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ABSTRACT 

The in vivo detection of enzyme activity is a significant biomarker in tumorigenesis. Assessment 

of enzyme activity relative to enzyme concentration can serve as quite an accurate measurement 

of several disease states. Chemical Exchange Saturation Transfer (CEST) MRI is a non-invasive 

imaging technique that can be used to evaluate enzyme activity. Compared to other contrast 

agents CEST MRI agents have a slower chemical exchange rate and thus have greater specificity 

for detecting the intended biomarker. Chapter 1 provides an overview of the advances made in 

the field of molecular imaging for detection of cancer biomarkers. The molecular mechanism of 

each technique is explained with specific examples and advantages as well as disadvantages of 

each technique. Chapter 2 investigates the specific example of detection of an enzyme, γ-

glutamyl transferase (GGT) in ovarian cancer tumor models using a catalyCEST MRI contrast 

agent. This chapter discusses the step-by step evaluation of the non-metallic contrast agent, from 

synthesis to evaluation of its catalytic efficiency with Michaelis Menten kinetics studies and 

finally in vivo GGT detection in ovarian tumor models of OVCAR-8 and OVCAR-3. Chapter 3 

investigates the enzyme, Kallikrein-6 and its detection in HCT116 colon cancer tumor model. In 

addition to enzyme detection, enzyme inhibition using Antithrombin III inhibitor has also been 

explored within in vitro media and in vivo HCT116 tumor model. Chapter 4 introduces the 

catalyCEST agent for detection of sulfatase enzyme. This chapter discusses the synthesis of this 

agent and its ability to detect sulfatase in bacterial cell suspension and mammalian cell 

suspension. These examples portray catalyCEST MRI as a platform technology for enzyme 

activity detection. Finally in Chapter 5 future ideas have been proposed to improve the in vivo 

detection and broaden the applications of catalyCEST MRI in the field of enzyme studies.
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The imaging of molecular biomarkers can complement anatomical imaging by 

interrogating pathological tissues at an early disease state and assess the early response to 

treatment (1). A variety of magnetic resonance imaging (MRI) contrast agents have been 

developed to improve the molecular imaging of many disease types. However, MRI suffers from 

low detection sensitivity that requires ~10 µM to ~10 mM of a contrast agent, depending on the 

MRI contrast mechanism described below (2-5). Therefore, MRI contrast agents can be designed 

only for targeting biomarkers that are present at high ~10 µM to ~10 mM concentrations in vivo. 

Furthermore, strong evidence suggests that metallic exogenous contrast agents that are delivered 

into cells at ~10 µM to ~10 mM can alter the behavior of the cells and can also cause cell death 

(6, 7). Hence, most MRI contrast agents for molecular imaging have had the greatest impact in 

detecting extracellular molecular biomarkers (as an exception, hyperpolarized 13C MRI contrast 

agents are nonmetallic and can interrogate intracellular metabolism). 

Biomarkers have traditionally been considered to be atomic or molecular targets, such as 

abundant proteins in the extracellular matrix, ions, and metabolites. We consider these types of 

extracellular biomarkers to be target limited because the 1:1 interaction between the agent and 

target is primarily limited by the concentration of the molecular target (8, 9). Alternatively, there 

are other environmental biomarkers such as extracellular hypoxic conditions, acidosis, and 

temperature that can also inform radiologists about disease state. Because these conditions are 

ubiquitous throughout the extracellular tissue environment and affect each agent in the tissue 

environment, we refer to these biomarkers as agent limited because their detection is limited by 

the concentration of the agent in the environment. As another example, a low concentration of 

enzyme that efficiently catalyzes changes to a contrast agent can often process a high 
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concentration of agent for adequately sensitive detection. Therefore, enzyme activity can also be 

considered to be a biomarker of an active extracellular tissue environment (10). 

MRI contrast agents have been also packaged in macromolecular vehicles such as cells, 

liposomes, and nanoparticles (11-14). These contrast agents can be used to track the 

pharmacokinetic transport of these macromolecular systems for applications that range from 

nanoparticle drug delivery to cell tracking. Therefore, these MRI contrast agents are used as 

pharmacokinetic agents to differentiate normal tissue from pathological tissue during preclinical 

and clinical imaging studies. 

This chapter focuses on the four major classes of MRI contrast agents. The class of 

relaxation-based T1 and T2 MRI contrast agents has evolved during the past 30 years. The 

subclass of T2 exchange (T2ex) contrast agents has been rediscovered during the past few years 

and has the potential to bring great innovation to this field. In addition, the fields of exogenous 

chemical exchange saturation transfer (CEST) MRI contrast agents and hyperpolarized 13C MRI 

contrast agents have rapidly developed during the past decade. 

1.1 T1 and T2* MRI Contrast Agents 

Normal and pathological tissues can be differentiated using MRI acquisition protocols 

that generate image contrast based on different T1 and T2* relaxation time constants (15). 

Exogenous T1 and T2* contrast agents can accumulate to different extents in normal and 

pathological tissues resulting in the improved image contrast between these tissues, allowing the 

pathological tissue to be more easily recognized in the image (Fig. 1.1 and 1.2d) (16, 17). 
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Figure 1.1. Contrast enhancement of pathological tissues with a T1 magnetic resonance imaging 

(MRI) contrast agent. (a) The tumor of an MDA-MB-231 mammary carcinoma model is difficult 

to identify without the MRI contrast agent. (b) T1 contrast agent Gd-DTPA (Magnevist™) 

accumulated in the tumor and enhanced the image contrast for the tumor. (c) The temporal 

change in the T1 weighted MR signal of the tumor confirmed that the contrast enhancement was 

due to accumulation of the agent. Reproduced with permission from Reference 9. 

1.1.1 T1 and T2* Relaxation Mechanisms 

The first exogenous contrast agents for MRI studies were used to accelerate the rate that 

excited magnetic resonance (MR) states “relax” to equilibrium. This rate is often represented by 

the T1 relaxation time constant, so that these contrast agents are known as T1 agents. Gadolinium 

or manganese metal ions are common choices as they have unpaired electrons, which can rapidly 

relax the excited MR signal of water (18, 19). Macrocyclic chelates or other molecules that 

surround the metal ion can be designed to interact with a biomarker in ways that modulate the 

distance between the metal and water or the rate of interaction between the metal and water, both 
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Figure 1.2. Detecting cell receptors with T2* magnetic resonance imaging (MRI). (a) Schematic 

of an affibody-SPIO specific for HER-2. (b) An in vitro study detected HER-2-expressing human 

SKOV-3 ovarian cancer cells only when treated with the biotinylated affibody and avidin-linked 

SPIO (red arrow, center), but not after treatment only with avidin-linked SPIO (left), or if 

pretreated with a blocking antibody (right). (c) T2
 weighted image showing the location of the 

tumor in a mouse model of SKOV-3 ovarian cancer. (d) T2* weighted images before and after 

SPIO injection was performed 4 h after affibody administration. Red arrows indicate decreased 

image signal demonstrating HER-2 expression. (e) The ratio of the MRI signal of the tumor 

versus normal tissue quantified this temporally decreasing MR signal. Reproduced with 

permission from Reference 28. 

a 

b 

c 

d 

e 
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of which affect T1 relaxation (8, 9). A T1-weighted MRI protocol can then monitor changes in T1 

relaxation, which is used to indirectly detect the biomarker. 

A population of protons on water molecules must have the same MR frequency (also 

known as the chemical shift) and same phase for proper detection of the net water MR signal. 

Importantly, the MR frequencies of individual water protons can change, which causes the MR 

frequencies to become incoherent, resulting in a loss of detectable net MRI signal from the 

water. Paramagnetic MRI contrast agents, such as iron oxide nanoparticles, can create small local 

magnetic fields as large as a 20 μm scale that are randomly oriented relative to the main 

magnetic field of the MRI instrument (20). These local magnetic fields cause the MR frequencies 

of individual water protons to accelerate or decelerate, causing incoherence of the MR 

frequencies of these protons. This rate of signal reduction is often represented by the T2* 

relaxation time constant, so that these contrast agents are known as T2* agents. These agents can 

be designed to interact with a biomarker in ways that can change the tumbling rate of the agent, 

whereby a slower tumbling rate prolongs differences in local magnetic fields and accelerates T2* 

relaxation (8, 9). Agents can also be designed to form superparamagnetic clusters that increase 

differences in local magnetic fields and accelerate T2* relaxation of the sample. A T2-weighted 

MRI protocol can then monitor changes in T2* relaxation, which is used to indirectly detect the 

biomarker. 

1.1.2 Pharmacokinetic Relaxation-Based Agents 

The development of new T1 and T2* MRI contrast agents continues to be proliferative, 

with an average of approximately 60 new agents reported each year for the past decade. 

Therefore, recent progress with these agents is described in general terms rather than by 
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providing specific examples. As a trend, a tremendous number of nanoparticles have been 

developed with MRI contrast agents (21). These developments address the inherent insensitivity 

of T1 and T2* MRI contrast agents by containing many MRI agents within the nanoparticle, 

which reduces concerns about this agent-limited approach.  Nanoparticles often display much 

slower tumbling times than small-molecule MRI contrast agents, which enhances the relaxation 

properties of each agent. Together, these two effects can accelerate the T1 or T2* relaxation 

effects by one to three orders of magnitude (depending on the size of the nanoparticle). However, 

the pharmacokinetic accumulation of nanoparticles in tissues can often be slow, which often 

complicates in vivo MRI studies. This raises major concerns regarding toxicity, especially for 

agents that contain Gd3+ or Mn2+ ions, or iron-based particles other than iron oxides, each of 

which has shown longer-term toxic effects (22, 23). Furthermore, the current contrast agents that 

are approved by the Food and Drug Administration for pharmacokinetics studies already satisfy 

clinical needs, which provides little motivation to invest efforts to create new T1 MRI contrast 

agents for pharmacokinetics studies. Currently, T2* contrast agents are not marketed in the 

United States because of insufficient clinical demand, which also severely reduces motivation to 

develop new T2* contrast agents for pharmacokinetics-based diagnoses. As an exception, T2* 

MRI contrast agents that can track the pharmacokinetics of nanoparticle drug delivery systems 

continue to be a subject of active research (24). 

A remarkable recent development uses T2* contrast agents that can detect cell receptors 

in vivo. First developed in the late 1990s, these agents were assumed to have insufficient 

detection sensitivity for this target-limited approach, owing to the submicromolar concentration 

range of receptors on cell surfaces, even for highly overexpressed cell receptors, whereas T1 and 

T2* contrast agents require ~100- and ~10 µM concentrations for minimum detection (25, 26). 
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With recent in vivo studies it has been shown that tumor tissues that highly express the HER-2 

receptor can be targeted with an anti-HER-2 antibody that is labeled with iron oxide (Fig. 1.2) 

(27, 28). In this case, the HER-2 receptor can internalize the antibody into the cell and quickly 

recycle to the cell surface to internalize additional labeled antibodies in a time frame that is 

reasonable for in vivo MRI studies. Even though the agent is internalized into cells, the detection 

of the cell receptor occurs in the extracellular environment. Additional research is required to 

interrogate the cell internalization and receptor recycling mechanisms to better understand which 

cell receptors may be detected using targeting nanoparticles that are labeled with T2* contrast 

agents. 

As another general trend during the past few years, multimodal agents have been 

synthesized and characterized that can be detected with MRI and positron emission tomography 

or with MRI and optical imaging (29, 30). However, the large differences in detection 

sensitivities between contrast agents for MRI and these other imaging modalities must be 

considered to make a practical agent for multimodal imaging (31). In addition, the results from 

MRI and the other imaging modalities can be used to complement each other to report on 

pharmacokinetic properties at different spatial or longitudinal scales (32). This complementary 

information from MRI will likely be limited to the extracellular environment, for reasons 

discussed above. These hurdles need to be properly addressed to find practical clinical utility for 

MRI.  

1.1.3. Responsive Relaxation-Based Agents 

Biomarker-responsive T1 and T2* agents that have been developed during the past few 

years have primarily focused on the detection of molecular conditions of the tissue environment. 
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This focus is driven by the poor detection sensitivity of MRI, often requiring an abundance of the 

biomarker for detection, and there is no greater abundance than the entire environment of the 

tissue or tissue compartments. For example, an acidic tissue compartment or a reducing 

environment can cause an agent to become more protonated, which can alter the water 

accessibility to the metallic component of the agent that causes a change in T1 relaxation time 

(33). As another example, a Gd(III) chelate that binds to zinc can then tightly bind to human 

serum albumin, which causes a slower tumbling time for the Gd(III) chelate that enhances T1 

relaxation (Fig. 1.3) (34). Unfortunately, most of these agents have not been tested in vivo, 

because accounting for the concentration of the agent within in vivo tissues is a major 

complication that has impeded in vivo studies. 

1.2 T2ex Contrast Agents  

This unique process of T2 exchange relaxation (also known as T2ex) has been exploited in 

nuclear magnetic resonance (NMR) spectroscopy for more than 45 years to reduce the NMR 

signal from the solvent during studies of dilute samples (35, 36). T2ex agents were first employed 

for MRI studies in 1988, but they have only recently been rediscovered for in vivo MRI studies 

(37, 38). This delay in developing T2ex agents is partly due to the relative insensitivity of these 

agents compared with the other relaxation-based agents. This lower sensitivity is caused by a 

slower 104-107 Hz chemical exchange rate of protons between the T2ex agent and water, relative 

to 107-109 Hz exchange rates of water molecules between bulk water and the solvation shells of 

T1 and T2* agents (39). These agents can benefit from improved specificity for detecting the 

intended biomarker since they have slower proton exchange rates. Therefore, there is a rapidly 
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developing interest in T2ex MRI contrast agents to improve the specificity for biomarker 

detection. 

 

Figure 1.3.  Zinc detection with a T1 magnetic resonance imaging (MRI) contrast agent. (a) The 

contrast agent GdDOTA-diBPEN can bind to Zn2+ and then tightly bind to human serum 

albumin (HSA), causing a T1-weighted image to become brighter. (b) T1-weighted MR images 

and T1 relaxation times of samples containing 100 μM of the contrast agent with a 

physiologically relevant concentration of HSA and a range of Zn2+ concentrations shows that 30 

mM of Zn2+ can be detected with this contrast agent. Reproduced with permission from 

Reference 34. 

 

 

a 
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1.2.1 The T2ex Mechanism 

T2 relaxation of the water MR signal depends on the rate at which water protons have MR 

frequencies that accelerate or decelerate relative to each other, causing the net MR signal to 

become incoherent. A water proton can accelerate or decelerate in MR frequency when it 

exchanges with a proton on a contrast agent. Moderately rapid chemical exchange at 104-107 Hz 

can create sufficient changes in MR frequencies of a sufficient population of water protons to 

cause detectable T2ex relaxation. Importantly, the incoherence of the net MR signal from the 

labile protons is accentuated when the MR frequency of the agent is very different from the MR 

frequency of water. 

Although T2-weighted MRI can detect changes in T2ex relaxation, the T2 relaxation time 

constant of the sample is more often used to quantify T2ex. This improves the detection of small 

changes in T2 relaxation caused by the T2ex effect and may also be used to better characterize the 

physiochemical properties of the T2ex agent. Multi-echo MRI pulse sequences can often be 

employed to accurately measure T2 relaxation time constants, which do not require additional 

scan time relative to single-echo, T2-weighted MRI protocols in most cases. Therefore, the 

measurement of T2 relaxation time constants for assessing T2ex agents can easily be translated to 

clinical radiology practice. 

1.2.2 Pharmacokinetic T2ex Agents 

Paramagnetic MRI contrast agents can cause proximal protons to have a large 

pseudocontact shift, producing a very large MR frequency for the proton (40). This large MR 

frequency can generate a large T2ex relaxation effect. For example, a derivative of a Eu(III)-

DOTA macrocyclic chelate has an MR frequency of 42.5 ppm that can cause remarkable 
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darkening of the MR image when the agent is administered at a moderate 0.25 mmol kg−1 (Fig. 

1.4) (38). This characteristic of the Eu(III)-DOTA agent was used to track the pharmacokinetics 

of the agent in kidney tissue during a preclinical in vivo study. A series of Dy(III)-DOTA 

derivatives with similar MR frequencies but with different chemical exchange rates were also 

tested, showing that the chemical exchange rate must be tuned to an ideal value relative to the 

MR frequency to produce the greatest T2ex effect (41). Because an MR frequency depends on the 

magnetic field strength of the MRI instrument, different Dy(III)-DOTA derivatives with ideal 

T2ex relaxation effects can be matched to the MRI instrument. This example shows the merits of 

using a multidisciplinary approach that combines chemistry and physics of MRI to produce a 

synergistic biomedical diagnostic system. 

Although diamagnetic contrast agents do not possess a large MR frequency relative to 

water, two examples have shown a T2ex effect that can be employed for in vivo MRI studies. 

Iopamidol (Isovue, Bracco Diagnostics Inc.) is an iodinated contrast agent that is clinically 

approved for computed tomography (CT) studies (41). Glucose is clinically approved for IV 

administration to treat carbohydrate and fluid depletion (42). Both of these agents have hydroxyl 

groups that have moderately fast chemical exchange rates that are well tuned to generate a T2ex 

effect at clinical and preclinical MRI magnetic field strengths. However, the MR frequencies of 

these hydroxyl groups are a low ~1 to ~3 ppm relative to the MR frequency of water, which 

reduces their T2ex effect on a per molecule basis. Fortunately, these agents are highly 

biocompatible and are clinically approved for IV injection at 976 mM for iopamidol and up to 20 

mM for glucose, so that this agent-limited approach is not a limitation in practice. This high 

concentration can then generate significant T2ex relaxation. These two examples show that other 

clinically approved CT contrast agents and sugars can also be used as T2ex agents, providing  
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Figure 1.4. T2ex magnetic resonance imaging (MRI). (a) The r2ex relaxivity plotted relative to the 

bound water lifetime for multiple Eu(III) chelates at 9.4 T magnetic field strength (solid line) 

shows that contrast agents with a moderately fast chemical exchange rate can generate a T2ex 

effect. A lower T2ex effect is generated at 0.54 T (dotted line). (b) Coronal images of mouse 

kidneys before and after IV injection of EuDOTA−, EuDOTA-(gly)4
−, and EuTETA− show that 

the T2ex effect of EuDOTA-(gly)4
− in kidney tissues causes the image to become dark (white 

arrows). Reproduced with permission from Reference 38. 

many new opportunities to develop and test agents that have a good pathway to clinical 

translation. The pharmacokinetics of CT agents can be tracked to study angiography and tissue 

perfusion, whereas the pharmacokinetics of glucose may be used to assess vascular permeability 

b 

a 
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that is a hallmark of angiogenic tumors. These major biomedical diagnostic applications 

strengthen the case for further evolving these two classes of diamagnetic T2ex agents. 

1.2.3 Responsive T2ex Agents 

Because the field of T2ex contrast agents for MRI is relatively new, the development of 

responsive T2ex agents has only one current example (43). A derivative of a Tm(III)-DOTA 

macrocyclic chelate has a slow chemical exchange rate of 4,700--14,500 Hz that cannot generate 

a significant T2ex relaxation effect, despite the large 19-, −29-, and −49-ppm MR frequencies of 

the exchangeable protons on the agent. However, after reacting with the oxidative by-products of 

nitric oxide, the agent has a chemical exchange rate exceeding 140,000 Hz. Importantly, the T1 

relaxation properties of the agent do not change before and after treatment with nitric oxide, 

which confirms that the Tm(III) macrocyclic chelate is a T2ex agent rather than changing dipolar 

T2 relaxation properties (which would also change T1 relaxation). The invariant T1 relaxation 

properties can be used as a control MR signal to account for the concentration of the agent, 

which greatly improves quantification during the biomarker study. More specifically, the T2/T1 

ratio of relaxation time constants is concentration independent, but it increases after the agent is 

treated with nitric oxide. Therefore, monitoring this ratio with MRI can be used to noninvasively 

detect extracellular nitric oxide, which is a useful biomarker of tumor angiogenesis and 

apoptosis. Although this agent uses a target-limited approach, a sufficient amount of nitric oxide 

can be produced by pathological tissues for sufficient detection of the responsive T2ex agent. 1.3 

1.3 CEST MRI Contrast Agents 

CEST MRI contrast agents have the slowest chemical exchange rates relative to T1, T2, 

and T2ex contrast agents (39). As a result, these agents have the least-sensitive detection, 
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requiring a minimum concentration in the single-millimolar range. Yet as an advantage, this slow 

exchange rate provides opportunities to design agents with specific exchange rates or specific 

changes in exchange rates, which provides outstanding diagnostic selectivity. For these reasons, 

CEST agents are rarely used for anatomical imaging and are most commonly designed to be 

responsive to specific extracellular biomarkers. In addition, applications of pharmacokinetic 

CEST agents are also emerging. 

