CEST MRI are shown as a dot on each Swift-Connick line plot. (b) The temperature 
dependence of r1 and r2 relaxivities of Tm-DO3A-oAA before and after reacting with NO and O2 gas shows 
that the r2 relaxivity of the reactant increases with increasing temperature, and the product has a r2 
relaxivity that decreases with increasing temperature. The reactant was measured at pH 6.77 ± 0.06, and the 
product was measured at pH 6.90 ± 0.12. Error bars represent the standard deviation of measurements, and 
some error bars are smaller than the data symbol. (c) A Swift-Connick plot shows the expected relationship 
between chemical shift, chemical exchange rate, and r2ex relaxivity of the product at 7 T magnetic field 
strength. Scale bars are shown for one benzimidazole proton and two protons on a bound water molecule.  
As shown by Figure 4b, the chemical exchange rate must lie in the colored region of this plot.  The 
estimated r2ex relaxivity of 1.26 mM-1 s-1 for the product is shown as a black line for one proton and a white 
line for two protons in the plot. 
 
 To estimate the chemical exchange rate of the product, we generated a Swift-Connick 

plot as a function of chemical shift and exchange rate.  The scale of this plot is different 

for one exchangeable benzimidazole proton or two protons on a bound water molecule.  

Based on our temperature-dependent study (Figure 12.4b), the chemical exchange rate 

must be greater than the exchange rate at the peak of the Swift-Connick plot, and 

therefore must lie in the colored region of these plots. To achieve the estimated r2ex value 

of 1.26 mM-1s-1 in this colored region of these plots, the chemical exchange rate of the 

product must range from 1.8x106 to 3.1x108
 Hz if one proton is responsible for the 
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chemical exchange, and from 7.4x105 to 9.5x108 Hz of two protons are responsible for 

the chemical exchange. 

12.4.3 Validation Studies 

 The r1 and r2 relaxivities were negligible for both the reactant and product without 

Tm(III) when treated with NO and O2 gas, confirming that agent needs a large chemical 

shift caused by Tm(III) to generate T2ex relaxation (Figure 12.5a). Samples of the metal 

TmCl3.H2O without chelator showed a 3-fold decrease in r2 relaxivity and a 2-fold 

decrease in r1 relaxivity when reacted with NO and O2 (Figure 12.5b).  The decrease in 

relaxation was attributed to complexation between Tm(III) and NO or oxidative 

byproducts of NO and O2 that reduced water 

 

Figure 12.5. Relaxation rates of the chelator and ion.  The R1 and R2 relaxation rates of (a) DO3A-oAA 
and (b) Tm(III) before and after reacting with NO gas and O2 are shown as a function of concentration.  
Relaxation rates were measured at 37.3oC.  The pH of the solution of DO3A-oAA was adjusted to 6.76 ± 
0.06 before reaction and 6.88 ± 0.1 after reaction.  The pH of the solution of TmCl3 was adjusted to 6.68 ± 
0.08 before reaction and 6.61 ± 0.05 after reaction with NO, respectively. Error bars represent the standard 
deviation of measurements, and some error bars are smaller than the data symbol. 
 
access to the metal ion. These validation studies showed that potential demetallation of 

the contrast agent after reaction with NO could not cause the observed increase in R2 

relaxation and the invariant R1 relaxation (Figure 12.2b). 

12.5 Discussion and Conclusions 

These studies demonstrated that Tm-DO3A-oAA is a responsive T2ex MRI contrast 

agent.  The change in r2 relaxivity after reaction with NO and O2, and without a 
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corresponding change in r1 relaxivity, is a hallmark of the T2ex process. The effects of pH 

on r2 relaxivities indicated that the change in r2ex was due to the formation of the 

benzimidazole ligand of the product.  Notably, the faster chemical exchange rate of the 

product may be due to chemical exchange of the benzimidazole protons with bulk water, 

and/or chemical exchange of bulk water with a bound water molecule coordinated to the 

chelate that interact with the benzimidazole ligand.  Only one bound water molecule is 

coordinated to the reactant and product, because the r1 relaxivity of the agent did not 

change.  Regardless of the exact source of the product’s chemical exchange rate, this 

faster rate caused a change in r2ex relaxivity without a change in r1 relaxivity that was 

used to detect nitric oxide in a concentration-independent manner. 