CEST MRI has also been developed to detect endogenous biomolecules that exchange 

protons with water. Examples include the detection of endogenous glutamate, creatine, and 

glycosaminoglycans (44-46). As another example, the general pool of tissue proteins has amide 

and amine groups that exchange protons with water at rates that are dependent on pH, which may 

enable the assessment of relative differences in pH between tissue regions. These examples do 

not use exogenous CEST MRI contrast agents, and are described in Section 1.3.3.2 (47, 49). 

1.3.1 CEST Mechanism 

CEST is a simple mechanism that has been derived from NMR spectroscopy (50). A low-

power radiofrequency pulse is applied at the specific MR frequency of a proton on a contrast 

agent (Fig. 1.5a). This causes the net coherent magnetization of the proton to be eliminated, a 

condition known as saturation. When the saturated proton undergoes chemical exchange with a 

proton on a nearby water molecule, then the saturation is transferred to water while an 

unsaturated proton is transferred to the agent. This process can be repeated during a long 

radiofrequency pulse when the agent has a labile proton with a fast chemical exchange rate with 

water, causing a concentration of several molar of water protons to become saturated from 
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chemical exchange with only millimolar concentrations of the agent. Finally, the MR signal from 

the remaining unsaturated water protons is detected using standard MRI acquisition methods. 

The CEST MRI experiment can be repeated with a radiofrequency saturation pulse 

iteratively applied over a range of MR frequencies to create a CEST spectrum (Fig. 1.5c) (52). 

This spectrum is referenced to the MR frequency of water at 0 ppm; thus, the decrease in the 

water signal at 0 ppm of the CEST spectrum arises from direct saturation of water. More 

importantly, the decrease in water signal at other parts-per-million values represents a CEST 

effect. The amplitude of the CEST signal is typically used as the quantitative CEST 

measurement, although the MR frequency, width of the CEST peak, and other variations that 

process the CEST spectrum have been used to quantify the CEST effect (51-54). 

Paramagnetic CEST agents, also known as paraCEST agents, use a paramagnetic ion 

within a macrocyclic chelate to shift the MR frequency of labile protons of the agent to values 

that can range from +500 to −720 ppm from the MR frequency of water (55). These large 

frequencies greatly facilitate selective saturation of the labile proton of the agent relative to direct 

saturation of water. Furthermore, the chemical exchange rate (in units of hertz) must be less than 

the MR frequency of the agent (also in units of hertz). Therefore, paraCEST agents can have 

faster chemical exchange rates that can transfer more saturation to water during a CEST MRI 

protocol, which improves the detection sensitivity of the agent. Diamagnetic CEST agents, 

known as diaCEST agents, have MR frequencies that are relatively close to the frequency of 

water. This limits the chemical exchange rate of the agent and reduces detection sensitivity. To 

offset this limitation, biocompatible CEST agents that can be administered at very high 

concentrations in the ~0.1-1 M range are often used for in vivo CEST MRI studies (56, 57). 
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Figure 1.5. Detection of enzyme activity with chemical exchange saturation transfer magnetic 

resonance imaging (CEST MRI). (a) The amide proton of the agent undergoes MR saturation 

and is then transferred to water via chemical exchange, resulting in MR saturation of part of the 

water MR signal. (b) Transglutaminase can conjugate the agent to the glutamine side chain of a 

protein, which can generate a CEST signal. (c) CEST spectra and (d) a Lorentzian line-shape 

spectrum before and after TGase is incubated with the contrast agent. The appearance of a CEST 

effect at −9.2 ppm and the disappearance of CEST at +4.6 ppm indicate TGase catalysis of the 

bond formation. Reproduced with permission from Reference 64. 

a 

b 
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1.3.2 Pharmacokinetic CEST Agents 

Exogenous injectable biomaterials such as hydrogels have significant pharmaceutical 

applications and can enhance stem cell therapy, because they offer a noninvasive, site-specific 

delivery method into tissues. These biomaterials degrade over time, which can be noninvasively 

monitored in vivo using CEST MRI. For example, GelinS is a denatured type 1 collagen that has 

shown good CEST contrast from the amide protons in vivo. In addition it has provided an 

important understanding of local gel decomposition and tissue clearance by displaying a 

significant decrease in the CEST signal over 7 days in mouse brain (58). The alteration of 

hydrogel properties such as macromer concentration can result in a change of CEST contrast as 

observed with a HeMA-HA hydrogel where the exchangeable hydroxyl protons rather than 

amide protons on HA were detected using CEST MRI in vitro and ex vivo to specifically image 

and distinguish between different injectable materials (59). 

Reporter genes can be applied in the field of imaging to track the pharmacokinetics of 

cells. CEST MRI-based reporter genes have the added advantage of being biocompatible, do not 

interfere with T1 or T2 MRI contrast mechanisms, and can highlight multiple cells or expression 

of multiple genes in a CEST MR image. For example, 5-MDHT is a CEST MRI reporter gene 

probe that was recently synthesized and successfully demonstrated to image HSV1-tk reporter 

gene expression in a brain tumor model (60). Another recent example involves superpositively 

charged mutants of green fluorescent protein that produce improved CEST MRI contrast and 

hence can function as a bimodal reporter gene (61). 
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1.3.3 Responsive CEST Agents 

Contrast agents that change their detectable MR properties while interacting with a 

biomarker are often called responsive agents to distinguish these agents from non-responsive 

tracer agents.  These responsive agents were historically called smart contrast agents, but this 

anthropomorphic term has been discouraged for descriptions of a chemical entity.  Responsive 

agents have also been called activatable agents.  Yet some agents decrease their detectable signal 

after interacting with a biomarker, which could be considered as a deactivatable agent.  Thus the 

MRI contrast agent research field has progressed to refer to these agents as responsive agents.  

Responsive CEST agents change their chemical shift and/or chemical exchange rate after 

interacting with a biomarker, which changes the measurable CEST signal from the agent. 

1.3.3.1 Enzyme Detection.  

Enzymes form an important class of cancer biomarkers because their activity can be the 

signature marker for many metabolic pathways. Enzyme activity is catalytic; hence, MRI 

contrast agents that interrogate enzyme activity have the added advantage of increased sensitivity 

and selectivity because the detection mechanism is agent limited rather than target limited. 

Usually, the observed changes in the contrast can be unambiguously attributed to the enzyme 

activity, thus resulting in high specificity. Even a low nanomolar concentration of enzyme can 

quickly catalyze changes in a millimolar concentration of the modified contrast agent, which 

results in an amplification of the sensitivity of the CEST MRI signal. 

Changes in the chemical structure of a paraCEST agent upon enzyme action results in the 

appearance of a new CEST signal or the disappearance or change in magnitude of an existing 

CEST signal. Proteases are good targets for paraCEST agents. For example, an agent based on 
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Tm-DOTA with a peptide substrate of caspase-3 displayed disappearance of the CEST signal 

after enzyme cleavage, which was attributed to the hydrolysis of the amide bond by the enzyme 

(62, 63). The agent showed good selectivity for caspase-3 over caspase-8 and good sensitivity of 

nanomolar enzyme detection. By changing the peptide ligand of such agents, the agent can serve 

as a platform technology for the detection of other protease enzymes. Recently, a CEST agent 

has been shown to detect the catalytic activity of transglutaminase, a reverse protease, by 

detecting the formation of an amide chemical bond from an amine (Fig. 1.5b) (64). Other 

enzyme-responsive paraCEST agents include a Yb(III) chelate with a β-galactose ligand that 

generates CEST after β-galactosidase cleaves the agent’s ligand (65). The CEST effect originates 

from the formation of the amine group after aromatic delocalization of the phenoxide electron 

pair. In another example, a paraCEST agent that uses a Yb(III) chelate with an ester group and 

capped trimethyl lock moiety (Fig. 1.6) can detect esterase activity through the appearance of a 

CEST signal from an amine group generated from an intramolecular lactonization (66). 

 

 

 

Figure 1.6. A representative tri-methyl lock moiety (shown in red) bonded to an amide group on 

an enzyme responsive CEST agent. On enzyme activity the trimethyl lock moiety is lactonized 

and amide bond is cleaved to generate an amine. 

 

 

Enzyme  
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Recently, diaCEST agents have also been employed to detect enzyme activity, because 

these nonmetallic agents have the advantage of low toxicity. For example, 5-fluorocytosine can 

detect cytosine deaminase when the agent is enzymatically converted to 5-fluorouracil, 

exhibiting a loss of CEST signal during the conversion (67). The 5-fluorouracil can act as a 

therapeutic agent, so it can be used to track enzyme-based prodrug therapy in tumors. In another 

example, protein kinase A activity can be detected with an (LRRASLG)8 peptide that acts as a 

diaCEST MRI contrast agent, because the CEST effect of the peptide is reduced when this kinase 

enzyme phosphorylates the serine amino acid residue of the peptide (68). In yet another example, 

a kinase enzyme can phosphorylate a protamine-based CEST agent, which alters CEST contrast 

as a result of a change in chemical exchange rate or agent conformation during phosphorylation 

of the protamine (69). Although this method can detect a small concentration of enzyme because 

it is not target limited, a high concentration of diaCEST agent is still required for this agent-

limited approach. 

1.3.3.2 Detection of Metabolites.  

Recently, CEST MRI has been used to detect several important metabolites, including 

glucose, glutamate, myo-inositiol, creatinine, and hydrogen peroxide. This technique has an 

advantage over other imaging methods because it allows for the detection and uptake of a 

metabolically active compound in physiological quantities. For example, the uptake of glucose in 

a tumor tissue and its metabolism by the tumor cells can be monitored using glucoCEST. These 

studies have been performed in vivo and can help to distinguish tumor types with different 

metabolic characteristics (70). Similarly, gluCEST MRI can monitor the CEST effect from the 

glutamate amine proton to measure relative glutamate concentrations in the brain and thus can 

evaluate its potential as a biomarker for treatment of disorders in the central nervous system (44). 
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Another abundant metabolite in the human brain is myo-inositol, which is upregulated in several 

brain disorders. The hydroxyl proton on this metabolite produces a CEST signal, and MICEST 

MR image contrast was detected in clinical brain studies at high 7 T magnetic field strengths 

(71). CEST MRI has also detected creatinine concentration in muscle (72). Such detection would 

be helpful in noninvasive monitoring of the changes in creatinine concentration, thus 

contributing to the diagnosis of various muscular disorders. 

1.3.3.3 Detection of Hypoxia and Redox Status.  

The detection of imbalanced in vivo redox environments can help to mark a disease state. 

A redox imbalance can be triggered by hypoxia. The development of probes that can help to 

assess oxygen levels and the corresponding redox environment of tumor tissues would be helpful 

in making treatment decisions. For example, a Co(II) complex shows a CEST signal from the 

pyrazole NH of the TPT ligand bound to the cobalt ion, with a large paramagnetic proton shift. 

This signal is lost once the complex is oxidized to a Co(III) complex (73). Such metal complexes 

can therefore be used to assess the redox environment in tissues. 

1.3.3.4 Detection of Ions.  

Metal ions play an important role in biochemical signaling pathways, and metal 

homeostasis forms an important subject of medical research with regard to neurodegenerative 

diseases. Several responsive MRI contrast agents have been devised to study metal ions within in 

vivo tissue. As an example, the pyridine ligands on a paraCEST agent can coordinate Zn2+ in an 

orientation that leads to an overlap between the bound water molecule and the Zn2+ ion. This 

causes a loss in CEST signal from the agent owing to an accelerated exchange rate of the water 

molecule (74). An electronic redistribution in a paraCEST agent can also result in a complete 
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loss of CEST signal, as observed in the bis-carboxylate coordination Ca2+ complex (75). Thus, 

an understanding of the bioinorganic chemistry and biomedical imaging can help to develop such 

CEST agents for metal ion detection. 

1.3.3.5 Measurement of pH.  

Extracellular pH measurement and monitoring pH alteration are important for clinical 

diagnoses of various diseases including renal failure, ischemia, and chronic obstructive 

pulmonary disease. Increased lactic acid secretion and reduced bicarbonate levels within tumor 

tissues lead to high acidity in those tissues. Measuring altered pH is relevant for developing 

therapies that are effective in tissues. An ideal pH-responsive CEST agent should be able to 

measure the entire physiological pH range from 6.0 to 8.0. The amplitude of CEST signal 

depends on pH because the chemical exchange between water and an amide or amine proton is 

base catalyzed at physiological pH.  

Many paraCEST agents have been developed to measure pH. For example, the Eu(III) 

DO3A-tris amide complex can image pH in a ratiometric fashion where the CEST peak exhibits 

a 5 ppm shift upon deprotonation of the phenolic proton in the pH range of 6.0 to 7.6, resulting in 

quinone like structure formation (76). Clinically approved iopamidol has two types of amide 

proton pools with pH-dependent exchange rates that have been exploited to assess in vivo pH in 

kidneys (77, 78). In another example, extracellular pH was measured using the change in line 

width of the CEST effect from the amide proton in Tm(III)-DOTAM-Gly-Lys (79). The 

accuracy of the pH measurement was improved because the CEST effects were insensitive to 

changes in concentration and temperature. 

1.3.3.6 Measurement of Temperature.  
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An increase in temperature often causes the chemical exchange rate to increase. As the 

chemical exchange rate approaches the difference in MR frequency between water and the 

amide’s proton, a phenomenon known as MR coalescence causes the detected MR frequency of 

the agent to decrease. Therefore, monitoring the MR frequency of the CEST peak can be used to 

measure temperature. Within the field of CEST agents, this measurement of temperature has so 

far been achieved only using paraCEST agents. For example, a Yb(III)-HbDO3A agent has been 

used to detect temperature by monitoring the shift in the CEST peak from the hydroxyl groups 

with change in temperature (80). Indeed, this probe has been used to assess both pH and 

temperature. 

1.4. Contrast Agents for MR Spectroscopy and Spectroscopic Imaging 

        1.4.1. 13C Hyperpolarization Mechanism 

The detection of 13C, an MR-active isotope of carbon, has been a staple of biological 

NMR spectroscopy, including 13C NMR studies of natural products, polymers for biomedical 

research, and biomolecules such as proteins and nucleic acids (81). However, 13C MR 

spectroscopy (MRS) has been more challenging to apply to in vivo biomedical studies owing to 

the low 1.1% natural abundance of 13C , the lower detection sensitivity of 13C compared with 1H, 

and the lower concentration of mobile 13C in the body relative to the high concentration of 

mobile 1H content in tissue water (note that 13C in the solid state in tissues has very fast 

relaxation and broad chemical shift anisotropy, rending solid state 13C impractical for in vivo 

detection). For these reasons, 13C MRS has been difficult to perform during preclinical in vivo 

studies and has not become a routine tool in the clinic (82). The corollary of 13C magnetic 

resonance spectroscopic imaging (MRSI), whereby a 13C MR spectrum is generated for each 
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two-dimensional (2D) pixel or 3D voxel within an image, has had a similar fate as a result of 

poor detection sensitivity (83). 

To overcome this challenge, recent advances have developed hyperpolarized 13C contrast 

agents, which produce as much as 10,000-fold greater 13C signal than do endogenous 

biomolecules with natural 13C polarization (84). The most practical method for generating 

hyperpolarized 13C agents for in vivo studies uses dynamic nuclear polarization (85). Several 

chemical modifications have been used to improve this process. For example, glycerol or 

dimethylsulfoxide can be used to reduce crystallization during the initial freezing process that 

should form an amorphous glass. Gd3+ ions can be added to the sample to promote rapid T1 

relaxation of the electron and accelerate the transfer rate of dynamic nuclear polarization, which 

can improve hyperpolarization by 1.5- to 10-fold (86). Although the trityl radical has an electron 

paramagnetic resonance line width that is very appropriate for hyperpolarization of 13C, other 

radicals such as nitroxides or a mixture of radicals produced by UV radiation of the sample have 

also been used, especially for hyperpolarization of other nuclei (87). However, this method 

requires chemical symmetry, which has limited the use of this technique for biomedical imaging 

studies. To date, only the symmetrical succinate molecule has been successfully hyperpolarized 

for in vivo studies, although recent results with symmetrical molecules that can then be rapidly 

converted to asymmetrical metabolites have shown promise (88, 89). Yet another alternative 

approach uses signal amplification by reversible exchange (SABRE), which uses a metallic 

catalyst to transfer polarization from parahydrogen to a contrast agent (90). Although SABRE 

can very rapidly polarize a sample within a few seconds, the level of polarization is typically less 

than 10% compared with 30--40% polarization achieved after a few hours with DNP. Thus, DNP 

is still the method of choice for current in vivo hyperpolarized 13C studies. 
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The major weakness of hyperpolarized 13C MRI is the T1 relaxation rate of the 13C, which 

causes the loss of the hyperpolarized state. The T1 relaxation process can be slowed by storing 

the hyperpolarization in a singlet state, reducing chemical anisotropy at the carbon position 

and/or replacing hydrogen atoms with deuterons to eliminate 1H-13C coupling (91, 92).  

1.4.2. Hyperpolarized 13C MRS/I Agents 

MRS/I of many 13C hyperpolarized agents have been used to interrogate cell metabolism, 

particularly in animal tumor models and in patients with prostate cancer, with some studies 

performed with cardiovascular tissues. Hyperpolarized [1-13C]pyruvate has been the most 

commonly used metabolite for cancer studies (Fig. 1.7 ) (93). In particular, monocarboxylate 

transporters carry pyruvate into the cell, lactate dehydrogenase converts pyruvate to lactate, and 

alanine aminotransferase converts pyruvate to alanine, all of which are upregulated in tumor 

cells. For comparison, [2-13C]pyruvate has been used to assess enzyme activities in the Krebs 

cycle (94). In addition, hyperpolarized pyruvate has also been used to detect metabolism 

associated with carbonic anhydrase, mitogen-activated protein kinase, and choline kinase α (95-

97). Similarly, the 13C-hyperpolarized metabolites lactate, alanine, [5-13C]glutamine, 1-keto[1-

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

have also been used to evaluate biochemical pathways (98-102). Importantly, the metabolic 

energy pathways are highly interconnected. Therefore, the catabolism of each of these 

metabolites may be unexpectedly sensitive to changes in one small part of the metabolic 

network. 
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Figure 1.7. In vivo detection of the conversion of pyruvate to lactate using hyperpolarized 13C 

magnetic resonance imaging (MRI). (a) Stack of MR spectra showing the time course of the 

decay of pyruvate and the buildup of lactate in the MR image of a rat. (b) 1H MR image of the rat 

showing the location of muscle. Temporal parametric maps of the biodistributions of pyruvate 

and lactate show the production of lactate in muscle. Reproduced with permission from 

Reference 93. 

As described above, the extracellular pH of the tumor microenvironment is a useful 

biomarker for improving tumor diagnoses and selecting chemotherapies for precision medicine. 

Tumor pH can be measured using hyperpolarized bicarbonate, H13CO3
−, which undergoes rapid 

interconversion with carbon dioxide, 13CO2, via carbonic anhydrase enzyme activity (103). The 

ratio of bicarbonate to carbon dioxide concentrations can be detected with MRS/I and then used 

to determine pH through the Henderson-Hasselbach equation. Unlike studies of metabolism, this 

pH determination must be detected at steady-state equilibrium between bicarbonate and carbon 

dioxide that takes time to establish (104). This time may not be available if the T1 relaxation time 

constant of bicarbonate is short or if carbonic anhydrase activity is insufficiently fast. 

Importantly, carbonic anhydrase works more slowly in acidic conditions such as the tumor 

extracellular environment, which causes tumor pH to be overestimated (tumor acidosis is 

a b 



44 

 

underestimated), thereby reducing the utility of this method. This complication once again 

demonstrates that considerable care must be taken to adequately assess the metabolic 

dependencies of hyperpolarized 13C studies. 
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2.1 Role of GGT in Tumor Biology 

  γ-Glutamyl transferase (GGT) occurs in the extracellular space of ovarian, liver, breast, 

and squamous skin cancers and plays a central role in glutathione metabolism where it catalyzes 

the cleavage of a γ-glutamyl moiety of extracellular glutathione (Fig. 2.1a) (1-3). The 

intracellular synthesis of glutathione utilizes cysteine obtained from the GGT mediated cleavage 

(GSH-cycle) and the transport of the cleaved products then reduces oxidative stress that 

promotes tumor cell survival and division, tumor progression, and resistance to platinum-

containing chemotherapies (4). Elevated GGT activity is associated with increased risk of 

ovarian, breast, prostate, and liver cancers.  Therefore, a non-invasive imaging method could be 

useful for investigating GGT activity to diagnose tumor stage, prognosticate survival, and predict 

response to some types of chemotherapies (5).   

As another potential application, GGT activity has been detected during optical surgical 

navigation to improve the localization of proliferating, metastatic tumors during surgery (6,7).  

This detection relies on a spirocyclic rhodamine-based dye that becomes fluorescent after GGT 

cleaves a glutamyl ligand from the substrate (Fig. 2.1b). However, only a subset of tumors have 

active GGT enzyme (7).  A complementary imaging method that non-invasively detects GGT 

activity is needed to pre-screen patients prior to surgery, in order to select patients who are 

candidates for optical surgical navigation. 

2.2 A CEST MRI Agent to Detect GGT 

The detection of extracellular enzyme activity may potentially improve disease diagnoses 

relative to only monitoring enzyme expressions.  These detections of enzyme activities should 

occur within the in vivo pathological tissue because the level of enzyme activity can be 
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modulated by environmental conditions that are not present during in vitro or ex vivo studies. 

GGT being overexpressed in several tumors is considered as an important biomarker of cancer. 

 

Figure 2.1.  Substrates for γ-glutamyl transferase (GGT).  (a) The natural metabolite glutathione 

is cleaved by GGT to produce glutamate and a cysteine-glycine dipeptide.  (b) A fluorescence 

agent, gGlu-HMRG, is activated after the glutamyl ligand is cleaved via GGT catalysis.  (c) The 

proposed mechanism for GGT cleavage of the CEST MRI contrast agent, based on reference 16. 

 

a b 

c 
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Chemical Exchange Saturation Transfer (CEST) MRI involves saturation of the 

magnetization of a specific proton in a contrast agent (Fig. 2.2a, first step) (8).  The subsequent 

transfer of the saturated proton to a bulk water molecule via chemical exchange (Fig. 2.2a, 

second step) decreases the MRI signal of the water that can be detected with a standard MRI 

protocol. CatalyCEST MRI detects a change in a CEST signal after enzyme catalysis, and then 

compares the detection of enzyme-responsive CEST signal with an enzyme-unresponsive control 

CEST signal (Fig. 2.2b) (9). To date, CEST MRI contrast agents have been developed that detect 

the enzyme activity of proteases, esterases, a kinase, deaminase, galactosidase, and 

transglutaminase, although most of these agents lack an enzyme-unresponsive CEST signal (9-

19). Furthermore, most catalyCEST MRI studies have used paramagnetic agents with metallic 

ions that are potentially toxic, which hampers clinical translation (20).  

To overcome hurdles for clinical translation of catalyCEST MRI, we sought to develop a 

single CEST agent that is nonmetallic, has enzyme-responsive and unresponsive CEST signals, 

and can detect the enzyme activity of GGT within in vivo tumor tissues (Fig. 2.1c, 2.2b) (21). 

Our agent was designed by adding a glutamyl ligand to salicylic acid (22, 23).  We investigated 

the synthesis and biochemical characterization of the agent, including Michaelis-Menten enzyme 

kinetics studies to investigate the catalytic cleavage of the agent by GGT.  We then performed in 

vivo catalyCEST MRI studies with mouse models of OVCAR-8 and OVCAR-3 human ovarian 

cancer as well as muscle, which have high, low, and no GGT activity, respectively.  Finally, we 

compared our catalyCEST MRI studies with results from ex vivo fluorescence imaging studies. 
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Figure 2.2.  CatalyCEST MRI.  (a) Selective saturation of the net coherent magnetization of the 

amide proton (red hydrogen atom) followed by chemical exchange of the proton to water, causes 

a decrease in the MR signal of water.  (b) The GGT enzyme can cleave the glutamyl moiety of 

the CEST agent, causing a loss of CEST signal from the aryl amide proton.  However, the 

salicylic acid moiety can still generate a CEST signal.  (c) The CEST spectra of the agent before 

and 10 h after addition of GGT enzyme showed a disappearance of the CEST signal at 4.8 ppm 

while the CEST signal at 9.2 ppm was unchanged.  Dark blue: CEST spectrum of the substrate; 

light blue: CEST spectrum of the product; Thick red line: % CEST signals of the substrate; thin 

red line: % CEST signals of the product. 

 

a 

b c 
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2.3 Materials and Methods 

2.3.1 Chemical Synthesis 

 

 

Scheme 2.1. The synthesis scheme for the catalyCEST MRI contrast agent.  a) BnBr, KOtBu, 

DMF, 0°C to RT, 5 h, then BnBr, KOtBu, DMF, 0°C to RT, 16 h, 70% ; b) HATU, HOAt, Boc-

Glu-OtBu, DIPEA, DMF, 0°C, 24 h, 34% ; c) 1:1 mixture of TFA:DCM, 0°C, 3 h, 51% ; d) 

10%w/w Pd/C, 10%w/w Pd(OH)2, H2, 1:1 mixture of MeOH:THF, 3 h, 97%.  

All reactions were performed under an inert atmosphere of nitrogen or argon using dry 

solvents unless otherwise indicated. Flash column chromatography was performed using silica 

gel (particle size 0.04 - 0.06 mm and 230 - 400 Å mesh size).  Analytical and preparative HPLC 

systems (600 series pump system with a 2487 dual wavelength UV detector, Waters Corp.) were 

used for analysis and purification. Reactions were monitored using thin layer chromatography 

(TLC) on silica gel plates (Sigma Aldrich). The γ-glutamyl transferase (GGT) enzyme was 

obtained from Sigma Aldrich (catalog #G9270-100U). All other reagents were obtained 
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commercially and used as received. The OVCAR-8 and OVCAR-3 cell lines and the fluorogenic 

substrate gGLU-HMRG were kindly provided by Dr. Hisataka Kobayashi, National Institutes of 

Health, Bethesda, MD (6). 

Physical measurements  

1H and 13C NMR spectra were recorded with Bruker AVIII 400 MHz, DRX 500 MHz 

and DRX 600 MHz NMR instruments (Bruker Biospin, Inc., Billerica, MA).  High resolution 

mass spectra were obtained with a Ultraflex III Maldi TOF-TOF instrument (Bruker Daltonics, 

Inc., Billerica, MA).  

Synthesis of Compound 1 

Compound 1 was synthesized using a reported procedure with 70% yield (24). 1H NMR 

(499 MHz, chloroform-d) δ 7.83 (s, 1H), 7.48 (m, 2H), 7.43 – 7.30 (m, 8H), 6.30 – 6.27 (m, 3H), 

5.33 (s, 2H), 5.14 (s, 2H). LRMS-ESI (m/z): [M+H]+ calc’d for [C21H21NO3], 334.1; found, 

334.1. 

Synthesis of Compound 2 

Boc-Glu-OtBu (1.65 mmol, 0.5 g) was dissolved in 48 mL dry dimethyl formamide in a 

150 mL round-bottom flask at 0°C. 2-(1H-7-azabenztriazoyl) 1,1,3,3-tetramethyluronium 

hexafluorophosphate methaminium, (HATU, 3.3 mmol, 2.0 equiv, 1.25 g), 1-hydroxy-7-

azabenzotriazole, (HOAt, 3.3 mmol, 2.0 equiv, 0.45 g)  and di-isopropyl ethyl amine  (3.3 mmol, 

2.2 equiv, 0.57 mL) were added to the reaction flask. The reaction mixture was allowed to stir at 

0°C for 15 minutes followed by the dropwise addition of compound 1 (1.5 mmol, 1.0 equiv, 0.5 

g) dissolved in 12 mL of dimethyl formamide. The ice bath was removed, the solution was 
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stirred at room temperature for 24 h, and the reaction progress was monitored by TLC 

(dichloromethane: methanol 9:1).  The reaction mixture was diluted with ethyl acetate (50 mL) 

and washed with water (50 mL). Organic layers were extracted with ethyl acetate (100 mL), 

washed with brine (10 mL), dried over Na2SO4, and solvent was removed by rotary evaporation. 

Compound 2 (crude yield 34%) was used for the next step without further purification. 1H NMR 

(499 MHz, chloroform-d) δ  9.36 (br s, 1H), 7.90 (m, 1H), 7.83 (m, 1H), 7.48 (m, 2H), 7.40 (m, 

2H), 7.36 (m, 7H), 7.05 (m, 1H), 5.35 (s, 2H), 5.20 (s, 2H), 4.1 (t, 1H), 2.98 (m, 2H), 2.49 (m, 

2H), 1.50 (s, 9H), 1.48 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 171.09, 165.63, 159.59, 156.78, 

136.51, 136.31, 133.10, 128.46, 128.13, 127.94, 127.71, 127.21, 114.98, 110.80, 104.31, 84.85, 

82.93, 81.94, 80.74, 70.45, 66.44, 60.42, 53.13, 38.74, 28.35, 28.02, 28.00, 14.23. 

Synthesis of Compound 3 

Compound 2 (crude weight, 0.89 g, 1.4 mmol) was dissolved in 15 mL dry 

dichloromethane at 0°C in a 100 mL round-bottom flask. Trifluoroacetic acid, (TFA, 15 mL) was 

added to the flask dropwise over 30 minutes. Once the addition was complete, the ice bath was 

removed and the reaction mixture was stirred at room temperature for 3 h until TLC showed that 

no starting material remained (dichloromethane:methanol 9:1). After removal of the solvent by 

rotary evaporation, the product was purified by preparative HPLC (RP C-18, 30-70 0.1%TFA: 

acetonitrile in 20 min, Rt =16 min). Compound 3 was obtained as a white powder (0.27 g, 0.72 

mmol, 51%). 1H NMR (400 MHz, DMSO-d6) δ 10.49 (s, 1H, N-H), 7.76 (d, J = 8.5 Hz, 1H), 

7.65 (d, J = 1.8 Hz, 1H), 7.48 (dd, J = 8.0, 1.5 Hz, 2H), 7.42 – 7.30 (m, 8H), 7.24 (dd, J = 8.6, 

1.8 Hz, 1H), 5.28 (s, 2H), 5.14 (s, 2H), 3.73 – 3.63 (m, 1H), 2.63 – 2.53 (m, 2H), 2.12 – 1.96 (m, 

2H). 13C NMR (101 MHz, DMSO) δ 171.38, 170.81, 165.34, 159.04, 144.53, 136.99, 136.59, 
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132.75, 128.86, 128.79, 128.39, 128.35, 128.16, 127.68, 114.33, 111.09, 104.21, 70.04, 66.23, 

52.73, 32.71, 26.49. HRMS-ESI (m/z): [M+H]+ calc’d for [C26H27N2O6], 463.1869; found, 

463.1868. 

Synthesis of Compound 4 

Compound 3 (0.27 g, 0.72 mmol) was dissolved in methanol:tetrahydrofuran (1:1) in a 

round-bottom flask and 0.3 mL of 0.1 M HCl was added to the solution for complete dissolution. 

10% w/w of Pd/C, 10% w/w Pd(OH)2 was added to the flask equipped with a H2 balloon and the 

reaction mixture stirred over H2 for 3 h. Once the reaction was complete, the product was filtered 

over celite, the solvent was removed by rotary evaporation and purified over a Sep-pak cartridge 

column (C-18, 0-30 0.1% TFA:acetonitrile, Rt =15.28 min) and lyophilized to give compound 4 

as a pale yellow solid (0.2 g, 0.7 mmol, 97%). 1H NMR (499 MHz, D2O) δ 10.49 (s, 1H, N-H), 

8.46 (bs, 2H, NH2), 7.69 (d, J = 8.6 Hz, 1H), 7.36 (d, J = 1.9 Hz, 1H) 7.08 (dd, J = 8.7, 1.9 Hz, 

1H), 3.93 – 3.87 (m, 1H), 2.60 (m, 2H), 2.17 – 2.04 (m, 2H). 13C NMR (126 MHz, D2O) δ 

172.06, 171.16, 171.04, 162.59, 145.65, 131.33, 110.42, 108.62, 106.33, 52.01, 32.32, 26.08.  

HRMS-ESI (m/z): [M+H]+ calc’d for [C12H15N2O6], 283.0930; found, 283.0927. 

2.3.2 Optimization of the CEST MRI Protocol 

The agent was prepared at 25 mM concentration in PBS buffer (5x strength, pH 7.2). 

Samples were placed in a sample holder that maintained the samples at 37.0±0.2°C.  To identify 

the location of the samples in the magnet, an initial set of images were acquired using a 

multislice spin echo MRI protocol with the following parameters TR: 500 ms; TE: 10.0 ms; 

excitation flip angle: 90°; matrix: 128 ×128; field of view: 8×8 cm; in-plane spatial resolution: 
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625×625 µm; slice thickness: 1 mm; number of slices: 30; number of averages: 1; total scan 

time: 1:04 min.   

We used a CEST-FISP MRI acquisition protocol with the following parameters TR: 

3.196 ms; TE: 1.598 ms; excitation flip angle: 30°; centric encoding during acquisition; matrix: 

128×128; field of view: 8×8 cm; in-plane spatial resolution: 625×625 µm; slice thickness: 1 mm; 

number of slices: 1; number of averages: 1 (24). We acquired a series of 85 images with selective 

saturation applied at 3 µT for 5 seconds at saturation frequencies in 0.25 ppm increments from 

15 ppm to -3 ppm and 1 ppm increments from -4 ppm to -15 ppm, for a total scan time of 7:42 

min.  MRI studies were performed with a Biospec MRI scanner operating at 7 T (300 MHz) 

magnetic field strength with a 72 mm volume transceiver coil (Bruker Biospin, Inc., Billerica, 

MA). Then 0.4 units of GGT enzyme were added to a 200 µL, 25 mM solution of the contrast 

agent.  The solution was incubated for 12 h at 37°C.  The same CEST-FISP MRI protocol was 

then used to obtain CEST spectra after GGT enzyme catalysis.  

Images were processed using ParaVision v5.1, and CEST MR image analyses were 

performed with Matlab v8.4 (Mathworks, Natick, MA).  To measure CEST signal amplitudes, 

each CEST spectrum from a region of interest (ROI) in an image of a sample was analyzed by 

fitting the spectrum to a sum of three Lorentzian line shapes to account for two CEST signals 

and direct saturation of water (18). The center, width, and amplitude of each Lorentzian line was 

allowed to change to optimize the fit.  

CEST spectra were acquired using the same CEST-FISP MRI protocol at saturation 

powers ranging from 1 µT to 7 µT and using a saturation time of 5 s. A HW-QUESP analysis 

method was used to determine the chemical exchange rates of the reactant and product (Fig. 2.4) 
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(26). This linear analysis method has been shown to more accurately measure chemical exchange 

rates relative to the non-linear QUESP analysis method or the linear LB-QUESP method (also 

known as the Omega plot method) because the HW-QUESP method compensates for inaccurate 

saturation powers caused by B1 inhomogeneities.  CEST spectra were obtained at saturation 

times ranging from 0.2 s to 12 s using the same sample and with a saturation power of 3 µT. 

Although subsequent analyses indicated that a saturation power higher than 3 µT can produce 

stronger CEST signals, the 3 µT saturation power was sufficient for optimizing other parameters 

of the catalyCEST MRI protocol. A RL-QUEST plot was used to assess the optimal saturation 

time for subsequent experiments (Fig. 2.5) (27). To study the effect of pH on both CEST signals, 

25 mM samples of the agent were prepared with pH values ranging from 6.2 to 7.4 and CEST 

spectra were collected with a saturation power of 3 µT and a saturation time of 5 s.  Finally, 

CEST MRI was performed with samples of the agent ranging from 10 mM to 75 mM, and with a 

saturation pulse of 3 µT and 5 s saturation time (Fig. 2.6). A HW-Conc analysis method was 

used to calibrate CEST signal with concentration, which was useful for Michaelis-Menten 

kinetics analysis (28).  Although the relationship between signal amplitude and concentration is 

approximately linear at low concentrations, this relationship is clearly non-linear at higher 

concentrations.  Therefore, the HW-Conc analysis method is preferred for calibrating CEST 

signal amplitudes rather than simply approximating this relationship to be linear. 

2.3.3 Michaelis-Menten Enzyme Kinetics Studies With catalyCEST MRI 

The kinetics of the cleavage of the agent by GGT was studied using catalyCEST MRI 

with the same CEST-FISP MRI protocol using a saturation pulse of 3 µT and 5 s saturation time.  

Samples of the agent ranging in concentration from 3.5 to 68 mM were prepared in PBS 5x 
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buffer to maintain a pH between 7.35 and 7.4 units, in a final volume of 200 µL. Then 0.2 units 

of GGT were added to each sample of the agent, and 80 CEST spectra were repetitively acquired 

during 10 h. The initial velocity of each reaction, v0, was determined from the first 2.5 h of the 

reaction. A Hanes-Woolf plot was used to determine the Michaelis constant, Km, and the reaction 

velocity, Vmax (29). The catalysis rate, kcat, was determined from Vmax and the initial enzyme 

concentration.  The catalytic efficiency, kcat/Km, was then determined from these results.  

2.3.4 In vivo catalyCEST MRI Studies 

All in vivo studies were approved by the Institutional Animal Care and Use Committee of 

the University of Arizona.  To prepare the mouse models of human ovarian cancer, female mice 

that were 6 to 8 weeks in age were injected with 1 × 106 to 2 × 106 tumor cells suspended in 200 

µL to 300 µL of PBS in female nude mice.  Both OVCAR-8 and OVCAR-3 human ovarian 

cancer cells were used for this study.  Imaging studies were performed 25 days post injection for 

the OVCAR-8 tumor model and 40 days for the OVCAR-3 tumor model, when the tumor 

reached approximately 300 mm3 in diameter.  

CatalyCEST MRI was performed using two mice with an orthotopic OVCAR-8 tumor, 

two mice with orthotopic OVCAR-3 tumor, and two mice to study enzyme activity in muscle 

tissue. Each mouse was anesthetized with 1.5-2.5% isoflurane delivered in 1 L/min oxygen gas 

ventilation. The mouse was then secured to a customized MRI–compatible cradle, probes for 

monitoring rectal temperature and respiration were connected to the mouse, and core body 

temperature was regulated at 37.0 ± 0.2°C using an air heater (SA instruments, Inc., Stony 

Brook, NY). To identify the location of the tumor or muscle tissue, an initial set of images were 

acquired using a multislice spin echo MRI protocol with the following parameters TR: 1200 ms; 
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TE: 21.26 ms; excitation flip angle: 90°; matrix: 256×128; field of view: 6×4 cm; in-plane spatial 

resolution: 234×312 µm; slice thickness: 1 mm; number of slices: 17; number of averages: 1; 

total scan time: 2:33 min. After identifying the tumor or muscle location with MRI, the mouse 

was temporarily removed from the magnet, a solution of 500 mM of the agent in 250 µL was 

injected into the mouse intraperitoneally within 5 mm of the tumor or was injected 

intramuscularly, the mouse was reinserted into the magnet, and a 10-minute delay occurred 

before imaging to allow the agent to be cleaved by GGT.  The in vivo CEST-FISP MRI studies 

used the following parameters of TR: 3.698 ms; TE: 1.649 ms; excitation flip angle: 15°; with 

radiofrequency spoiling; centric encoding during acquisition; matrix: 128 ×128; field of view: 

6×4 cm; in-plane spatial resolution: 469×312 µm; slice thickness: 2 mm; number of slices: 1; 

number of averages: 1. Ten 600 ms continuous wave saturation pulses at a saturation power of 4 

µT were used at each saturation frequency. Respiration gating was used to reduce motion 

artifacts (Fig. 2.3) (30). A series of nine catalyCEST MRI scans were acquired with a series of 

41 saturation frequencies at ppm values of +14, +13, +12.6 to 3 (with 0.4 ppm increments), +2.5 

to -2.0 (with 0.5 ppm increments), and -3 to -12 (with 3 ppm increments). The total scan time for 

one CEST spectrum was 4:24 to 4:48 min depending on the timing of respiration gating.  Nine 

consecutive CEST spectra were acquired.  At the conclusion of the MR scan, the mouse was 

removed from the magnet and cradle and allowed to recover.  

To obtain parametric maps of the CEST signal amplitudes during in vivo catalyCEST 

MRI studies, the images from the nine repetitions were averaged, and a Gaussian spatial filter 

was applied to the average image with a 3×3 pixel matrix and a σ value of one pixel (31). The 

ROI for the tumor or muscle tissue was determined from the anatomical MR images.  The CEST 

spectrum from each pixel in the image was obtained from the MR images. Linear baseline 
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correction was applied to account for power drift of the gradient amplifier, and possible heating 

of the static shim coils or sample.  A function of four Lorentzian line shapes was fit to each  

 

Figure 2.3. The CEST-FISP MRI pulse sequence with respiration gating (27). The respiration 

gating was adjusted to allow the start of acquisition in a 200 ms window (thick black line) that 

started 300 ms after inhalation. The series of saturation pulses typically ended within a 

respiration gating window, and the FISP acquisition was immediately started. Due to variable 

breathing rate, additional 600 ms saturation pulses was added to the saturation period until the 

total saturation period ended within a respiration gating window. 

CEST spectrum to measure the signal amplitudes of the CEST effects at 4.8 and 9.2 ppm, and 

also account for direct saturation of water and the endogenous effect of amide proton transfer 

(19). The saturation frequency, width and amplitude of the Lorentzian line shape that fit the 

direct saturation of water was allowed to change during the fitting procedure.  The width and 

amplitude of the two Lorentzian line shapes that fit the CEST effects of the agent were also 

allowed to change, but the saturation frequencies of these Lorentzian line shapes were fixed at 

9.2 and 4.8 ppm relative to the saturation frequency of the direct saturation of water. The 

parametric maps of the reaction coordinates of GGT enzyme activity were determined using Eq. 
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[1].  CEST spectra were obtained for the ROI of each tumor and muscle tissue by averaging the 

images, applying a Gaussian spatial filter, linear baseline fitting to account for power drift of the 

gradient amplifier, and averaging the CEST spectra of the pixels in the ROI.  The same 

Lorentzian line shape fitting method was applied to each of these CEST spectra of each ROI.   