Future studies to assess chemical reaction rates with NO and in vivo studies that 

evaluate the effect of pH and temperature on biomarker detection are warranted to further 

demonstrate the utility of responsive T2ex contrast agents.  In vivo studies are also 

warranted to assess the detection sensitivity of T2ex agents relative to potentially short T2 

relaxation times in tissues. Furthermore, other chemical designs should be explored to 

detect other types of biomarkers, including other metabolites, enzymes, ions, proteins or 

nucleic acids, and to measure environmental conditions such as pH, hypoxia, redox state, 

or temperature (7,27).  This report provides a guideline for establishing these other agents 

as responsive T2ex contrast agents.  

 Responsive T2ex MRI contrast agents have an outstanding combination of advantages 

for molecular imaging relative to other MRI contrast agents.  T1 and T2 MRI contrast 

agents have chemical exchange rates of 107 – 109 Hz that generate excellent detection 

sensitivity as low as ~10 and ~1 µM, respectively (28, 29).  However, the concentration 
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of the agent can also change the R1 and R2 relaxation rate of the system, which 

compromises the specificity for detecting a biomarker with these agents (30). CEST MRI 

contrast agents can possess multiple biomarker-responsive and unresponsive “control” 

CEST signals that can be compared to improve the specificity for detecting the intended 

biomarker (12, 31, 32).  However, the slow 102 – 104 Hz exchange rate of CEST agents 

creates low detection sensitivity, requiring >1 mM concentration of a contrast agent for 

detection (33).  T2ex contrast agents have an intermediate chemical exchange rate of 104 – 

107 Hz, which provides the ‘best of both worlds’ by retaining good detection sensitivity 

and specificity for detecting the intended biomarker in a concentration-independent 

manner.  Therefore, responsive T2ex agents represent an intriguing new paradigm for 

molecular imaging. 
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12.7 Supplementary Information 

All reactions were performed under argon unless otherwise noted. Dry solvents such 

as acetonitrile, tetrahydrofuran (THF), methanol, dichloromethane, N,N-

dimethylacetamide (DMA), and other chemicals such as t-butyl bromoacetate, 

thioanisole, and palladium on activated carbon (10%) were purchased from Acros 

Organics (Geel, Belgium). The remaining chemicals were purchased from the following 

companies: cyclen (1,4,7,10-tetraazacyclododecane) from Strem Chemicals, Inc. 
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(Newburyport, MA), thulium(III) chloride hydrate from Alfa Aesar (Ward Hill, MA), 

diethylamine.NONOate from Cayman Chemical Co. (Ann Arbor, MI), and 60 Å silica 

gel with 40-60 µm particle size from EMD Chemicals, Inc. (Darmstadt, Germany). 

Hydrogenation was carried out using a series 3911EA shaker hydrogenation apparatus 

(Parr Instrument Co., Moline IL). An Orion Star™ A121 pH meter (Thermo-Scientific) 

with an InLab® Microelectrode (Mettler-Toledo LLC, Columbus, OH) was used to 

measure pH values. NMR spectra were acquired with a Bruker Avance III 400 MHz 

NMR spectrometer. Mass spectrometry results were obtained using a JEOL HX110A ESI 

mass spectrometer. All MR results were collected using a Bruker Biospec 7T MRI 

instrument with a 72 mm volume coil. Purification was carried out using a Waters 

Alliance HPLC system with 2487 UV detector and Waters XBridge C18 preparation 

column (250 mm length, 19 mm width, 10 µm particle size). Analytical HPLC results 

were obtained with a Waters 2695 Alliance system, a Waters 2487 detector, and Waters 

XBridge C18 analytical column (150 mm length, 3 mm width, and 3.5 µm particle size). 

12.7.1 Chemical Synthesis of Tm-DO3A-oAA 

Tm-DO3A-oAA was synthesized using a method previously reported with some 

modifications (Figure 12.S1) (1).  

 

Figure 12.S1.  Reactions, reagents and reaction conditions for the synthesis of Tm-DO3A-oAA. 
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Chemical synthesis of tri-tert-butyl 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate hydrobromide (3S) 

Compound 3S was prepared according to a previously published procedure using 

cyclen (1S) and tert-butyl 2-bromoacetate (2S) (12.67 g, 73%) (1).   