 

RC =1-       Eq. [1] 

The temporal change in CEST was evaluated during the in vivo enzyme activity study of the 

OVCAR-8 tumor model. The CEST spectra of the ROI that represented the tumor were obtained 

for each of the nine time points.  The CEST spectra of time points 1-3, 2-4, 3-5, 4-6, 5-7, 6-8, 

and 7-9 were each averaged to generate results at 7 time points, and Lorentzian line fitting was 

performed to measure the two CEST signal amplitudes.  The ratio of the CEST signal amplitude 

at 4.8 ppm vs. the CEST signal amplitude at 9.2 ppm was then fit to a function with a single 

exponential decay with a constant, because the enzyme catalysis is a pseudo-first order kinetics 

reaction.  

 2.3.5 Ex vivo Fluorescence Imaging Studies 

Fluorescence imaging studies were performed 24 h after catalyCEST MRI studies. A 250 

µL solution of 100 µM of the gGlu-HMRG probe was intraperitoneally injected into the mouse. 

After 10 minutes, the mouse was euthanized and the abdominal cavity was exposed, which 

required 5 minutes for preparation. A fluorescence image was collected using an AMI-X imaging 

system (Spectral Instruments Imaging, Inc, Tucson, AZ) using a 5 s exposure time and excitation 

and emission filters at 490 and 550 nm, respectively. Additional images were collected at 10, 20 



72 

 

and 30 minutes after the initial image was acquired. All four images showed identical 

fluorescence signal amplitude, which indicated that the timing of the image acquisition was not 

critical.  

 2.4 Results  

 2.4.1 Development of the GGT-Responsive catalyCEST MRI Contrast Agent  

We synthesized the CEST agent, 4-amino salicylic acid with a glutamyl moiety (4), with 

an overall yield of 47% (Scheme 2.1). A CEST-FISP MRI protocol was used to obtain a CEST 

spectrum of this agent (25).  This agent generated a CEST signal at 9.2 ppm from the salicylic 

acid moiety and a second CEST signal at 4.8 ppm from the aryl amide moiety.  The ppm values 

of these CEST signals were similar to the CEST signal from agents that have a single salicylic 

acid moiety or a single aryl amide moiety (22, 23, 32).  Therefore, the two CEST signals from 

this single agent did not overlap, and were substantially different from the chemical shift of 

water, which greatly facilitated the detection and analysis of each CEST signal. 

After adding GGT enzyme, the contrast agent was cleaved to form 4-amino salicylic acid 

as verified using mass spectrometry. CEST spectra of the product showed that the CEST signal 

at 4.8 ppm disappeared as a result of GGT cleavage of the glutamyl ligand from the agent, while 

the CEST signal at 9.2 ppm was largely unchanged (Fig. 2.2c).  This result confirmed that a 

single diamagnetic CEST agent can generate enzyme-responsive and unresponsive CEST 

signals, so that the ratio of these signals can be used to detect enzyme activity in a concentration-

independent manner. 
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2.4.2 Optimization of the CEST MRI Protocol 

We established a CEST MRI protocol that can detect the agent with the best sensitivity.  

A saturation power of 4 µT (Fig. 2.4) was shown to generate relatively strong CEST signals 

while still maintaining an acceptably low power below the SAR limit for in vivo studies. A 

saturation time of 3 seconds was also adequate for generating strong CEST signals (Fig. 2.5) (26, 

27).  In addition, a calibration of CEST signal amplitude vs. concentration was generated using 

the HW-Conc CEST method to facilitate the kinetics analyses (Fig. 2.6) (28). 

We used the HW-QUESP CEST MRI method to measure the chemical exchange rate of 

the salicylic acid proton before and after GGT catalysis and after catalysis.  These exchange rates 

were 848 Hz and 934 Hz, respectively, demonstrating that the chemical exchange of the salicylic 

acid was largely unaffected by the GGT enzyme activity (Figs. 2.4d, f) (26).  This result further 

confirmed that the agent met our requirements for GGT detection with a single, nonmetallic 

CEST agent with enzyme-responsive and unresponsive CEST signals. 

2.4.3 Michaelis-Menten Enzyme Kinetics Studies  

To perform Michaelis-Menten enzyme kinetics studies (10), samples of the agent ranging 

in concentration from 3.5 to 68 mM were treated with 0.2 units of GGT.  A very low 

concentration of enzyme was used to lengthen the time of the study, which improved the 

accuracy of the kinetics analysis.  Immediately after adding the enzyme, 80 CEST spectra were 

acquired during 10 h (Fig. 2.7a). The amplitude of the CEST signal at 4.8 ppm was converted to 

concentration of the uncleaved agent at each time point of the reaction, using our previously 
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determined CEST-concentration calibration with an identical CEST MRI protocol.  The initial 

velocity of each reaction, v0, was determined from the rate of decrease of the  

 

Figure 2.4.  The effect of saturation power on CEST signals.  The % CEST signal amplitude of 

(a) the substrate at 9.2 ppm, (b) the substrate at 4.8 ppm, and (c) the product at 9.2 ppm showed 

good CEST signal amplitude with 4 µT of saturation power.  A HW-QUESP plot was used to 

estimate the chemical exchange rate of (d) the salicylic acid moiety of the substrate, (e) the aryl 

amide moiety of the substrate, and (f) the salicylic acid moiety of the product. The HW-QUESP 

plot used a robust linear fitting (black lines in graphs d-f), which was used to determine the non-

linear curves shown as a black line in graphs a-c.  The gray lines in graphs d-f show the 95% 

confidence intervals. 

uncleaved agent’s concentration during the first 2.5 h of the reaction (Fig. 2.7b). Although a 

Lineweaver-Burke plot is often used for enzyme kinetics analysis, a Hanes-Woolf plot was 

a b c 

d e f 
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preferred for our study because this analysis method is less sensitive to inaccuracies when 

measuring substrate concentrations (Fig. 2.7c) (33). The good fitting of the Hanes-Woolf plot to 

the experimental results demonstrated that the CEST agent followed Michaelis-Menten kinetics 

and therefore was responsive to enzyme activity.   

 

 

 

Figure 2.5.  The effect of saturation time on CEST signals.  The % CEST signal amplitude of (a) 

the substrate at 9.2 ppm, (b) the substrate at 4.8 ppm, and (c) the product at 9.2 ppm shows good 

CEST signal amplitude with at least 3 seconds of saturation time.  The RL-QUEST plot used a 

robust linear fitting method to evaluate (d) the salicylic acid moiety of the substrate, (e) the aryl 

amide moiety of the substrate, and (f) the salicylic acid moiety of the product. 

a b c 

d e f 
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Figure 2.6.  The effect of concentration on CEST signal amplitudes.  The % CEST signal 

amplitude of (a) the salicylic acid moiety and (b) the aryl amide moiety of the substrate increased 

with increasing concentration.  The lines were determined using a HW-Conc analysis method. 

These results were used to convert the % CEST signals to concentrations during the Michaelis-

Menten enzyme kinetics studies and the evaluation of pH effects on the enzyme reaction 

coordinate. 

The kcat value for the CEST agent was comparable to kcat of a fluorescence substrate with 

only a 2-fold decrease in this rate for the CEST agent (6). The Michaelis constant, Km, for the 

CEST agent was 550-fold higher than for the fluorescent substrate, demonstrating weaker 

binding of the CEST agent to the enzyme.  The combination of these effects resulted in a 1,170-

fold lower catalytic efficiency, kcat/Km, relative to the fluorescent substrate. This slower catalytic 

efficiency raised concerns that GGT may not cleave a sufficient amount of the CEST agent 

during the time frame of in vivo studies, which warranted our in vivo investigations.  

b a 
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Figure 2.7. Michaelis-Menten enzyme kinetics.  (a) The CEST spectrum showed a loss of the 

CEST at 4.8 ppm from 0.25 h to 10 h after adding enzyme to a 68 mM sample of the agent.  (b) 

The % CEST at 4.8 ppm decreased when 0.4 units of GGT enzyme was added to each sample of 

the agent at different concentrations.  The signal values were converted to concentrations (using 

the calibration shown in Fig. 2.6), and the initial reaction velocity, v0, was determined from the 

loss in concentration during the first 2.5 h after adding GGT enzyme to each sample.  (c) A 

Hanes-Woolf plot was used to determine Michaelis-Menten kinetics parameters.  (d) The kcat rate 

of catalysis of the catalyCEST agent was comparable to the catalysis rate of a fluorescence agent 
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(obtained from Reference 6).  However, the Km dissociation constant was higher for the 

catalyCEST agent, leading to a lower kcat/Km catalytic efficiency for the catalyCEST agent. 

 2.4.4 In vivo catalyCEST MRI: Experimental Conditions 

To perform in vivo catalyCEST MRI studies, we prepared orthotopic models of OVCAR-

8 and OVCAR-3 human ovarian cancer that modeled metastatic ovarian cancer in the peritoneal 

cavity. After acquiring MR images to locate the tumor within the peritoneal cavity, 250 µL of a 

500 mM solution of the contrast agent was administered i.p. near the tumor.  In an additional 

study, the same injection volume at the same concentration was administered in thigh muscle.  

We developed a respiration-gated CEST-FISP MRI protocol to reduce motion artifacts while 

imaging tumors in the peritoneal cavity, which was a critical technological innovation that was 

required to produce high-quality images for CEST MRI studies (Fig. 2.3) (30). We used this 

respiration-gated protocol to acquire CEST-FISP MR images for a total time of 31.5 min, which 

is a reasonable time frame for eventual clinical translation of this method.  

In vivo catalyCEST MRI: OVCAR-8 model 

Our first study used an OVCAR-8 tumor model that is known to have high GGT 

expression (Fig. 2.8, top row) (6).  We observed an average of 4.7% CEST signal at 9.2 ppm 

throughout the tumor region in the CEST MRI image, demonstrating sufficient delivery of the 

agent into the tumor for CEST MRI detection.  We also observed a weaker 1.9% CEST signal at 

4.8 ppm, suggesting rapid cleavage of the agent by GGT.  We also analyzed the regions 

surrounding the tumor tissue, including the region where the bolus of agent was detected. We 

used CEST MR image processing methods to generate parametric maps of the CEST signal 

amplitudes at 9.2 and 4.8 ppm, which showed some spatial heterogeneity in each signal 



79 

 

amplitude throughout the tumor.  Despite this heterogeneity, the CEST signal amplitude at 9.2 

ppm was higher than the amplitude at 4.8 ppm throughout the entire tumor region.  A ratio of   

 

Figure 2.8.  In vivo catalyCEST MRI.  (a) The anatomical images show the region of the 

OVCAR-8 tumor, OVCAR-3 tumor, and muscle tissue that was analyzed.  The red rectangle 

shows the regions displayed in the remainder of the figure.  (b)  The parametric maps of % CEST 

signal amplitudes for CEST signals at 9.2 and 4.8 ppm demonstrate good detection of both CEST 

effects in the tumor and muscle tissues. (c) The activity maps of the GGT enzyme show high 

activity in the OVCAR-8 tumor, low activity in the OVCAR-3 tumor, and no activity in the 

muscle tissue.  (d) The CEST spectra (blue) and CEST signals (red) for the region of the tumor 

and muscle also show good detection sensitivity of the agent and demonstrate the relative ratios 

of both CEST signals. 

these two parametric maps of CEST signal amplitudes were used to generate a GGT activity 

map, which represented a quantitative assessment of the enzyme reaction coordinate within the 

a b c d 
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in vivo tissue.  This activity map showed high GGT activity throughout a large majority of the 

tumor region. 

The successful detection of GGT activity with our catalyCEST MRI protocol obviated 

concerns that the catalytic efficiency of GGT for cleaving the CEST agent would be too slow for 

in vivo studies.  To explain this result, we realized that the high concentration of agent needed for 

CEST MRI detection (relative to the concentration of agent needed for fluorescence imaging) 

likely causes the GGT enzyme to be saturated with agent, which causes the catalytic rate to 

approach kcat.  As shown in Fig. 2.7d, the kcat values are comparable for GGT cleavage of the 

CEST agent and fluorescence agent.  Therefore, in vivo catalyCEST MRI under conditions that 

saturate the enzyme with agent are a good match with fluorescence imaging studies.  

The temporal evolution of the CEST signal amplitudes in the OVCAR-8 tumor region 

was evaluated to assess the temporal pharmacokinetic wash-out of the agent relative to the 

temporal effects of enzyme activity (Fig. 2.9a).  Both CEST signals decreased over time, 

indicating that the agent was slowly cleared from the tumor tissue during the time course of the 

in vivo imaging study.  Yet the ratio of the CEST signal amplitudes showed that the CEST signal 

at 4.8 ppm decreased more rapidly than the signal at 9.2 ppm (Fig. 2.9b).  An enzyme-catalyzed 

reaction with a substrate concentration that is much higher than the enzyme concentration is a 

pseudo-first order kinetics process that follows a single-exponential decay.  Therefore, we fit the 

decreasing ratio of CEST signals to a single-exponential function, which demonstrated a 

qualitative yet reasonable pseudo-first order kinetics process.  This result demonstrated that two 

CEST signals are critically needed to detect enzyme activity and also account for 

pharmacokinetics of the agent during in vivo studies. 
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Figure 2.9.  Temporal catalyCEST MRI results.  (a) The two CEST signals of the agent changed 

during the time course of the in vivo study, demonstrating that the agent experienced 

pharmacokinetic wash-out from the tumor as well as experiencing the effects of enzyme activity.  

(b) The temporal change of the ratio of the two CEST signals approximated a pseudo-first order 

reaction, as expected for enzyme kinetics with a high substrate concentration.   

In vivo catalyCEST MRI: OVCAR-3 model 

For comparison, our second study used an OVCAR-3 tumor model with low GGT 

expression (Fig. 2.8, middle row) (6). Both CEST signals were sufficiently strong for CEST MRI 

detection, again demonstrating good delivery of the agent to the tumor.  The average amplitudes 

of these two CEST signals were relatively equivalent at 13.1% and 11.2% CEST at 9.2 and 4.8 

ppm, respectively, indicating low enzyme activity.  The parametric maps of the two CEST signal 

amplitudes showed uniform signal amplitudes throughout the tumor region.  The reaction 

coordinate map of this tumor region demonstrated relatively low GGT activity in this tumor 

model.   
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In vivo catalyCEST MRI: muscle tissue 

We also performed a third study to measure GGT activity in muscle, after directly 

injecting the same amount of agent into in vivo muscle tissue (Fig. 2.8, bottom row).  Both CEST 

signals had strong 11.5% average amplitudes, which demonstrated good retention of the agent 

within the tissue. The equal CEST signal amplitudes indicated a lack of GGT activity. The 

parametric maps of CEST signal amplitudes and the activity map were each very uniform in 

muscle tissue.  

In vivo catalyCEST MRI: validation studies 

To validate these results, we then repeated these three studies with a second set of mice 

with OVCAR-8 and OVCAR-3 orthotopic tumors, and with muscle tissue.  This reproducibility 

trial generated very similar results that confirmed our initial results (Fig. 2.11). We also analyzed 

regions surrounding the tumor tissue and muscle, including the region where the bolus injection 

delivered agent. We did not detect CEST signals at 9.2 or 4.8 ppm in regions surrounding the 

tumor (Fig. 2.12), suggesting that the agent may have faster pharmacokinetic washout in the 

peritoneal cavity than the tumor. CEST signals were not detected in regions surrounding the 

muscle tissue where the agent was injected.     

2.4.5 pH and catalyCEST MRI 

We evaluated the effect of pH on CEST signal amplitudes (Fig. 2.10a). The salicylic acid 

and aryl amide protons both generated higher CEST signal amplitudes at higher pH values, 

which was expected due to the base-catalyzed chemical exchange mechanism for these two 

moieties (22, 32). Both CEST signal amplitudes are equal at pH 7.4, and the CEST signal 

amplitude of salicylic acid is less than the CEST signal of the amide proton at lower pH.  
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Therefore, the reaction coordinate of GGT activity is underestimated at lower pH (Fig. 2.10b).  

Tumor tissues can be acidic, (34, 35) which raises concerns that the reaction coordinate values 

are underestimated in the enzyme activity maps of the tumors.  Yet our results show that the 

enzyme activity is high in the OVCAR-8 tumor relative to muscle, so correcting for this 

underestimation in tumor tissue would only serve to improve this result.  Furthermore, we 

estimate that the OVCAR-3 tumor model would need to be lower in extracellular pH by more 

than 1.2 pH units relative to the OVCAR-8 tumor model to account for the differences in 

reaction coordinates observed in the activity maps of Fig. 2.8 and Fig. 2.12.  This difference in 

extracellular pH between these tumor types is unrealistic.  

 

Figure 2.10.  The effect of pH on the determination of the reaction coordinate.  (a) The chemical 

exchange rate of the salicylic acid moiety and aryl amide moiety are each base catalyzed, and 

therefore generate higher % CEST signal amplitudes at higher pH.  (b)  The % CEST signal 

amplitudes were converted to concentrations, then used to estimate a reaction coordinate at each 

pH value, which were normalized to the reaction coordinate at pH 7.4.  Linear trendlines were fit 

to data in each graph.  These results demonstrate that the reaction coordinate is underestimated 

under acidic pH conditions, which can occur in tumor tissues. 

 

a b 
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2.4.6 Ex vivo Validation 

We performed fluorescence imaging studies soon after our MRI studies to validate GGT 

activity.  We administered gGlu-HMRG dye i.p. to each mouse model of metastasized OVCAR-

8 or OVCAR-3 ovarian cancers (6). Each mouse was sacrificed ten minutes after administration, 

and the abdominal cavity was exposed under a whole-body luminescence imaging system (Fig. 

2.11). The tumor location and size observed with in vivo MRI matched the location and size 

observed with ex vivo fluorescence imaging.  The activated dye was clearly observed in the 

peritoneal OVCAR-8 tumor (Fig. 2.11a, c), which confirmed high GGT activity.  Only low 

fluorescence was observed in the OVCAR-3 tumor (Fig. 2.11 b, d), and no fluorescence was 

detected in exposed muscle tissues or other surrounding tissues in either mouse model.  

Therefore, the fluorescence imaging results matched the catalyCEST MRI results, which 

provided supporting evidence that catalyCEST MRI detected GGT enzyme activity. 

2.5 Discussion  

Our study has demonstrated the detection of enzyme activity with a single diamagnetic 

CEST agent that has enzyme-responsive and unresponsive CEST signals.  The comparison of 

both CEST signals was critical to ensuring the detection of enzyme activity while also 

accounting for pharmacokinetics of the agent during in vivo studies.  Without the enzyme-

unresponsive signal from the salicylic acid moiety, the pharmacokinetic washout of the agent 

from the tumor that caused a loss of CEST signal from the enzyme-responsive amide group 

could be misinterpreted as arising from enzyme activity (Fig. 2.9).  Moreover, the absence of the 

amide’s CEST signal from regions surrounding the tumor or muscle could also be misinterpreted 
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as arising from enzyme activity if a CEST signal from salicylic acid was not also incorporated 

into the experimental design.   

 

 

Figure 2.11.  Ex vivo fluorescence imaging with gGLU-HMRG dye confirmed that (a, c) the 

OVCAR-8 tumor had high GGT activity, (b, d) the OVCAR-3 tumor had GGT activity, and 

normal tissues had no detectable GGT activity. 

Many conditions can influence CEST signals, yet our methodology mitigated or 

eliminated many conditions that may influence our detection of enzyme activity.  Fitting 

Lorentzian line shapes to CEST spectra compensates for B0 inhomogeneity (31); the ratio of two 

CEST signals eliminates the effect of concentration, endogenous T1 relaxation time, and B1 

inhomogeneity (36); multiple pools of exchangeable protons on exogenous contrast agents can 

be treated independently (37);  the ratio of CEST signals can reduce or eliminate the influence of 

endogenous exchangeable proton pools (27); and changes in temperature have negligible 

influence on the CEST signal ratio within a physiological temperature range (18). However, as 

a b c d 
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shown in Fig. 2.10, the ratio of CEST signals from this GGT-responsive agent is dependent on 

pH.  Future in vivo catalyCEST MRI studies should investigate the effects of tissue pH to 

improve  enzyme detection.  A method known as acidoCEST MRI can produce parametric maps 

of the extracellular pH values in tumor tissues (31). Future studies may incorporate acidoCEST 

MRI methods within catalyCEST MRI studies to correct this pH-dependent underestimation in 

enzyme reaction coordinate.  