1H NMR (400 MHz, DMSO): 1.43 (s, 9H), 1.44 (s, 18H), 2.71 (m, 8H), 2.85 (m, 4H), 

2.98 (m, 4H), 3.46 (s, 6H), 8.79 (br, 1H). 13C NMR (400 MHz, DMSO): 28.29, 28.32, 

45.97, 48.89, 50.15, 51.56, 52.55, 56.50, 80.99, 81.07, 170.50, 171.05.   

MS(ESI)[C29H50N4O6+H+]: 515.2 m/z (calculated: 515.3 m/z). 

Chemical Synthesis of tri-tert-butyl 2,2',2''-(10-(2-((2-nitrophenyl)amino)-2-oxoethyl)-

1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (5S) 

Compound 3S (5g, 8.4 mmol), potassium carbonate (8 g, 6.9 eq), and acetonitrile (30 

ml) were added to a 3-neck flask. The flask was placed in an oil bath and the temperature 

increased to 60ºC and the mixture was stirred overnight under Ar while it turned light 

brown. Compound 4S was prepared according a previously reported method (2).  4S was 

dissolved in acetonitrile and was added to the mixture drop-wise. The mixture was stirred 

for 24 h at 60ºC under Ar and then it was filtered using gravity filtration to isolate 

insoluble compounds. The solvent evaporated under vacuum and the residue purified 

using column chromatography on silica gel by a mixture of CH2Cl2/CH3OH (98:2). 

Compound 5S was obtained in the form of a pale yellow foam (5.14 g, 86%). 

1H NMR (400 MHz, DMSO): 1.38 (s, 18H), 1.42 (s, 9H), 2.16 (b), 2.98 (b), 7.41 (m, 

1H), 7.60 (m, 1H), 7.68 (m, 1H), 7.97 (m, 1H), 10.48 (s, 1H). 

13C NMR (400 MHz, DMSO): 27.97, 28.02, 55.62, 55.90, 56.64, 81.61, 81.63, 125.42, 

126.27, 131.2, 134.32, 143.24, 171.78, 172.90, 172.98. 
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MS(ESI)[C34H56N6O9+Na+]: 715.3 m/z (calculated: 715.40 m/z). 

Synthesis of tri-tert-butyl 2,2',2''-(10-(2-((2-aminophenyl)amino)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (6S) 

Compound 5S (5.14 g, 7.4 mmol) was added to methanol (25 ml) in a hydrogenation 

flask. Palladium/carbon powder (10 wt %) (1.4 g, 27% w/w) was added to the flask and 

then the flask was placed in a hydrogenation apparatus. The mixture was under H2 

atmosphere (3 atm) for 2 h.  The product was filtered using gravity filtration to yield a 

green-yellow solution. The solvent evaporated under vacuum to yield a yellow foam 

(4.8g, 98%). 

1H NMR (400 MHz, CDCl3): 1.37 (s, 18H), 1.45 (s, 9H), 2.18 (b), 2.87 (b), 4.81 (s, 1H), 

6.49 (m, 1H), 6.75 (m, 1H), 6.89 (m, 1H), 7.23 (m, 1H), 9.35 (s, 1H). 

13C NMR (400 MHz, DMSO): 28.04, 28.28, 55.72, 55.74, 56.48, 81.57, 81.58, 116.39, 

123.25, 125.69, 126.32, 142.23, 170.73, 172.81, 172.99. 

MS(ESI)[C34H58N6O7+H+]: 663.3 m/z (calculated: 663.4 m/z). 