Significant in vivo enzyme activity was still detected in the OVCAR-3 mouse model with 

catalyCEST MRI while no activity was detected in the same mice with ex vivo fluorescence 

imaging. This result may suggest that enzymes other than GGT in the OVCAR-3 model cleaved 

some of the CEST agent that was administered at high concentration, whereby these other 

enzyme could cleave substrate at their Vmax rate even if they have a poor Km constant.  Indeed, 

proteases are notoriously promiscuous and cleave many substrates, so that a single diamagnetic 

CEST agent substrate may be cleaved by multiple proteases.  This enzyme promiscuity has been 

difficult to study in vivo due to a lack of an adequate analysis method. The further development 

of in vivo catalyCEST MRI has good potential to provide a method for in vivo assessments of 

enzyme promiscuity.   

The development of a diamagnetic CEST agent for catalyCEST MRI may facilitate 

translation of this method to the radiology clinic.  Paramagnetic CEST agents can only be 

administered at low doses of approximately 0.1-0.4 mmol/kg mouse body weight, due to 

concerns regarding toxicity.  Diamagnetic CEST agents based on salicylic acid have potentially 

lower toxicity, providing the opportunity to administer more agent.  In our study, we 

administered 5 mmol/kg of the agent i.p., which showed no evidence for toxicity.  Furthermore,  
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Figure. 2.12. A second study using in vivo catalyCEST MRI.  (a) The anatomical images show 

the region of the OVCAR-8 tumor, OVCAR-3 tumor, and muscle tissue that was analyzed.  The 

red rectangle shows the regions displayed in the remainder of the figure.  (b)  The parametric 

maps of % CEST signal amplitudes for CEST effects at 9.2 and 4.8 ppm demonstrate good 

detection of both CEST effects in the tumor and muscle tissues. (c) The activity maps of the 

GGT enzyme show high activity in the OVCAR-8 tumor, low activity in the OVCAR-3 tumor, 

and no activity in the muscle tissue.  (d) The CEST spectra (blue) and CEST signals (red) for the 

region of the tumor and muscle also show good detection sensitivity of the agent and 

demonstrate the relative ratios of both CEST signals.  These results matched the results of the 

first in vivo catalyCEST MRI study (Fig. 2.8). 

a b c d 
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our in vivo MRI study used a saturation power of 4 µT and a magnetic field strength of 7 T, 

which have both been used for clinical CEST MRI studies.  Finally, our catalyCEST MRI studies 

were performed in 31.5 min, and may potentially be shortened to further facilitate clinical 

translation.  For these reasons, additional in vivo catalyCEST MRI studies with a diamagnetic 

CEST agent appear warranted to prepare for eventual clinical translation of this method.      

 

Figure. 2.13. Parametric maps of in vivo catalyCEST MRI.  (a) The anatomical image shows a 

bright region where the agent was injected within 0.5 mm of the tumor location, or injected 

intramuscularly.  The parametric maps of the CEST signal amplitude at (b) 9.2 ppm and (c) 4.8 

ppm showed that the agent could be detected at the tumor site and in the muscle tissue at the 

location of the injection.  (d) The activity maps were derived from the ratio of these CEST signal 

amplitudes (shown next page). 
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3.1 Introduction 

 

3.1.1 catalyCEST MRI  
 

Imaging methods that diagnose enzyme activity can be difficult to translate between 

solution studies, cell-based studies, and studies with animal models.  Optical imaging is used to 

detect enzyme activity in biochemical solutions and cellular studies, but inadequately assesses 

enzyme activities in animal models due to limited penetration depth of light in tissues (1). CEST 

MRI, a more recent MRI method, can detect enzyme activity by measuring changes in image 

contrast caused by Chemical Exchange Saturation Transfer (CEST) (2). As discussed in previous 

chapters, CEST MRI involves selective saturation of the MR signal of a proton on an exogenous 

agent (Fig. 3.1a, left) followed by chemical exchange of the agent’s proton to a water molecule 

(Fig. 3.1a, right) which then transfers the saturation to the MR signal of water, and can be 

detected using standard MRI acquisition methods (3). An enzyme-catalyzed change to the agent 

can cause a change in chemical exchange rate that can be monitored by a MRI protocol known as 

catalyCEST MRI (Fig. 3.1b) (4 ). In this study we designed a nonmetallic MRI contrast agent 

with enzyme-responsive and unresponsive Chemical Exchange Saturation Transfer (CEST) 

signals that can detect the activity of Kallikrein 6 (KLK6) enzyme.  This agent detected KLK6 

activity and the effect of a KLK6 inhibitor in solution, in vitro, and in vivo.  

3.1.2 The Role of KLK6 in Cancer  

KLK6 belongs to the Kallikrein family of serine proteases. KLK6 is upregulated in the 

serum levels of various cancer patients and considered to be a potential new biomarker for 

ovarian, colon, and other carcinoma. There are other members of the Kallikrein family, for 

example hK2 (KLK2) and PSA (KLK3) that have already been well established as biomarkers 

for prostate cancer (5). Abnormalities in protein glycosylation pathways have been observed in 
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various cancers. Evidence suggests that KLK6 is aberrantly glycosylated in ovarian and other 

forms of cancer (6). The dysregulation of glycosylation patterns can be studied to elucidate better 

on the roles of KLK6 protein during the early stages of cancer. We developed a nonmetallic 

CEST MRI agent that detected KLK6 enzyme catalysis in solution, in vitro, and in vivo, to 

provide a common biotechnology platform in all three conditions for evaluating enzyme activity 

and enzyme inhibitors. 

 

 

Figure 3.1. catalyCEST MRI of KLK6 detecting contrast agent (a) shows the mechanism of 

CEST with this particular agent and (b) depicts the enzymatic cleavage of the agent resulting in 

the switch from an amide to amine functionality.  

3.2 Methods and Materials  

3.2.1 Synthesis of the Contrast Agent  

All reactions were performed under an inert atmosphere of nitrogen or argon using dry 

solvents unless otherwise indicated (Scheme 3.1). Flash column chromatography was performed 

using silica gel (particle size 0.04 - 0.06 mm and 230 - 400 Å mesh size).  An analytical HPLC 

a 

b 
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system (600 series pump system with a 2487 dual wavelength UV detector, Waters Corp.) was 

used for analysis and an octadecyl polymer “Sep Pak” cartridge column (Sigma Aldrich, St. 

Louis MO) for purification of the final compound. Reactions were monitored using thin layer 

chromatography (TLC) on silica gel plates (Sigma Aldrich). The HCT116 media and shKLK6 

media were obtained from Dr. Natalia Ignatenko, University of Arizona.  Antithrombin III from 

human plasma was purchased from Sigma Aldrich.  KLK6 enzyme from a NS0-derived mouse 

myeloma cell line with a C-terminal 10-His tag was obtained from R&D Biosystems 

(Minneapolis, MN). Lysyl endopeptidase was purchased from Wako Biochemicals (Richmond, 

VA). 

1H and 13C NMR spectra were recorded with Bruker AVIII 400 MHz, DRX 500 MHz 

and DRX 600 MHz NMR instruments (Bruker Biospin, Inc., Billerica, MA).  High resolution 

mass spectra were obtained with a Ultraflex III Maldi TOF-TOF instrument (Bruker Daltonics, 

Inc., Billerica, MA) and LC-MS data were obtained from the BIO5 institute, University of 

Arizona. 

Synthesis of compound 1  

Compound 1 was synthesized and purified using a reported procedure with 70% yield (7). 

1H NMR (499 MHz, chloroform-d) δ 7.83 (s, 1H), 7.48 (m, 2H). 7.43-7.30 (m, 8H), 6.30-6.27 

(m, 3H), 5.33 (s, 2H), 5.14 (s, 2H). LRMS-ESI (m/z): [M+H]+ calcd for [C12H21NO3], 334.1; 

found, 334.1 
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Scheme 3.1. Chemical synthesis route designed for the contrast agent, 5 made by slight 

modifications of reported procedure (16). 

 

Synthesis of compound 2 

Compound 2 was synthesized by modifying a reported procedure (8). A solution of Boc-

L-dibenzyloxycarbonyl arginine (10.0 g, 18.6 mmol) in 60 mL tetrahydrofuran was treated 

dropwise with anhydrous pyridine (1.5 mL, 18.6 mmol) and followed by addition of Boc-

anhydride (4.05 g, 18.6 mmol) in a 300 mL round-bottom flask, equipped with a magnetic stirrer 

and under inert N2,  and  allowed to stir at room temperature for 1 h. Then a solution of 

compound 1 (2.0 g, 6.2 mmol) in 60 mL tetrahydrofuran was added to the flask and the reaction 

mixture was allowed to stir at room temperature for 16 h. On completion, the reaction mixture 

was diluted with ethyl acetate (100 mL) and washed with saturated NaHCO3 (15 mL) followed 

by 1 M HCl (15 mL) and water (15 mL). The final compound was washed with brine (10 mL) 

and organic layers were extracted with ethyl acetate, dried over Na2SO4 and purified by SiO2 

1 2 
3 

4 
5 

pyridine, 
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column chromatography (30% to 50 % ethyl acetate to hexanes). The final compound 2 was 

obtained as a yellow solid (5.1 g, 5.9 mmol, 95% yield).  

Synthesis of compound 3 

Compound 2 (1.0 g, 1.16 mmol) was suspended in dry ether (24 mL), and a solution of 

concentrated HCl in ethyl acetate (0.5 mL in 4 mL) was added dropwise to the reaction mixture 

at room temperature. The solution was then allowed to stir for 14 h after which the solvents were 

removed by rotary evaporation. Ether (20 mL) was further added to the yellow precipitate and 

stirred for another 2 h.  The solvent was then removed by rotary evaporation and the product was 

purified by flash chromatography over SiO2 (9:1 dichloromethane:methanol) to yield compound 

3 as a yellow oil (0.57 g, 0.75 mmol, 65%). The final compound was analyzed by HPLC (RP C-

18, 10-90 0.1%TFA: acetonitrile in 45 min, Rt = 26.21 min) LRMS-ESI (m/z): [M+H]+ calc’d for 

[C43H44N5O8], 758.1; found, 758.1 

Synthesis of compound 4 

Z-Phe-OH (0.19 g, 0.65 mmol), benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate, (0.29 g, 0.65 mmol) and hydroxy benzotriazole (0.09 g, 0.65 mmol) were 

added to 30 mL of N,N-dimethyl formamide in a 100 mL round-bottom flask with an inert 

atmosphere and 0°C, followed by the dropwise addition of N-methyl morpholine (0.13 mL, 

11.97 mmol) and allowed to equilibrate at 0°C for 15 min. Compound 3 (0.41 g, 0.54 mmol) 

dissolved in N,N-dimethyl formamide (5 mL) was then added to the flask. The ice bath was then 

removed and the reaction mixture was allowed to stir at room temperature for 8 h. The reaction 

mixture was then diluted with ethyl acetate (20 mL) and washed with 5 % NaHCO3 (2 × 5 mL), 

5 % citric acid (2 × 5 mL), and water (20 mL). The organic layers were collected, washed with 

brine (5 mL), and extracted with ethyl acetate (30 mL), and dried over Na2SO4. The solvent was 
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removed by rotary evaporation and purified by column chromatography over SiO2 (9:1 

dichloromethane: methanol) to yield the final compound 4 as a yellow oil (0.22 g, 0.21 mmol, 

39%). The final compound was analyzed by HPLC (RP C-18, 10-90 0.1%TFA: acetonitrile in 45 

min, Rt = 34.47 min). LRMS-ESI (m/z): [M+H]+ calc’d for [C60H59N6O11], 1039.4; found, 

1039.4 

Synthesis of compound 5 

Compound 4 (0.22 g, 0.21 mmol) was dissolved in 12 mL methanol and 0.1 mL of 1 M 

HCl in 4 mL ethyl acetate was added to the solution for solubility. A catalytic amount of Pd/C 

(10% w/w) and Pd(OH)2 (10% w/w) was added to the reaction mixture. The round-bottom flask 

was then equipped with a H2 balloon and stirred overnight. The reaction mixture was passed over 

a fine frit filter with celite and then solvent was removed by rotary evaporation. The final 

product was purified over a Sep Pak column (water with 0.1% trifluoroacetic acid:acetonitrile) 

and compound 5 was obtained as a white solid after lyophilization (0.08 g, 0.17 mmol, 83%). 

The final compound was analyzed by HPLC (RP C-18, 0-30 0.1%TFA:acetonitrile in 45 min, Rt 

= 22.1 min). HRMS-ESI (m/z): [M+H]+ calc’d for [C22H29N6O5], 457.2199; found, 457.2199 

 

3.2.2 CatalyCEST MRI Studies in Solution 

MRI studies were performed with a Biospec MRI scanner operating at 7 T (300 MHz) 

magnetic field strength with a 72 mm volume transceiver coil (Bruker Biospin, Inc., Billerica, 

MA).  Images were processed using ParaVision v5.1 software, and CEST MR image analyses 

were performed with Matlab v8.4 (Mathworks, Natick, MA).  The temperature of the magnet 

bore was maintained at 37.0 ± 0.2°C for all studies (except for the study of the temperature 
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dependence of the CEST signals) by using an automated temperature feedback system with 

warmed air (SA Instruments, Inc., Stony Brook, NY).  

To perform initial CEST MRI studies, the agent was prepared at 25 mM concentration in 

Tris buffer (pH 7.2; Fig. 3.2a). To identify the location of the samples in the magnet, an initial 

set of images were acquired using a multislice spin echo MRI protocol with the following 

parameters: TR: 500 ms; TE: 10.0 ms; excitation flip angle: 90°; matrix: 128×128; field of view: 

8×8 cm; in-plane spatial resolution: 625×625 µm; slice thickness: 1 mm; number of slices: 30; 

number of averages: 1; total scan time: 1:04 min. To perform catalyCEST MRI studies, we used 

a CEST-FISP MRI acquisition protocol with the following parameters: TR: 3.19 ms; TE: 1.598 

ms; excitation flip angle: 30°; matrix: 128×128; field of view: 8×8 cm; in-plane spatial 

resolution: 625×625 µm; slice thickness: 1 mm; number of slices: 1; number of averages: 1. We 

acquired a series of 85 images with selective saturation from -15 ppm to 15 ppm using 0.25 ppm 

increments from 15 ppm to -3 ppm and then using 1 ppm increments from -4 ppm to -15 ppm, 

for a total scan time of 7.42 min.  Then 2.5 units (96.15 pmol; the final concentration in 200 μL 

solution was 480.7 nM) of KLK6 enzyme and 2.5 units of lysyl endopeptidase were added to a 

200 µL, 25 mM solution of the contrast agent in activation buffer (50 mM Tris base buffer and 1 

M sodium citrate).  The mixture of KLK6 and lysyl endopeptidase were prepared at room 

temperature 30 minutes prior to adding the mixture to the solution with the contrast agent so that 

the lysyl endopeptidase could activate KLK6.  The solution was incubated for 12 h at 37°C.  The 

same CEST-FISP MRI protocol was used to obtain CEST spectra after KLK6 enzyme catalysis 

(Fig. 3.2a).  

The same procedure was used to evaluate the effects of the KLK6 inhibitor, Antithrombin 

III. A total of 25 µg (436.6 pmol) of Antithrombin III and 2.5 units of the activated KLK6 
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enzyme were simultaneously added to a chemical solution of 200 µL of agent at 35 mM 

concentration at pH 7.2.  This concentration of inhibitor was four-fold higher than the 

concentration of the enzyme, which was less than a 10-fold concentration of inhibitor relative to 

enzyme that has been used in previous studies (9). CEST spectra was acquired before and after 

addition of the inhibitor using the same CEST-FISP MRI protocol (Fig. 3.2b).   

Each CEST spectrum from a region of interest in an image of a sample was analyzed by 

fitting the spectrum to a single function that consisted of a sum of five Lorentzian line shapes to 

account for four CEST signals at 9.0, 5.0, 3.0 and 1.8 ppm and also to account for the direct 

saturation of water (4). This fitting method was used to obtain the CEST signal amplitudes for 

each exchangeable proton on the contrast agent. The center, width, and amplitude of each 

Lorentzian line was allowed to change to optimize the fit. This method compensated for potential 

B0 inhomogeneities in the CEST MR images, so that additional MRI studies were not needed for 

measuring B0 inhomogeneity on a pixelwise basis (10). The Lorentzian line shapes 

corresponding to the CEST signal from the aryl amide and salicylic acid moieties are shown in 

graphs along with the CEST spectra (the red line shapes in Figs. 3.2a and 3.2b). 

 

3.2.3 CatalyCEST MRI Studies In Vitro 

For in vitro catalyCEST studies, HCT116 and shKLK6 cells were used. HCT116 colon 

cancer cells with knockdown of KLK6 expression (shKLK6 cells) were generated by stable 

transfection of SureSilencing shRNA plasmids (SureSilencing shRNAs, Qiagen, Inc.), 

targeting KLK6 gene using short-hairpin RNA technology and control scrambled artificial 

shRNA sequence (HCT116 control) as described before. Both HCT116 and shKLK6 cell line 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 4500 mg/L glucose, L- 
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glutamine w/o sodium pyruvate supplemented with 10% FBS and 1% penicillin/streptomycin 

 and 0.5 mg/ml puromycin (Thermo Fisher Scientific Inc.). Cells plated in 6 well plates at a 

concentration of 0.1 x 106 cells/well and conditioned medium was collected 48 h after 

subculture. Conditioned media was span and processed for the CEST MRI study. Then 150 µL 

of HCT116 media was added to 200 µL of agent at 25 mM concentration in Tris buffer at pH 

7.3. CEST MRI spectra were acquired 7.5 minutes after adding the media to the agent, and 8 h 

after adding the media (Fig. 3.3a).  

An identical in vitro study was performed with shKLK6 cell line, which is a KLK6-

knockdown derivative of the HCT116 cells (Fig. 3.3b). In a similar fashion, CEST spectrum was 

obtained 7.5 minutes after adding the shKLK6 media and 8 h after addition. 

A similar in vitro study was performed with the KLK6 inhibitor, Antithrombin III.  We 

added 25 μg of Antithrombin III to the solution of the agent immediately after 2.5 units of the 

activated KLK6-endopeptidase enzyme mixture was added to a chemical solution of 200 µL of 

50 mM agent in a mixture of Tris buffer at pH 7.2 and 150 µL of HCT116 media.  CEST spectra 

were acquired immediately before addition of the media and inhibitor and 8 h after incubation 

using the same CEST-FISP MRI protocol used for studies in solution (Fig. 3.3c).  

The results from the in vitro studies were processed by obtaining CEST spectrum from 

each pixel in the image from each tube. Each CEST spectrum were fit with Lorentzian line 

shapes as described in Section 3.2.2. To create parametric maps of % CEST at 9.0 and 5.0 ppm, 

each pixel was then assigned a value from the CEST signal amplitude at 9.0 or 5.0 ppm. The 

parametric maps of the reaction coordinates was determined by using these parametric maps of 

% CEST and Equation 5.1. 
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RCin vitro = 1                 Eq. [5.1] 

 

3.2.4 Optimization Studies For In Vivo Experiments 

To calibrate CEST signal amplitudes with the concentration of the agent, CEST MRI was 

performed with samples of the agent ranging from 25 mM to 175 mM, and with a continuous 

wave saturation pulse of 4 µT and 5 s saturation time.  A HW-Conc linear analysis method was 

used to evaluate the dependence of CEST signals on concentration (Fig. 3.4a) (11).  

CEST spectra were similarly obtained at saturation times ranging from 0.2 s to 7 s using 

the same sample of 25 mM of agent at 37.0 ± 0.2°C, and with a saturation power of 4 µT (Fig. 

3.7). A RL-QUEST plot was used to assess the dependence of CEST signal on saturation time 

(Fig. 3.7a) (13). 

To optimize CEST MRI parameters for subsequent studies, CEST spectra were acquired 

with a 25 mM solution of the agent in Tris-base buffer (pH 7.3) at saturation powers ranging 

from 2 µT to 7 µT and using a saturation time of 5 s and temperature of 37.0 ± 0.2°C (Fig. 3.8). 

A HW-QUESP analysis method was used to determine the chemical exchange rates of the 

contrast agent before KLK6 catalysis (Fig. 3.8a) (16). 

To study the effects of temperature on the both CEST signals, 25 mM samples of the 

agent were prepared at pH 7.3 and CEST spectra were collected with a saturation power of 4 µT 

and a saturation time of 5 s at temperatures ranging from 22 to 52°C (Fig. 3.9a). 

The effect of pH on both CEST signals were also evaluated. 25 mM samples of the agent 

were prepared with pH values ranging from 6.2 to 7.4 and CEST spectra were collected with a 

saturation power of 3 µT and a saturation time of 5 s (Fig. 3.10a). 
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 3.2.5 CatalyCEST MRI Studies in Plasma 

To evaluate the stability of the contrast agent in plasma, blood from HCT116 tumor 

bearing mice was drawn and centrifuged at 3000 rpm for 10 min at 4°C, and the supernatant 

plasma was collected. A total of 100 µL of plasma was added to 30 mM of the contrast agent in 

200 µL of Tris buffer at pH 7.3. CEST spectra were obtained in 7.5 minute intervals for 6 h.  

An identical sample was prepared with the addition of 25 µg of Antithrombin III inhibitor and 

again CEST spectra was collected over 6 h (Fig. 3.5c).   

3.2.6 CatalyCEST MRI Studies In Vivo 

All in vivo studies were performed according to approved procedures of the Institutional 

Animal Care and Use Committee of the University of Arizona.  To prepare the mouse models of 

human colon cancer, male scid mice that were 6 to 8 weeks in age were subcutaneously injected 

in the right rear flank with 1 × 106 to 2 × 106 tumor cells suspended in 150 µL of saline.  Both 

HCT116 and shKLK6 human colon cancer cells were used for this study, with an injection of 

only one type of cell line in each mouse.  Imaging studies were conducted 20 days post injection 

for both models, when the tumor reached approximately 300 mm3 in diameter.   

CatalyCEST MRI studies were performed using four mice with a flank HCT116 tumor 

and four mice with a flank shKLK6 tumor.  Two additional mice bearing a flank HCT116 tumor 

were injected intravenously with 125 µg of Antithrombin III inhibitor dissolved in 100 µL of 

Tris buffer using a tail vein catheter 2 h before performing the catalyCEST MRI study.  Each 

mouse was anaesthetized with 1.5-2.5% isoflurane delivered in 1 L/min oxygen gas ventilation. 

The mouse was then secured to a customized MRI–compatible cradle, probes for monitoring 

rectal temperature and respiration were connected to the mouse, and core body temperature was 

regulated at 37.0 ± 0.2°C using an automated feedback loop between the temperature probe and 
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an air heater (SA instruments, Inc., Stony Brook, NY). To identify the location of the tumor or 

muscle tissue, an initial set of images were acquired using a multislice spin echo MRI protocol 

with the following parameters: TR: 1200 ms; TE: 21.26 ms; excitation flip angle: 90°; matrix: 

256×128; field of view: 6×4 cm; in-plane spatial resolution: 234×312 µm; slice thickness: 1 mm; 

number of slices: 17; number of averages: 1; total scan time: 2.33 min. The mouse was then 

removed from the magnet, a solution of 200 mM of the contrast agent in 200 µL of Tris buffer 

was subcutaneously injected into the mouse within 5 mm of the tumor, and the mouse was 

reinserted into the magnet. 

The in vivo CEST-FISP MRI studies used the following parameters: TR: 6.67 ms; TE: 

3.10 ms; excitation flip angle: 15°; with radiofrequency spoiling; matrix: 128×128; field of view: 

6×4 cm; in-plane spatial resolution: 469×312 µm; slice thickness: 2 mm; number of slices: 1; 

number of averages: 1; saturation power: 4 µT; saturation time: 5 sec. A series of ten 600 ms 

continuous wave saturation pulses were used at each saturation frequency.  A series of ten 

catalyCEST MRI scans were acquired. For each scan, a series of 51 saturation frequencies were 

acquired at ppm values of +16, +15, +14.6 to 3 (0.4 ppm increments), +3.0 to -3.0 (0.5 ppm 

increments), and -5 to -15 (2 ppm increments). The total scan time was 35 min.  At the 

conclusion of the MR scan, the mouse was removed from the magnet and cradle and allowed to 

recover.  The mice did not demonstrate effects from the agent that would indicate potential 

toxicity. 

Anatomical MR images identified the location of the tumor in each image set (panel a of 

Figs. 3.6, 3.11-3.13).  Parametric maps of the CEST signal amplitudes during in vivo 

catalyCEST MRI studies were generated using customized routines in Matlab (panels b and c of 

Figs. 3.6, 3.11-3.13).  For each saturation frequency, the images from the ten catalyCEST MRI 
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scans were averaged, and a Gaussian spatial filter was applied to the average image with a 3×3 

pixel matrix and a σ value of 1 pixel. The CEST spectrum from each pixel in each region of 

interest was obtained from the MR images. A function of 7 Lorentzian line shapes was fit to each 

CEST spectrum to measure the signal amplitudes of the CEST effects at 5.0 and 9.0 ppm and 

two CEST effects from the peptidyl ligand, and also account for direct saturation of water, the 

endogenous effect of amide proton transfer from mobile peptides and proteins, and the 

magnetization transfer effect from immobile proteins (4,12). The saturation frequency, width and 

amplitude of the Lorentzian line shape that fit the direct saturation of water was allowed to 

change during the fitting procedure.  The width and amplitude of the four Lorentzian line shapes 

that fit the CEST effects of the agent were also allowed to change, but the saturation frequencies 

of these Lorentzian line shapes were fixed at 9.0, 5.0, 3.0 and 1.8 ppm relative to the saturation 

frequency of the direct saturation of water. The parametric maps of the reaction coordinates of 

KLK6 enzyme activity were determined using Eq. [5.2] (panel d of Figs. 3.6, 3.11-3.13).  The 

average reaction coordinate from all pixels was determined for each mouse.   

  

RCin vivo =   Eq. [5.2] 

      

Eq. [5.2] is equivalent to Eq. [5.1] if [   ]before catalysis =1.
 

 

CEST spectra were obtained for the region of interest (ROI) of each tumor by averaging the 

CEST spectra of the pixels in the ROI after averaging the images, applying a Gaussian spatial 

filter, and the same Lorentzian line shape fitting method was applied to each of these CEST 

spectra of each ROI (panel e  of Figs. 3.6, 3.11-3.13). 
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3.3 Results and Discussion 

3.3.1 in solutio catalyCEST MRI Studies 

We synthesized a nonmetallic CEST agent by combining salicylic acid with a known 

substrate for KLK6 (Scheme 3.1) (9, 20, 21, 22). This agent generated CEST signals at MRI 

frequencies of 5.0 ppm from the aryl amide and 9.0 ppm from the salicylic acid (Fig. 3.2a), 

which matched the MRI frequencies of similar CEST agents with only one of these chemical 

moieties (9, 20). The agent also generated CEST signals at 1.8 and 3.0 ppm from the peptidyl 

ligand, which were not used for subsequent analyses due to their proximity to the MR frequency 

of water (defined as 0 ppm).  We then added 2.5 units of KLK6 activated by lysyl endopeptidase  

 

 

Figure 3.2. catalyCEST MRI in solution (a) The CEST spectra of the substrate before (dark 

blue) and after enzyme catalysis (light blue) showing disappearance of CEST signal at 5 ppm 

with the 9 ppm signal remaining unchanged. Lorentzian line shapes (dark red-substrate and light 

red-product) quantify the % CEST signal. (b) The CEST spectra of the substrate and product 

before and after enzyme inhibition with KLK6 inhibitor.  

 

a b 
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to a 25 mM solution of the contrast agent in Tris activation buffer and incubated for 8 h at 37°C. 

After enzyme reaction, the CEST signal at 5.0 ppm disappeared, indicating that aryl amide bond 

was cleaved by the KLK6 enzyme. The CEST signal from the salicylic acid at 9.0 ppm was 

largely unchanged, showing that the salicylic acid moiety was unresponsive to KLK6 activity.   

We used the CEST agent to evaluate the effect of a KLK6 inhibitor, Antithrombin III, by 

treating activated KLK6 with a four-fold concentration of the inhibitor before repeating our 

catalyCEST MRI studies (Fig. 3.2b) (24).  The CEST signal at 5.0 ppm did not change after 

treatment with the inhibited enzyme, demonstrating that Antithrombin III successfully inhibited 

KLK6.  The CEST signal at 9.0 ppm was also largely unchanged.  These studies confirmed that 

the CEST agent could detect enzyme activity and inhibition in solutio. 

 

3.3.2 In Vitro catalyCEST MRI Studies  

The potential of this agent to detect KLK6 enzyme activity in vitro was studied using the 

media of HCT116 colon cancer cells that are known to secrete KLK6 (Fig. 3.3a) (21).  CEST 

signals were acquired after incubating 25 mM of agent with 100 μL of HCT116 media for 8 h. 

We observed the complete loss of the CEST signal at 5.0 ppm which confirmed that media had 

active KLK6 enzyme. The ratio of these two CEST peaks at 5.0 ppm before and after 8 h 

(0%/3.2% = 0%) was used to determine that the reaction coordinate for enzyme activity was 1.0. 

The results showed the complete loss of the amide signal validating high KLK6 enzyme activity 

in this media.  The salicylic acid moiety showed a decrease in CEST signal from 7.8% to 4.0% 

which was largely attributed to the dilution of the agent from 200 µL to 350 µL when the 

HCT116 media was added to the sample. The CEST signal at 9.0 ppm decreased by 52% and 

was attributed largely to dilution. 
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To further confirm that the loss of CEST at 5.0 ppm was indeed due to KLK6 activity, we 

performed the same experiment with media of shKLK6 cells, in which KLK6 expression in 

HCT116 cells was knocked down using KLK6 short hairpin RNA (Fig. 3.3b) (25). Both CEST 

signals decreased by 58-60% which was largely attributed to dilution of the sample. More 

importantly the ratios of the two CEST signals were very similar before and after incubation 

(67.5% and 64.5%, respectively), indicating a lack of KLK6 activity in the shKLK6 media. No 

changes in ratio of the CEST signal amplitudes confirmed that there was no KLK6 activity (RC 

~ 0). 

Finally, we tested the ability of the CEST agent to evaluate the effect of Antithrombin III 

inhibitor on HCT116 cell media (Fig. 3.3c). The CEST signals at 9.0 ppm and 5.0 ppm 

decreased due to sample dilution, yet the ratios of the two CEST signals were similar before and 

after incubation (96.4% and 86.0%, respectively), indicating inhibition of KLK6 activity (RC 

=10.6%). The MR images of these samples were colored by each sample’s reaction coordinate 

that represents the amount of enzyme catalysis of the agent, which was used as a simple visual 

assay of enzyme activity (Fig. 3.3d).  This study showed the merits of using two CEST signals to 

distinguish between KLK6-specific cleavage and nonspecific degradation of the agent, and 

confirmed that the CEST agent could detect enzyme activity and inhibition in vitro.  

 

3.3.3 Optimization Studies  

CatalyCEST MRI tests were then performed to prepare for studies with animal models.  

These studies showed that a minimum concentration of 7.0 mM was required for reliable 

measurements of both CEST signals with a 95% probability of significance (Fig. 3.4) (26).  
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c 

 

 

Figure 3.3 catalyCEST MRI studies in vitro (a) The CEST spectra before (dark blue) and after 

(light blue) adding HCT116 media to the contrast agent. The Lorentzian line shapes (thin red for 

product and thick red for substrate) clearly indicate complete loss of the 5 ppm peak after 6 h 

incubation with HCT116 media. (b) Similar CEST spectra for shKLK6 (control) media 

experiments which confirm the 5 ppm peak being present both before and after reaction of media 

with substrate. (c) CEST spectra of substrate with HCT116 media treated with KLK6 inhibitor. 

The presence of both 9 ppm and 5 ppm CEST signals prove the action of the inhibitor in our in 

vitro studies. (d)  Visual depiction of the reaction coordinate or enzyme activity values discussed 

in these in vitro case studies of the phantoms. 

 

a 

d 



113 

 

 

  

Figure 3.4. CEST signal amplitude and concentration of the agent.  a) A linear HW-conc 

analysis method was used to fit the relationship between CEST signal (represented by Ms/M0) vs. 

concentration. b) This linear fitting was then converted to show the relationship between CEST 

signal (1-Ms/M0) vs. concentration, which matched the experimental results for both the amide 

and salicylic acid moieties.  The dashed line represents the minimum CEST signal during in vivo 

studies that can be reliably measured with 95% probability, based on the standard deviation of 

noise within in vivo images (Fig. 3.6).  A minimum of 7.0 mM of agent is required to reliably 

measure both CEST signals at this 95% probability level of significance.    

 

These results were converted to relationships between CEST signals and concentration (solid 

lines in Fig.3.4b), which matched the experimental results (circles and squares in Fig. 3.4b). The 

average standard deviation of the background noise from one image of our in vivo studies was 

1.29%. We acquired 10 CEST MR images during our in vivo study and therefore signal 

averaging would reduce our noise to 0.40% (relative to signal). Assuming the signal to noise 

ratio is high, the CEST signal has a 95% probability of being real when the CEST signal is 

greater than 0.40% × 2(2)0.5, or 1.16% (13). The dashed line in Fig. 3.4b shows this CEST signal 

a b 
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threshold, which indicates that a minimum of 7.0 mM of contrast agent can generate 1.16% 

CEST signal from both exchangeable protons. 

  Stability tests in plasma of mice with a HCT116 tumor showed a decrease of both CEST 

signals that indicated general degradation of the agent, and a decrease in the ratio of CEST 

signals from 92.3% to 71.2% that suggested mild KLK6 activity in the plasma (Fig. 3.5). Based 

on these tests, we elected to administer the agent subcutaneously in animal models to avoid  

 

 

 

Figure 3.5. Assessing enzyme activity in plasma. a) The reaction coordinate showed an increase 

over time which matched a monoexponential function. b) The CEST spectra and fitted 

Lorentzian line shapes showed the ratio of the CEST signal amplitudes before and 6 h after 

incubation of the agent in plasma.   c) The incubation of the agent in plasma pre-treated with 

antithrombin III inhibitor showed no enzyme activity.  The decrease in the CEST signal of the 

salicylic acid moiety indicated slow degradation of the agent in plasma with and without 

inhibitor, demonstrating the merits of using a ratio of CEST signals to evaluate enzyme activity. 

 

degradation in plasma, and at high concentration to ensure sufficient delivery of the agent to the 

tumor tissue that was above the minimum detection limit for catalyCEST MRI. At the beginning 

of the temporal study, the CEST signal amplitudes were approximately the same at 8.50% and 

a
. 

b c
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9.21% for the amide and salicylic acid, respectively (Fig. 3.5b). At the end of the study, the 

signals had decreased to 2.94% and 4.08%, respectively (Fig. 3.5a). The temporal change in the 

ratio of the CEST signals was used to determine the reaction coordinate during the time course of 

the study. These temporal results matched a monoexponential function (solid line in Fig. 3.5a) 

which indicated that the reaction was pseudo-first-order as anticipated with a high initial agent 

concentration. 

These results also showed a reaction coordinate of 0.5, demonstrating that the plasma had 

enzyme activity that could cleave the agent.  Based on this result, we performed subcutaneous 

injections during our in vivo studies, rather than performing intravenous injections that may 

cause cleavage of our agent in the blood stream during delivery to the tumor.  These results 

showed no evidence for cleavage of the agent, indicating successful inhibition of the enzyme 

activity in the plasma. 

 

3.3.4 catalyCEST MRI Studies In Vivo  

To perform catalyCEST MRI studies with mouse models of human colon cancer, we 

prepared subcutaneous flank tumor models with the HCT116 or shKLK6 cell lines.  After 

acquiring MR images to localize the tumor (Fig. 3.6a), 200 µL of a 200 mM solution of the 

contrast agent was subcutaneously administered within 5 mm of the tumor. A lapse of 10 

minutes between injection of the agent and data acquisition was allowed for the agent to infuse 

into the tumor. CEST-FISP MR images were then acquired for a total time of 31.5 min.  The MR 

images were processed to obtain parametric maps of the CEST signal amplitudes at 9.0 and 5.0 

ppm (Fig. 3.6b, 3.6c), activity maps of the reaction coordinate based on these CEST signals (Fig. 

3.6d), and the average CEST spectra of the tumor region (Fig. 3.6e).   



116 

 

 

 

Figure 3.6. In vivo catalyCEST MRI. (a) The anatomical images show the ROI for the tumor 

region in the mouse models. The red rectangles show the regions displayed in the remainder of 

the figure. (b) The parametric maps of % CEST signal amplitudes at 9 ppm and (c) at 5 ppm. (d) 

The activity maps for KLK6 activity in the three cases of highly expressing KLK6 (HCT116), 

knockdown KLK6 (shKLK6), and HCT116 +inhibitor mice. (e) The CEST spectra for the region 

of the tumor. 

 

a b c d e f 

a d c b e 
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The HCT116 tumor model showed an average 6.3% CEST signal at 9.0 ppm throughout 

the tumor, demonstrating sufficient delivery of the agent into the tumor for catalyCEST MRI 

detection.  CEST signals from tissues surrounding the tumor were negligible, indicating washout 

of the agent from non-tumor regions before and/or during acquisition to a concentration level 

that was too low for reliable CEST signal detection. We also observed an average 0.1% CEST 

signal at 5.0 ppm indicating high KLK6 activity, and an activity map showed the pixelwise 

distribution of the reaction coordinate showed high KLK6 activity.  A shKLK6 tumor model 

showed strong CEST signals at 9.0 and 5.0 ppm in the tumor and low signals surrounding the  

tumor. The amplitudes of these two CEST signals were approximately equivalent which 

indicated low enzyme activity, and the activity map and CEST spectrum provided a quantitative 

assessment of the lower KLK6 activity.  To investigate the detection of enzyme inhibition, we 

treated a HCT116 tumor model with 25 μg of Antithrombin III injected i.v. 3 h prior to MRI 

studies. The activity map showed negligible KLK6 activity remained in the tumor after treatment 

with the inhibitor. Similar results were observed with 3 mice with a HCT116 tumor, 3 mice with 

a shKLK6 tumor and one mouse with HCT116 tumor that was treated with Antithrombin III 

(Figs. 3.7-3.9). Parametric maps of the CEST signals at 9 ppm and 5 ppm for all mice shows the 

agent in the tumor only and no detectable agent in the surrounding tissues (Fig. 3.10). These 

studies confirmed that the CEST agent could detect enzyme activity and inhibition in vivo.  

 

3.3.5 Other Conditions  

Conditions that may affect CEST signals were evaluated to determine their effect on the 

catalyCEST MRI detection of enzyme activity.  
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Figure 3.7. In vivo catalyCEST MRI for HCT116 mice (a) The anatomical images show the ROI 

for the tumor region in the mouse models. The red rectangles show the regions displayed in the 

remainder of the figure. (b) The parametric maps of % CEST signal amplitudes at 9 ppm and (c) 

at 5 ppm. (d) The activity maps for KLK6 activity in the three mice of highly expressing KLK6 

(HCT116). (e) The CEST spectra for the region of the tumor. 

a d c b e 
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Figure 3.8. In vivo catalyCEST MRI for shKLK mice (a) The anatomical images show the ROI 

for the tumor region in the mouse models. The red rectangles show the regions displayed in the 

remainder of the figure. (b) The parametric maps of % CEST signal amplitudes at 9 ppm and (c) 

at 5 ppm. (d) The activity maps for KLK6 activity in the control shKLK6 mice. (e) The CEST 

spectra for the region of the tumor. 

 

a d c b e 
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Figure 3.9. In vivo catalyCEST MRI for HCT116+inhibitor mouse (a)The anatomical images 

show the ROI for the tumor region in the mouse models. The red rectangles show the regions 

displayed in the remainder of the figure. (b) The parametric maps of % CEST signal amplitudes 

at 9 ppm and (c) at 5 ppm. (d) The activity maps for KLK6 activity in the control shKLK6 mice. 

 

Figure. 3.10. Parametric maps of in vivo catalyCEST MRI.  (a) The anatomical image shows a 

bright region where the agent was injected within 0.5 mm of the tumor location.  The parametric 

maps of the CEST signal amplitude at (b) 9 ppm and (c) 5 ppm showed that the agent could be 

detected at the tumor site and in the muscle tissue at the location of the injection.  (d) The 

activity maps were derived from the ratio of these CEST signal amplitudes (shown next page). 
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The Effect of Saturation Time 

The RL-QUEST analyses were used to create relationships between CEST signal and saturation 

time for each exchangeable proton (solid lines in Fig. 3.11b), which matched the experimental 

results (circles and squares in Fig. 3.11b).  A ratio of these CEST signals derived from the RL-

QUEST analysis (solid lines in Fig. 3.11b) showed no dependence on saturation time (Fig. 

3.11c).  This result agrees with results reported for paramagnetic CEST agents (14) and other 

diamagnetic CEST agents (15). 
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The Effect of Saturation Power 

The HW-QUESP analyses were used to create relationships between CEST signal and 

saturation power for each exchangeable proton (solid lines in Fig. 3.12b), which matched the 

experimental results (circles and squares in Fig. 3.12b). To assess the effects of incomplete 

saturation on the reaction coordinate, the highest saturation power used in this study, 7 µT, was 

assumed to provide complete saturation of each exchangeable proton, while other saturation 

powers were assumed to provide incomplete saturation.  The fitted relationships between CEST 

and saturation power (solid lines in Fig. 3.12b) were used to determine the ratio of CEST signals 

and the reaction coordinate as a function of saturation power from 0 to 7 µT.  A plot of saturation 

power vs. the reaction coordinate normalized to the value at 7 µT showed that incomplete 

saturation can lead to underestimating the reaction coordinate and the assessment of enzyme 

activity (Fig. 3.12c).  This result is intuitive, because very low saturation power will result in 

very low CEST signal amplitudes that are similar in magnitude (left side of Fig. 3.12b), so that 

the ratio of these CEST signals will result in a low reaction coordinate; higher saturation powers 

allow each CEST signal to “grow” to their maximum magnitude that have different values (right 

side of Fig. 3.12b), which results in a determination of a higher reaction coordinate.   
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Figure 3.11 The effect of saturation time on CEST signals.  a) A linear RL-QUEST analysis 

method was used to fit the relationship between CEST signal vs. saturation time.  b) This linear 

fitting was then converted to show the relationship between CEST signal vs. saturation time, 

which matched the experimental results for both the amide and salicylic acid moieties.  c) The 

ratio of the two CEST signals was relatively insensitive to the saturation time. 