Synthesis of 2,2',2''-(10-(2-((2-aminophenyl)amino)-2-oxoethyl)-1,4,7,10-tetraaza-cyclo-

dodecane-1,4,7-triyl)triacetic acid (7S) 

Trifluoroacetic acid (15 ml), thioanisole (100 µl) and water (200 µl) were added to 

product 6S (2 g, 3 mmol) in a 3-neck flask. The mixture was stirred overnight and then it 

was distilled off using vacuum. Methanol was added to the semi-solid residue and 

evaporated again. After repeating the last step for a third time, the product was dissolved 

in water (30 ml). The aqueous layer was washed with dichloromethane (3 x 20 ml) to 

remove any organic byproduct. The aqueous layer was lyophilized to yield a white 

powder (1.25 g, 84%). 
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1H NMR (400 MHz, DMSO): 3.17 (b), 3.41 (b), 3.68 (b), 4.06 (s), 4.14 (s), 4.54 (b), 6.66 

(m, 1H), 6.84 (m, 1H), 6.98 (m, 1H), 7.28 (m, 1H). 

13C NMR (400 MHz, DMSO): 48.67, 49.02, 50.77, 51.01, 53.14, 54.30, 55.48, 112.37, 

115.30, 117.10, 118.03, 118.23, 121.16, 123.31, 126.48, 127.07, 140.59, 158.24, 158.58, 

158.92, 159.26, 171.93. 

MS(ESI)[ C22H34N6O7+H+]: 495.3 m/z (calculated: 495.3 m/z). 

Synthesis of Tm-DO3A-oAA (8S) 

Compound 7S (0.638 g, 1.3 mmol) was dissolved in water (7 ml) and its pH was 

adjusted to 6-8 pH units using a solution of NaOH (10 % w/v).  The solution was placed 

in a water bath at 60ºC. Thulium(III) chloride hydrate (0.493 g, 1.1 eq) was added 

portion-wise in 20 min and the pH was adjusted after each addition. After stirring for 1 h, 

the pH was increased to 12 to precipitate unreacted Tm(III) as Tm(OH)3.H2O. The 

mixture was stirred for an additional 30 min, and then it was centrifuged. The clear top 

solution was decanted into another tube and washed with dichloromethane (3 x 20 ml). 

The aqueous layer was separated and was lyophilized. The powder product was dissolved 

in a mixture of methanol/dichloromethane (50:50, 25 ml) to precipitate any mineral salt 

remaining from the chelation step. The mixture was centrifuged again and the solvent 

was evaporated to yield yellow foam. The foam was purified using HPLC. A gradient 

method (flow rate 7 ml/min, gradient 0-20% acetonitrile in water over 20 min, and 220 

nm detector wavelength) was applied. The product eluted from the column with RT= 8.9 

min. Finally, 0.55 g (65%) of a white powder was obtained. 

HR-MS (ESI)[ C22H31N6O7Tm+H+]: 661.1674 (calculated: 661.1669).  
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12.7.2 Reactions with Nitric Oxide 

 Tm-DO3A-oAA at 40 mM concentration in 1.5 mL of 100 mM HEPES buffer was 

placed in a chamber, air was evacuated using vacuum, NO and O2 gases were injected 

and the solution was stirred overnight (Figure 10.S2). The samples turned dark yellow 

after the reaction.  To generate product for pH studies, 1.5 mL of 40 mm Tm-DO3A-oAA 

in HEPES buffer was mixed with 50 mg of DEA.NONOate (a NO donor compound), and 

stirred overnight in a sealed tube. The products of both reactions were identified with 

HPLC and high-resolution mass spectrometry.  To investigate the effects of possible by-

products of the reaction between Tm-DO3A-oAA, NO and O2, separate 1 mL solutions 

of 40 mM chelator (the agent without the lanthanide metal) and 40 mM TmCl3.H2O were 

reacted with NO and O2.  

 
 
 
 
 
 
 
 
 
 
Figure 12.S2. Samples were reacted with NO gas in a chamber filled with NO and O2. 

12.7.3 Characterization of the Product after Treating with Nitric Oxide 

Small amounts of samples treated with NO gas or mixed with DEA.NONOate were 

purified using HPLC. A gradient method was used to analyze the mixture (flow rate 5 

mL/min, gradient 0-20% 0.1%TFA/acetonitrile in 0.1%TFA/water over 20 min, and 220 

nm detection wavelength). The purified sample was analyzed with high resolution mass 

spectrometry (HR-MS).   

Sample treated with NO gas: HR-MS (ESI)[C22H29N6O6Tm+H+]: 643.1562 (calculated: 
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643.1563) 

Sample mixed with DEA.NONOate: HR-MS (ESI)[C22H29N6O6Tm+H+]: 643.1565 

(calculated: 643.1563) 

12.7.4 Preparation of Samples  

12.7.4.1 Relaxation, CEST MRI, and Temperature studies 

To prepare samples of the reactant or product after treatment with NO and O2 gas 

with different concentrations but with the same pH value, the samples were prepared at a 

volume of 2 ml with 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) 

buffer at 100 mM concentration.  Samples of the reactant were prepared for the relaxation 

studies at 10, 15, 20, 30, and 40 mM concentrations with a pH value of 6.77 ± 0.06.  

Samples of the product were prepared for relaxation studies at 10, 15, 20, 25, and 33.3 

mM concentrations with a pH value of 6.90 ± 0.12.  Samples of the reactant were 

prepared for CEST MRI studies at 1, 2.6, 5, 7.6, 10, 15, 20, 25, and 30 mM at a pH value 

of 7.2.  Samples of the product was prepared for CEST MRI studies at 30 mM at a pH 

value of 7.2.  A sample of the reactant were prepared for temperature studies at 1, 5, 10, 

15, 20, 30, and 40 mM and a pH value of 6.88 ± 0.06.  A sample of the product were 

prepared for temperature studies at 1, 5, 10, 10, 15, 20, 25, 30 mM and a pH value of  

6.90 ± 0.12.   

12.7.4.2 pH studies 

To prepare samples of the reactant and product treated with NONOate that had the 

same concentration of 5 mM but different pH values, the same volume from a mother 

solution was diluted with the same volume of 0.1 mM HEPES solution and different 

amounts of NaOH (10% w/v) or HCl (5% v/v) were added.  The pH was measured again 
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after each experiment to validate the stability of each sample.  Samples of the reactant at 

5 mM concentration were prepared at pH values of 3.54, 3.72, 3.99, 4.47, 5.80, 5.96, 

6.21, 6.28, 6.41, 6.70, 6.86, 6.92, 7.00, 7.02, 7.03, 7.06, 7.11, 7.12, 7.13, 7.15, 7.20, 7.24, 

7.30, 7.33, 7.39, 7.45, 7.54, 755, 7.58, 7.62, 7.69, 7.71, 7.74, 7.91, and 7.95.  Samples of 

the product at 5 mM concentration were prepared at pH values of 3.63, 3.80, 4.12, 4.67, 

4.78, 5.85, 6.00, 6.17, 6.62, 6.66, 6.68, 6.76, 6.91, 7.00, 7.01, 7.02, 7.03, 7.06, 7.11, 7.13, 

7.15, 7.16, 7.18, 7.20, 7.31, 7.34, 7.37, 7.40, 7.50 (two samples), 7.54, 7.65, 7.66, 7.67, 

7.82, 7.92. 

12.7.4.3 Validation studies 

 To investigate the effect of possible by-products, mother solutions of the chelator 

without ion (compound 7S) and TmCl3.H2O with concentrations of 40 mM in 

HEPES buffer (100 mM concentration) were prepared and treated with NO and O2 

gas. The pH was adjusted using NaOH (10% w/v) or HCl (5% v/v) solutions. The 

concentrations of the samples were serially diluted in HEPES buffer  (100 mM 

concentration) to measure r1 and r2 relaxivities.  Samples of the chelator before 

reaction were prepared at 5, 10, 15, 30, and 38 mM concentrations at pH 6.76 ± 0.06.  

Samples of the chelator after reaction were prepared at 5, 10, 15, 25, and 35 mM 

with pH 6.88 ± 0.10.  Samples of the lanthanide ion before reaction were prepared at 

5, 10, 15, 30, and 40 mM at pH 6.68 ± 0.08.  Samples of the lanthanide ion after 

reaction were prepared at 5, 10, 15, 25, and 36 mM at pH 6.61 ± 0.05.   

12.7.5 Temperature Studies  

Studies of the R1 and R2 relaxation rates of the reactant and product after treatment 

with NO and O2 gas were performed using an automated temperature feedback system 
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that used warm air to maintain the magnet bore temperature (Figure 12.S3).  After the 

magnet bore reached the desired temperature, the set-up for MR image acquisition was 

delayed for at least 5 minutes to ensure that the samples had equilibrated at the desired 

temperature.  The transceiver coil was tuned and the capacitance of the sample was 

matched at each temperature, and the MRI scanner performed an automated procedure to 

optimize B0 homogeneity, pulse power, and ADC detector attenuation at each 

temperature. 