These results demonstrate that incomplete saturation will cause an underestimation of the 

reaction coordinate. We have previously shown that the salicylic acid moiety has a two-step 

exchange mechanism rather than a single-step mechanism used by most CEST agents (15). This 

causes the salicylic acid moiety to reach maximum CEST signal at much higher saturation 

powers than predicted by theory.  Therefore, the dependence of the CEST signal ratio on 

saturation power is a unique characteristic of CEST agents with a salicylic acid moiety. 
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Figure 3.12. The effect of saturation power on CEST signals.  a) A linear HW-QUESP analysis 

method was used to fit the relationship between CEST signal vs. saturation power. b) This linear 

fitting was then converted to show the relationship between CEST signal vs. saturation power, 

which matched the experimental results for both the amide and salicylic acid moieties.  c) The 

reaction coordinate values were determined as a function of saturation power, which were then 

normalized to the reaction coordinate value at 7 μT, and then plotted with respect to saturation 

time.   

The Effect of Temperature 

  A line was fit to the CEST signals vs. temperature (solid lines in Fig. 3.13a).  Although 

the chemical exchange rate of the aryl amide should increase exponentially with increasing 

temperature according to the Arrhenius equation, this exponential relationship can be 

approximated to be linear over the tested temperature range.  The chemical exchange rate of the 

salicylic acid moiety decreases with temperature.  This non-Arrhenius behavior is attributed to 

the two-step exchange mechanism between salicylic acid and water, whereby the second step is 

entropically disfavored relative to the first step (15, 17).  

 

a b c 
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Figure 3.13.  The dependence of CEST on temperature.  a) The CEST signal amplitude was 

measured over a range of 23.0 to 48.0°C for the amide and salicylic acid moieties.  b) The ratio 

of these CEST signal amplitudes was dependent on temperature.  A change of 1.0°C from a 

physiological temperature of 37.0°C would result in a 1.5% change in the CEST ratio, indicating 

that temperature has a very minor effect on the determination of the reaction coordinate that 

evaluates enzyme activity. 

To assess the effects of temperature on the reaction coordinate, the fitted relationships 

between CEST and saturation power (solid lines in Fig. 3.13a) were used to determine the ratio 

of CEST signals and the reaction coordinate as a function of temperature.  This relationship 

shows that the reaction coordinate is dependent on temperature.  However, the reaction 

coordinate varies by 3.2% per °C.  Considering that sub-surface tissues have highly consistent 

temperatures, the effect of temperature on the in vivo reaction coordinate is negligible.  However, 

some pathological tissues may have dysregulated temperatures ranging from 35 to 39°C. Yet 

even a deviation of 2°C from 37°C will only cause a 6.4% difference in the reaction coordinate, 

which is still minor. 

a b 
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 The Effect of pH 

The CEST signal of salicylic acid increased with increasing pH, indicating that the 

chemical exchange of this moiety is base-catalyzed, which agreed with previous results. The 

CEST signal of the aryl amide moiety was relatively insensitive to changes in pH.  Although this 

amide moiety also has a chemical exchange mechanism that is base-catalyzed, an increase in 

chemical exchange rate at higher pH values approaches the chemical shift difference between 

this proton and water (4.2 ppm at 300 MHz magnetic field strength, or 1,260 Hz), which lowers 

the CEST signal at these higher pH values, an effect known as MR coalescence.  This effect is 

not as strong for the salicylic acid moiety, which has a high chemical shift relative to water (9.8 

ppm at 300 MHz magnetic field strength, or 2,940 Hz). 

To assess the effects of pH on the reaction coordinate, a line was fit to the CEST signals 

vs. pH values (solid lines in Fig. 3.14a).  The ratio of these fitted lines was used to determine the 

reaction coordinate at each pH value.  A plot of pH vs. the reaction coordinate normalized to the 

value at pH 7.4 showed that lower pH values can lead to underestimating the reaction coordinate 

and the assessment of enzyme activity (Fig. 3.14b).  This underestimation may be significant for 

tumor tissues which are known to be acidic due to the Warburg effect (18, 19). 
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Figure 3.14. The dependence of CEST on pH.  a) The CEST signal amplitude was measured 

over a range of 6.62 to 7.44 pH units for the amide and salicylic acid moieties.  A line was fit to 

each set of experimental results to show the increase in CEST signal from salicylic acid with 

increasing pH, and the relatively invariant change in CEST signal from the amide with 

increasing pH.  b) The ratio of the CEST signal amplitudes was used to determine a reaction 

coordinate.  These reaction coordinate values were normalized to the reaction coordinate value at 

pH 7.4, and then plotted with respect to pH.  These results demonstrate that an acidic pH will 

cause an underestimation of the reaction coordinate, with a 4.2% underestimation per 0.1 pH unit 

below pH 7.4. 

 

 To summarize, the reaction coordinate is independent of saturation time (Fig. 3.11).  A 

low saturation power can underestimate the reaction coordinate, so that high saturation powers 

that are still safe for in vivo studies should be used for catalyCEST MRI studies (Fig. 3.12).  The 

reaction coordinate shows only a minor dependence on temperature of 3.2% per °C, indicating 

that the accuracy of assessing enzyme activity is still good even in pathological tissues that may 

a 
b 



128 

 

be as much as 2°C cooler than normal tissues (Fig. 3.13). A decrease in pH also underestimates 

the reaction coordinate, which should be assessed for in vivo studies of tumor models that have 

high metabolic acidosis (Fig. 3.14).  For example, we estimated that the shKLK6 model would 

need to be 0.9 pH units lower than the HCT116 model to account for our catalyCEST MRI 

results, which is unrealistic for these similar tumor cell lines.  With consideration to these 

conditions that can affect CEST signals, catalyCEST MRI can be used as a single platform to 

evaluate enzyme activity and inhibition in solution, in vitro, and in vivo. 
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4.1 Introduction 

Sulfatases are extracellular enzymes that cleave sulfate esters in biological systems (Fig. 

4.1). They play an important role in maintaining and regulating the sulfation states of several 

biomolecules that are involved in various physiological conditions including developmental 

abnormalities, hormone-dependent cancer and bacterial pathogenesis (1). Although sulfatase 

activities have been studied in vitro, the biological roles of sulfatases within in vivo animal 

models and patients are poorly understood. Fluorescent contrast agents have been developed that 

detect sulfatase activity (2, 3) but optical imaging methods suffer from a limited depth of view 

and poor spatial resolution when imaging in vivo tissues. Therefore, a new noninvasive imaging 

method is needed to interrogate sulfatase enzyme activity in vivo. 

 

Figure 4.1. The mechanism of action of sulfatase enzymes is shown, which catalyze sulfated 

biomolecules such as steroids, lipids and carbohydrates. 

Magnetic resonance imaging (MRI) may potentially address this unmet need by imaging 

soft tissues at high resolution throughout the body (4). Chemical Exchange Saturation Transfer 

(CEST) MRI  generates image contrast by selectively saturating the magnetization of a proton on 

a CEST agent, then waiting for the proton to undergo chemical exchange with water, which 

transfers the saturation to water (5,6). The chemical exchange rate of the proton on a CEST agent 
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must be slow to generate CEST contrast, or else the great majority of the proton population 

leaves the agent before it can be saturated. CEST agents have been developed with protons that 

modulate chemical exchange rate after enzyme catalysis, which causes the CEST signal of the 

agent to appear or disappear. This change in CEST signal is used to detect enzyme activity, 

which is known as catalyCEST MRI (7, 8). 

We proposed to develop a catalyCEST MRI contrast agent that can detect sulfatase 

enzyme activity (Fig. 4.2a, left side). Paramagnetic MRI contrast agents incorporate lanthanide 

metals which are potentially toxic (9). To avoid this potential toxicity, we decided to use a 

diamagnetic CEST agent. In particular, salicylic acid has been shown to generate a CEST signal 

at a remarkably high ~9 ppm MR frequency relative to the frequency of water (also known as the 

chemical shift, where the chemical shift of water is defined as 0 ppm in MRI studies) (10, 11). 

We hypothesized that derivatizing the salicylic acid moiety with a sulfate group would eliminate 

the CEST signal from the salicylic acid proton, and subsequent cleavage of the sulfate group by 

sulfatase would cause the salicylic acid moiety to appear and produce a CEST signal (Fig. 4.2a, 

right side). This “activation” of the CEST signal could then be used to detect sulfatase enzyme 

activity.  To improve detection specificity, we included an aryl amide ligand that would be 

unresponsive to sulfatase activity and thereby serve as an internal control. 

4.2 Methods and Materials 

4.2.1 Chemical Synthesis of the Contrast Agent  

The synthesis of the CEST agent, 4-acetamido-2-(sulfoxy)benzoic acid, followed a 

straightforward reaction scheme (Scheme 4.1). All reactions were performed under an inert 
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Figure 4.2. CatalyCEST MRI of sulfatase activity.  a) The aryl sulfate ligand of the substrate is 

cleaved by sulfatase, generating a salicylic acid moiety.  The aryl amide ligand is not changed by 

the enzyme.  b) The CEST spectra of the substrate (blue dots and lines) and product (red dots and 

lines) shows the appearance of a CEST signal at 9.0 ppm after the enzyme was added to the 

substrate, while the CEST signal at 5.0 ppm was largely unchanged.  The results of Lorentzian 

line fitting of the CEST spectra are shown as thick lines, and represent the % CEST signal from 

the CEST spectra.   c) MR images of the substrate and product show normalized water signals 

when saturation was applied at 9.0, 5.0, -5.0, or -9.0 ppm (images shown in blue-to-red scale, 

labeled with the saturation frequency).  These images were used to produce parametric maps of 

% CEST signal based on Eq. [1] (blue-to-green scale).  The CEST maps were then used to 

produce parametric maps of the reaction coordinate for the enzyme based on Eq. [2] (black-to-

a 

b 

c 
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white scale).  The CEST maps and reaction coordinate maps are masked to show the center of 

the sample tubes, because the edges and exterior of the tube have MR signals that are too low for 

meaningful analyses.  Unmasked and masked images are shown in Fig. 4.3 to provide assurance 

that the masking is a reasonable representation.  

 

Figure 4.3. Masking of catalyCEST MR images.  MR images of the substrate and product show 

normalized water signals when saturation was applied at 9.0, 5.0, -5.0, or -9.0 ppm (images 

shown in blue-to-red scale, labeled below the images with the saturation frequency).  These 

images were used to produce parametric maps of % CEST signal based on Eq. [1] (blue-to-green 

scale).  The CEST maps were then used to produce parametric maps of the reaction coordinate 

for the enzyme based on Eq. [2] (black-to-white scale).  The CEST maps and reaction coordinate 

maps are masked to show the center of the sample tubes, because the edges and exterior of the 
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tube have MR signals that are too low for a meaningful analysis.  Masked parametric maps are 

shown in Fig. 4.2. 

atmosphere of nitrogen or argon using dry solvents unless otherwise indicated. Flash column 

chromatography was performed using silica gel (particle size 0.04 - 0.06 mm and 230 - 400 Å 

mesh size).  Analytical and preparative HPLC systems (600 series pump system with a 2487 dual 

wavelength UV detector, Waters Corp.) were used for analysis and purification. Reactions were 

monitored using thin layer chromatography (TLC) on silica gel plates (Sigma Aldrich).  

Sulfatase enzyme was purchased from Sigma Aldrich (Catalog no: S1629-10UN, S8629-500UN, 

S9754-500UN). The cell lines BT549 and HEK-293 were procured from ATCC and then grown 

in the Experimental Mouse Shared Resource of the University of Arizona Cancer Center. 

 

 

Scheme 4.1.  The synthesis of 4-acetamido-2-(sulfoxy)benzoic acid (compound 7) that served as 

a substrate for sulfatase enzyme and also served as a CEST MRI contrast agent.   

Compound 1 
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Compound 1 was synthesized and purified using a reported procedure with 70% yield 

(12). 1H NMR (499 MHz, chloroform-d) δ 7.83 (s, 1H), 7.48 (m, 2H). 7.43-7.30 (m, 8H), 6.30-

6.27 (m, 3H), 5.33 (s, 2H), 5.14 (s, 2H). LRMS-ESI (m/z): [M+H]+ calcd for [C12H21NO3], 

334.1; found, 334.1 

Compound 2 

Compound 2 was synthesized and purified using a reported procedure (13). 1H NMR 

(499 MHz, CDCl3, 25°C) δ 7.85-7.83(d, 1H), 7.49-7.47(m, 2H), 7.43-7.41(m, 2H), 7.38-7.32(m, 

6H), 6.29-6.27(m, 2H), 5.34(s, 2H), 5.14(s, 2H). 

13C NMR (101 MHz, CDCl3, 25°C) δ 165.71, 160.83, 151.66, 136.74, 136.70, 134.50, 128.51, 

128.43, 128.08, 127.81, 127.68, 126.94, 109.83, 107.01, 99.56, 70.46, 66.00. 

Compound 3 

Compound 3 was synthesized and purified using a reported procedure (14). 1H NMR 

(499 MHz, CDCl3, 25°C) δ 7.88-7.86(d, 1H), 7.75(s, 1H), 7.71(bs, 1H), 7.45-7.40(m, 4H), 7.39-

7.31(m, 6H), 6.89-6.86(dd, 1H), 5.35(s, 2H), 5.13(s, 2H). 2.16(s, 3H). 

13C NMR (101 MHz, CDCl3, 25°C) δ 168.80, 165.70, 159.62, 143.20, 136.31, 136.17, 133.05, 

128.51, 128.49, 128.13, 128.04, 127.83, 127.23, 115.23, 110.63, 104.39, 77.25, 70.54, 66.56, 

24.78. 

Compound 4 

Compound 4 was synthesized and purified using a reported procedure (15). 1H NMR 

(499 MHz, CDCl3, 25°C) δ 10.86(s, 1H), 7.85-7.82(d, 1H), 7.47-7.38(m, 6H), 7.21(s, 1H), 7.08-

7.06(d, 1H), 5.35(s, 2H), 2.22(s, 3H) 
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13C NMR (101 MHz, CDCl3, 25°C) δ 169.44, 168.49, 162.77, 144.45, 135.38, 131.10, 129.15, 

128.69, 128.51, 128.25, 127.99, 110.42, 66.83, 24.86. 

Compound 5 

Compound 4 (0.3 g, 1.05 mmol), 4-dimethylaminopyridine (0.12 g, 1.05 mmol) and 

trimethylamine (0.14 mL, 1.05 mmol) were dissolved in tetrahydrofuran (3 mL) in a 10 mL 

round-bottom flask at 0 °C under inert atmosphere. The reaction mixture was allowed to stir for 

15 min at this temperature and then trichloroethyl sulfate (0.26 g, 1.05 mmol) was added 

dropwise to the mixture. The reaction mixture was then allowed to stir at room temperature for 3 

h until no starting material remained. The reaction progress was monitored by TLC 

(dichloromethane: methanol 9.5:0.5). The solvent was removed by rotary evaporation and 

purified by SiO2 column chromatography (dichloromethane: methanol 9.5:0.5) to yield 

compound 5 as a bright yellow powder (0.43 g, 0.85 mmol, 82%).  

1H NMR (499 MHz, CDCl3, 25°C) δ 8.00(bs, NH), 8.00-7.98(d,1H), 7.88(d,1H), 7.54-

7.52(dd,1H), 7.47-7.46(m, 2H), 7.42-7.40(m, 3H), 5.38(s, 2H), 4.97(s, 2H), 2.21(s, 3H). 

13C NMR (101 MHz, CDCl3, 25°C) δ 168.50, 165.57, 159.63, 142.95, 136.38, 136.21, 133.09, 

128.50, 128.16, 128.01, 127.80, 127.20, 110.50, 104.42, 70.57, 66.53, 24.89. 

HRMS (280 eV): calcd for C18H16Cl3NO7S is 494.9713, found [M+H]+ 495.9785. 

 

Compound 6  

Compound 5 (0.36 g, 0.72 mmol) was dissolved in methanol (12 mL) under inert 

atmosphere and ammonium formate (0.27 g, 4.37 mmol, 6 equiv) and Zn powder (0.094 g, 1.45 
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mmol, 2 equiv) were added to the reaction mixture. The reaction mixture was stirred at room 

temperature for 6 h and then passed through a celite frit funnel. Solvent was removed by rotary 

evaporation and compound 6 was obtained by rotary evaporation as a white powder. 

1H NMR (400 MHz, DMSO, 25) δ 7.68(d, 1H), 7.61(m, 2H), 7.54-7.52(m, 2H), 7.39-7.31(m, 

3H), 7.20(bs, NH), 5.24(s, 2H), 2.06(s, 3H). 

 13C NMR (101 MHz, DMSO, 25°C) δ 169.29, 165.68, 153.31, 143.57, 136.90, 131.42, 128.74, 

128.24, 128.15, 118.72, 113.82, 112.77, 66.21, 24.51. 

HRMS, -ve ESI (-280 eV): calcd for C16H14NOS- is 364.0496, found 364.0483.  

Compound 7 

Compound 6 (0.37 g, 0.27 mmol) was dissolved in methanol (8 mL) and ammonium 

formate (0.15 g,  2.31 mmol) was added to the reaction mixture followed by a catalytic amount 

of 10 %w/w Pd(OH)2. The reaction mixture was then stirred over H2 for 3 h and then filtered 

over celite. The final compound was purified by SiO2 column chromatography (dichloromethane 

/methanol /ammonium hydroxide: 10:2:0.5), to yield a white solid that was dissolved in water 

and lyophilized to yield compound 7 as a white solid (mixture of protonated and deprotonated 

forms). 

 

Protonated compound 7 

1H NMR (400 MHz, DMSO) δ 10.23(s, N-H), 8.31(s, H, SO3H), 7.57(d, 1H), 6.81(d, 

1H), 2.03(s, 3H).  
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Deprotonated compound 7 

1H NMR (400 MHz, DMSO) δ 9.84(s, N-H), 7.99(d, 1H), 7.62(s, 1H), 7.55(d, 1H), 

2.06(s, 3H).  

13C NMR (101 MHz, DMSO) δ 172.46, 168.80, 163.85, 163.38, 143.06, 130.74, 108.23, 106.13, 

24.61. 

HRMS (-ve ESI, -280 eV): calcd for C9H9NO7S is 275.0100 found for C9H8NO7S, [M-H] is 

274.0014  

Synthesis of 4-acetamido salicylic acid that was used for T1 and T2 relaxation studies 

Acetyl chloride (23.2 mL, 0.33 mmol) was added dropwise to a solution of 4-

aminiosalicylic acid (50 g, 0.33 mmol) in pyridine (250 mL) at 0 °C under inert atmosphere. The 

ice bath was removed and solution was refluxed for 2 h. The reaction mixture was then poured 

into ice (800 mL) and hydrochloric acid (400 mL, 6 N). The solid was filtered, washed with 

water and dried to give 4-acetamidosalicylic acid (54 g, 27.6 mmol, 85%). 

1H NMR (400 MHz, DMSO) δ 10.24(s, 1H), 7.71(d, 1H), 7.35(d, 1H), 7.03(dd, 1H), 2.08(s, 3H). 

13C NMR (101 MHz, DMSO) δ 172.06, 169.54, 162.56, 146.10, 131.42, 110.46, 107.81, 106.10, 

24.72. 

 

4.2.2 CEST MRI Acquisition and Analysis 

MRI studies were performed with a Biospec MRI scanner operating at 7 T (300 MHz) 

magnetic field strength with a 72 mm volume transceiver coil (Bruker Biospin, Inc., Billerica, 



143 

 

MA). The samples were maintained at 37.0±0.2°C. The CEST-FISP acquisition protocol used 

the following parameters  TR: 3.196 ms; TE: 1.598 ms; excitation flip angle: 30°; centric 

encoding during acquisition; matrix: 128 x 128; field of view: 8 x 8 cm; in-plane spatial 

resolution: 625 x 625 µm; slice thickness: 1 mm; number of slices: 1; number of averages: 1.  

We acquired a series of 85 images with selective saturation applied at 3 µT for 5 seconds at 

saturation frequencies in 0.25 ppm increments from 15 ppm to -3 ppm and 1 ppm increments 

from -4 ppm to -15 ppm, for a total scan time of 7:42 min. 