 

 
Figure 12.S3. The temperature dependence of R1 relaxation rates (dashed lines) and R2 relaxation rates 
(solid lines) of Tm-DO3A-oAA a) before and b) after reacting with NO gas and O2.  All samples were 
measured at 37.3oC.  The reactant was measured at pH 6.88 ± 0.06, and the product was measured at pH 
6.90 ± 0.12.  See also Figure 10.4b. 
 

The r2 relaxivity plots for the product (Figure 12.S3-b, solid lines) showed more 

variability than the r1 relaxivity plots for the product (Figure 10.S3b, dashed lines) and 

the r1 and r2 relaxivity plots for the reactant (Figure 12.S3-a).  This variability caused the 

measurements of r2 relaxivity for the product to be underestimated relative to the r2 

relaxivity determined from Figure 1b, and caused larger error bars in Figure 10.S3b.  

However, the R2 relaxation rates determined at each concentration consistently showed 

that the R2 value was highest at 27°C, next-highest at 33°C, next-highest at 38°C, next 

highest at 43°C, and lowest at 48°C.  Because these R2 values decreased as temperature 
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increased, this result still supported our conclusion that the chemical exchange rate of the 

product must be faster than the “ridge” of the 3D Swift-Connick plot (Figure 12.4c). 

12.7.6 Swift-Connick Plots 

The Swift-Connick equation relates the R2ex relaxation rate that arises from chemical 

exchange (Equation 12.S1) (3,4). 

!!"# = !!!" !!"
! !!!"!!"!∆!!
!!"!!!" !!∆!!     [12.S1] 

where 

R2A: transverse relaxation rate of the proton on the agent (sec-1) 

kex: chemical exchange rate (Hz) 

Δω: chemical shift of the labile protons on the agent relative to water  (Hz) 

χ: mole fraction of labile protons on the agent  

 

χ is the concentration of the agent for the amino group of the reactant, based on evidence 

that this amino group forms a hydrogen bond with a proximal acetate ligand and therefore 

has two exchangeable protons relative to the two protons per water molecule in bulk 

water (5).  χ is 50% of the concentration of the agent for the amide group, because the 

amide group has one proton relative to two protons per water molecule in bulk water.  

Using these relationships between χ and concentration, using Equation 12.S2, and 

assuming Δω » R2A, Equation 8.S1 can be simplified to Equation 12.S3. 

 

!!"# = !!"#
!"#!$#%&'%("#      12.S2 

!!"# ≈ !!"!!∆!!
!!!!"!!∆!!

     12.S3 
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A two-dimensional Swift-Connick plot was generated for each of the three 

exchanging proton pools of the reactant (Figure 12.4a) using Equation 12.S3 (3).  This 

included Swift-Connick plots for chemical shifts and chemical exchange rates of +19 

ppm and 4,700 Hz, -49 ppm and 8,400 Hz, and -29 ppm and 14,500 Hz, as determined 

from CEST MRI studies (Figure 12.3).  In addition, a three-dimensional Swift-Connick 

plot was generated using Equation 8.S3 to show the relationship between chemical 

exchange rate, chemical shift, and r2ex relaxivity at 7 T magnetic field strength (Figure 

12.4c).  The scale of this plot depends on the number of exchangeable protons on the 

contrast agent (Equation 12.S2).  Therefore, scale bars for one exchangeable proton and 

two exchangeable protons are included in Figure 12.4c. 

 As shown in Equation 8.S3, the maximum r2ex value occurs when kex is equal to 

Δω.  Also, if Δω « kex then r2ex ≈ 0, and if Δω » kex then r2ex ≈ kex, which shows that 

larger chemical shift values increase r2ex.  Therefore, we hypothesized that replacing 

Yb(III) with Tm(III) in the DO3A-oAA chelate should increase r2ex because this 

substitution has been shown to increase chemical shifts of other macrocyclic chelates 

(6). 
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