Images were processed using ParaVision v5.1, and image analyses were performed with 

Matlab v8.4 (Mathworks, Natick, MA).  To measure amplitudes, each CEST spectrum from a 

region of interest in an image of a sample was analyzed by fitting the spectrum to a sum of three 

Lorentzian line shapes to account for two CEST signals and direct saturation of water. The 

center, width, and amplitude of each Lorentzian line was allowed to change to optimize the fit.  

4.2.3 T1 and T2 Relaxation MRI Acquisition   

T1 and T2 studies were performed using the same MRI scanner. A 25 mM solution of 

substrate and the chemically synthesized product, in PBS at pH 7.2, were used for these studies. 

All MRI experiments were performed at 37.0 °C. A spin echo MRI protocol was then employed 

to measure R1 relaxation rates with a 12.7 ms TE; 10 TR times between 18.339 and 10000 msec; 

1 mm slice thickness; 782 x 782 mm in-plane resolution; 5 x 2.5 cm field of view; and 64 x 32 

matrix. The same protocol was used to measure R2 relaxation rates with a 15-960 ms TE in 

increments of 15 ms; 40 sec TR time; 1.07 mm slice thickness; 400 x 400 mm in-plane 

resolution; 5.12 x 2.56 cm field of view; and 128 x 64 matrix size. To calculate the R1 and R2 

relaxation rate, the signal amplitudes were fitted with a monoexponential function with a 
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constant to account for a possible DC offset using ParaVision® PV5.1 (Bruker Biospin, Inc., 

Billerica, MA). 

4.2.4 In Vitro catalyCEST Studies  

A CEST spectrum of 45 mM of the substrate in 200 µL of Tris buffer at pH 7.2 was 

acquired using a standard CEST MRI procedure described in section 4.2.2 (Fig. 4.2b). Five units 

of sulfatase enzyme from the H.pomatia mollusk (the snail in escargot) were added to the sample 

and incubated for 24 h at 37°C. The sample dropped to pH 5.4 and the pH of the sample was 

adjusted to 7.2 to simulate buffering capacity in vivo and CEST spectra were collected. The same 

study was performed with sulfatase enzyme from abalone mollusk (a sea snail) and A. aerogenes 

(a bacterial coliform) with identical sample concentrations and CEST parameters. Similar 

catalyCEST studies were perfomed with a mammalian cell suspension of  HEK293 and a 

separate suspension of BT549 cells.  We added 100 µL of each cell suspension to 200 µL 

solutions of the substrate in Tris buffer at pH 7.3 and incubated for 24 h at 37°C.  The pH of the 

solution was adjusted to 7.2 and CEST spectra were acquired for the product from incubation 

with both cell lines. 

4.3 Results and Discussion 

We synthesized 4-acedamido-2-(sulfoxy)benzoic acid (Scheme 4.1). The carboxylic acid 

and hydroxyl groups in 4-amino salicylic acid (Compound 1) were functionalized to benzyl ester 

and benzyl alcohol to generate compound 2 (12). Then acylation of the amino group generated 

compound 3. Selective debenzylation of the alcohol moiety with trifluoroacetic acid produced 

compound 4 (13). Chlorosulfuric acid 2,2,2-trichloroethylester (TCE sulfate) was synthesized 

using reported procedures, and was used as the sulfating agent to generate compound 5 (14). A 
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stepwise deprotection of the TCE group with Zn dust generated compound 6, followed by 

debenzylation using H2/Pd(OH)2, (15), to obtain the final compound 7 in 71% overall yield.  We 

refer to compound 7 as the substrate for the remainder of this chapter. 

A CEST spectrum was acquired before and after enzyme reaction. The substrate showed 

a single CEST signal at 5.0 ppm that was assigned to the amide proton, based on the chemical 

shift of similar aryl amide groups (16).  The product generated a new CEST signal at 9.0 ppm 

from the salicylic acid moiety while the CEST signal at 5.0 ppm from the amide ligand in the 

substrate was conserved.  These results were also used to create parametric maps of % CEST 

signal based on Eq. [1], and parametric maps of the enzyme reaction coordinate based on Eq. [2] 

(Fig. 4.2c, Fig. 4.3) 

%CEST=               Eq. [1] 

Where M- and M+ are the water signal amplitudes with saturation applied at at a negative and 

positive chemical shift value, respectively (e.g, -9 and +9 ppm). 

Reaction Coordinate =
% CEST( )9.0 ppm

% CEST( )5.0 ppm       Eq. [2] 

CatalyCEST studies with five units of sulfatase enzyme from the H.pomatia mollusk showed the 

appearance of a CEST signal at 9.0 ppm without changing the CEST signal at 5.0 ppm (Fig. 

4.2b).  The CEST spectra from the additional reactions with enzyme from abalone mollusk (a sea 

snail) and A. aerogenes (a bacterial coliform) were identical to Fig. 4.2b, although the reaction 

with A. aerogenes had a broader CEST peak at 0 ppm from the direct saturation of water due to 
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the addition of glycerol that was packaged with this enzyme by the commercial source (Fig. 4.4a 

and Fig. 4.4b).   

 

 

Figure 4.4. Sulfatase activity detected with catalyCEST MRI. A CEST signal at 9.0 ppm 

appeared after sulfatase from a) abalone or b) A. aerogenes was added to the substrate, while the 

CEST signal at 5.0 ppm was largely unchanged.   

These additional studies demonstrated that catalyCEST MRI with this new agent could detect 

multiple isoforms of sulfatase. 

Importantly, the ratio of the enzyme-responsive CEST signal at 9.0 ppm and the 

unresponsive signal at 5.0 ppm can be used to detect the sulfatase enzyme activity in a 

concentration-independent manner.  In addition, we have shown in past studies that this 

ratiometric approach eliminates complications from variable T1 relaxation time and incomplete 

saturation during the CEST MRI protocol, and can reduce the influence of temperature to 

negligible levels (17). Therefore, ratiometric catalyCEST MRI can detect sulfatase activity with 

a b 
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this new CEST agent with good specificity for enzyme activity relative to other effects that can 

influence MRI contrast.  

Using the substrate and the product generated with sulfatase from H. pomatia, we studied 

the effects of MRI saturation conditions on the CEST signal to determine clinical translatability 

of this approach.  We used a RL-QUEST analysis method (18) to evaluate the effect of saturation 

time, which showed that a saturation for 4 seconds was sufficient to generate strong CEST 

signals from the substrate and product. (Fig. 4.5a, Fig. 4.6a). We then used a HW-QUESP (19) 

analysis method to evaluate the effect of saturation power (Fig. 4.5b, Fig. 4.6b). The amide for 

both the substrate and product could generate strong CEST signals with 3 µT that were 80% and 

50% of maximum CEST signal amplitude.  Although stronger CEST signals could be generated 

with higher saturation powers, we performed subsequent studies at 3 µT saturation power 

because this power level has been used for clinical studies, and the CEST signal amplitudes were 

sufficiently strong with 3 µT saturation. The chemical exchange rates calculated from the 

QUESP results for the amide proton of the substrate and product were 560 Hz and 1050 Hz.  

This acceleration in exchange rate was expected due to the electron withdrawing potential of the 

aryl carboxylate on the agent after enzyme cleavage. This increase in exchange rate was less than 

2-fold, which only caused a minor change in CEST signal amplitude of the amide (Fig. 4.2b), so 

that the amide’s CEST signal could still be considered largely unresponsive to sulfatase activity.  

The chemical exchange rate of the salicylic acid of the product was 1500 Hz, which matched 

previous reports of the exchange rate from similar compounds (9). 

To determine the detection sensitivity of the substrate, we used a linear HW-Conc 

analysis method to correlate CEST signal amplitude with concentration (Fig. 4.5c, Fig.4.6c).  



148 

 

This non-linear correlation can be extrapolated to lower concentration, which showed that a 

minimum of 1.3 mM of the reactant could generate a 1% CEST signal.  Therefore, a 

concentration of CEST agent can detect sulfatase activity that is well below the 17 mM 

concentrations that cause cell toxicity with these types of compounds (20). 

To investigate if the CEST signals are dependent on pH, we acquired CEST spectra for 

25 mM solutions at pH values ranging from 6.40 to 7.60 units for the substrate and the product 

from incubation with sulfatase from H. pomatia. The CEST signal of the amide proton of the 

substrate and product increased with increasing pH, which confirmed that the chemical exchange 

of this proton was base-catalyzed as expected (16). The CEST signal from the salicylic acid 

proton of the product was relatively insensitive to pH (Fig. 4.5d). Therefore, the ratio of the 

CEST signals of the product is pH-dependent, which should be taken into consideration during in 

vivo studies. In particular, the tumor microenvironment can be acidic and reach pH values 

between 6.4 and 7.0, (21,22) that would cause the ratio of CEST signals from salicylic acid vs. 

amide to be overestimated. 

More recently, paramagnetic CEST agents have been shown to cause T2 relaxation due to 

their large chemical shifts and fast chemical exchange rates that can cause a T2 exchange 

relaxation process (23). The salicylic acid moiety of the product has a remarkably high chemical 

shift relative to other diamagnetic CEST agents, and also has a fast exchange rate. We performed 

T1 and T2 MR studies with 30 mM of the substrate and the product, which was synthesized to 

ensure purity rather than relying on a product of an enzyme reaction (Fig. 4.7). However the T2 

relaxivities for both compounds were negligible, and the T1 relaxivities were too low to be 

reliably measured. Therefore this contrast agent only acts as a CEST agent. 
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Figure 4.5 Evaluation of CEST MRI.  CEST signal amplitudes from the amide of the substrate, 

the amide of the product, and the salicylic acid moiety of the product are shown as circles, 

squares, and diamonds, respectively.  a) A saturation time of 4 seconds was sufficient to generate 

a strong CEST signal from the substrate and product. b) A saturation power of 3 μT generated 

sufficiently strong CEST signal for detection.  c) Extrapolation of the CEST-concentration 

relationship for the substrate showed that 1.3 mM of substrate can generate a 1% CEST signal.  

d) The CEST signal amplitude of the amides are dependent on pH, while the CEST signal from 

the salicylic acid moiety is relatively independent of pH.  

a b 

c d 
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Figure 4.6.  Linear evaluations of CEST MRI.  CEST signal amplitudes from the amide of the 

substrate, the amide of the product, and the salicylic acid moiety of the product are shown as 

circles, squares, and diamonds, respectively.  a) A RL-QUEST linear analysis method was used 

to evaluate the dependence of CEST signal on saturation time.  b) A HW-QUESP linear analysis 

method was used to evaluate the dependence of CEST signal on saturation power. c) A HW-

Conc linear analysis method was used to evaluate the dependence of CEST signal on 

concentration.  The results of these linear analyses were used to create non-linear relationships 

shown in Fig. 4.5a, 4.5b, and 4.5c, respectively. 

The HEK293 human embryonic cell line is known to express extracellular sulfatase 

enzymes (2), while the BT549 human breast cancer cell line does not show sulfatase expression 

(26). From our catalyCEST studies with HEK293 and BT549 cell suspension we observed the 

c 

b a 
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appearance of CEST signal at 9.0 ppm after incubation with HEK293 suspension, indicating the 

detection of extracellular sulfatase activity from this cell line (Fig. 4.8a,c).  Conversely, no 

CEST signal appeared after incubation with BT549 suspension, demonstrating that this cell line 

did not express extracellular sulfatase (Fig. 4.8b,d).  For comparison, optical imaging agents that 

have been developed to detect sulfatase activity were shown to detect sulfatase activity only in 

bacterial cell suspensions, and could not detect sulfatase activities with HEK293 and BT549 

mammalian cell suspensions (4). This comparison suggests that the aryl sulfate esters for optical 

imaging could be specific for only a subset of sulfatase isoforms, while the CEST agent has more 

ubiquitous detection of sulfatase activity. 

 

 

 Figure 4.7. MR relaxation characteristics of the substrate and product.  Results for the substrate 

and product are shown as circles and squares, respectively.  a) The slope of R2 (1/T2) vs. 

concentration, known as the r2 relaxivity, is 0.016 mM-1s-1 for the substrate (R2=0.85) and 0.026 

mM-1s-1 for the product (R2=0.60).  b) The R1 (1/T1) values decreased with increasing 

concentration for the substrate and product, which is unrealistic suggesting that the r1 relaxivities 

of the substrate and product are negligible. 

a b 
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Figure 4.8. Detection of sulfatase activity from mammalian cells. a) The CEST spectra before 

(blue) and after (red) incubation of the agent with HEK293 cell suspension showed the 

appearance of a CEST signal at 9.0 ppm.  b) The same CEST MRI study with BT549 cell 

suspension showed no appearance of a CEST signal at 9.0 ppm.  In both studies, the CEST signal 

at 5.0 ppm was largely unresponsive to enzyme activity. The broader linewidths of the direct 

saturation of water in these samples were attributed to the biological millieu of the cell 

suspension that typically shortens the T2 relaxation time of the sample. c, d) The CEST signals 

determined from fitting Lorentzian line shapes to the CEST spectra shown in panels (a) and (b) 

further demonstrate the detection of sulfatase activity from HEK293 cells and no sulfatase 

activity  was detected from BT529 cells.  The Lorentzian line shapes in panel (d) are almost 

exactly overlapped. 

a b 

c d 
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Our previous studies have conjugated an enzyme-cleavable ligand to the amine of 

compound 1 to form an amide (16, 24)  Enzyme cleavage of this ligand converted the amide to 

an amine, causing a loss of the CEST signal from the amide, thereby causing this agent to be 

“deactivated”.  Our CEST agent in this study improves on this previous design by “activating” 

the CEST signal in response to enzyme activity.  Furthermore, our CEST agent in this study 

demonstrates that the salicylic acid moiety can be derivatized while an aryl amine can generate 

an enzyme-unresponsive CEST signal.  This new approach expands the chemical design of 

catalyCEST MRI contrast agents, and the modular approach of derivatizing one or more 

positions of the substrate constitutes a platform technology that may be easily redesigned to 

detect other enzyme activities. 

In conclusion, we have synthesized and characterized the first diamagnetic CEST MRI 

contrast agent that can detect sulfatase enzyme activity.  This substrate employed the use of 

enzyme-responsive and unresponsive CEST signals that could be detected at potentially nontoxic 

concentrations and saturation conditions that are clinically translatable. This substrate can detect 

sulfatase activity from mammalian cells as well as from other species.  Based on these 

preliminary studies, in vivo studies with small animal models appear warranted to facilitate the 

translation of catalyCEST MRI to the radiology clinic. 
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5.1 Summary of Current Studies With catalyCEST MRI  

  We have synthesized a series of non-metallic salicylic acid based catalyCEST MRI 

contrast agents that can detect enzyme activities of several enzymes including γ-glutamyl 

transferase, Kallikrein-6, urokinase Plasminogen Activator and sulfatases. We successfully 

demonstrated that catalyCEST MRI can be used as a platform technology to detect several 

extracellular enzymes. We were able to use the ratiometric approach to successfully account for 

enzyme activities in vivo. 

5.2 Improvements to In Vivo catalyCEST MRI 

Although our initial in vivo studies have demonstrated that we are able to detect a wide 

range of enzyme activities in several tumor models, there are several challenges during in vivo 

detection of enzyme activity that still need to be explored for better results.  

The intramolecular hydrogen bonding between the carboxylate anion and phenolic proton 

in salicylic acid at neutral pH is the reason for the excellent CEST contrast observed. Other 

diamagnetic molecules having a similar moiety have been proposed (1, 2). Of these molecules, in 

our studies we have so far exploited 4-amino salicylic acid extensively and derivatives of this 

molecule have functioned as excellent CEST agents for detection of enzyme activities in vivo. To 

further improve the usefulness of diaCEST agents, derivatives of other agents (as shown is Table 

5.1) could be explored.  
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Structure Chemical Shift (ppm) % CEST Contrast at 

10 mM, tsat 3s, ω1 3.6 

µT, 37 37°C 

Exchange rate (Hz) 

 

12.0 5.4 1400 ±300 

 

10.3 (X= Cl) 

10.5 (X= Br) 

         10.8 (X =I) 

6.7 

9.1 

5.3 

980 ± 90 

550 ± 40 

290 ± 20 

 

10.5 3.4 220 ± 20 

 

 
10.5  

7.7 520 ± 30 

 

Table 5.1 Some of the reported DiaCEST contrast agents as shown in References 1 and 2.  

All of these compounds are promising as they exhibit a higher chemical shift difference from the 

water signal, and also display good contrast comparable to 4-amino salicylic acid. The chemical 

a. X= Cl 
b. X= Br 
c. X= I 
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exchange rate for these molecules except for 3, fall in the same range as 4-amino salicylic acid 

compounds. Solubility is a huge concern for in vivo experiments hence a –nitro substitution as 

seen for compound 1, might be more favorable. All of these compounds have the R4 position free 

for substitution of amide functionality for specific enzyme activity. It has been already proposed 

that substitution at the R4 position (position on the aromatic ring para to the carboxylic acid) only 

slightly affects the chemical shift of the phenolic proton through their electronic effects. More 

recently, some anthranilic acid analogs were also reported that could be used as diaCEST agents 

(Fig. 5.1) (3). 

COOH

NH

O

F3C
COOH

NH

O

F3C

RHN

 

Figure 5.1 The anthranilic acid analogue discussed in Reference 3 (the structure on the left) and 

the proposed derivative of anthranilic acid analogue for catalyCEST studies. 

For catalyCEST MRI experiments it would be interesting to see how modifications on R3 with an 

enzyme responsive amide group would affect the chemical shift, signal contrast and chemical 

exchange rate. If there is minimal effect then this agent could be substantially modified to act as 

a catalyCEST agent with both enzyme responsive and unresponsive signal.  

5.2.1 pH correction for in vivo catalyCEST MRI studies  

We have discussed in detail in the previous chapters the advantage of our catalyCEST 

agents for in vivo imaging since they are concentration independent. This greatly facilitated in 

vivo CEST imaging by minimizing the heterogeneous distribution of the contrast agent. 
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However, CEST MRI contrast agents have exchangeable protons that display changes in CEST 

contrast with changes in pH. Since tumor tissues are acidic and pH within the tumor is vastly 

different from the pH in healthy tissues it is important to account for the extracellular pH of the 

tumor tissues during in vivo imaging (4). Lanthanide based pH responsive agents like the 

YbIIIHPDO3A and GdIIIHPDO3A (5) are well known and recently diamagnetic molecules like 

iopamidol and iobitridol (Fig. 2) (6, 7) have been extensively studied in the context of pH 

responsive CEST MR contrast agents. These agents are non-ionic and uncharged and hence 

expected to have negligible direct effect on pH. In the future we could combine our catalyCEST 

studies with acidoCEST studies (CEST studies with pH responsive CEST agents to account for 

the tumor microenvironment pH) and account accurately for enzyme activity in the tumor tissue 

while also relating to the tumor pH. This could be performed by co-administering out 

catalyCEST agent along with iopamidol into the respective tumor bearing mouse and perform 

CEST studies. Prior experiments could check for the activity of the enzyme on the drug used for 

acidoCEST studies. 

 

 

Figure 5.2 Structures of pH responsive CEST contrast agents. 

 

iobitridol iopamidol 
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5.2.2 Polymeric CEST MRI Agents for Improved Contrast 

One of the challenges we faced during in vivo catalyCEST MRI studies was low CEST 

contrast. Although higher concentrations of the contrast agent could be used to improve signal 

contrast it could also result in toxicity issues. An alternative strategy to improve sensitivity of 

CEST MRI signal is to polymerize the agents so that the number of exchangeable protons that 

can be saturated simultaneously is increased many-fold thus improving CEST contrast. Cationic 

polymer based CEST contrast agents have been reported before although these agents are shown 

to be useful at only high magnetic field strengths which is not desired for clinical translation (8). 

Advances with paramagnetic dendrimer based polymeric CEST contrast agents have been shown 

and also evaluated in vitro (9).  However till date, diaCEST polymeric CEST agents have not 

been exploited except one recent report which showed salicylic acid based dendrimers as CEST 

contrast agents for monitoring nano-carrier delivery (10). Salicylic acid based polymeric CEST 

agents could improve CEST sensitivity by tuning the size and dimension of the polymeric unit 

(Fig. 3). Also, depending on the size of the polymeric unit, other enzymes could be explored. 

The time of retention of the polymer unit in the tumor before it gets washed out would vary 

depending on the size of the polymeric CEST agent. This would facilitate the study in tumors 

with enzymes that have slower activity than the ones that been explored in this dissertation.  

 

 

Figure 3. Proposed polymeric CEST agent for catalyCEST MRI. 
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5.2.3 Improve In Vivo Pharmacokinetics of i.v Injection  

Drug transporters play an important role in the pharmacokinetics of administered drugs. 

They are involved in the amount of drug that goes inside the tumor and the amount that is 

accumulated in the kidney. Several organic anion and cation transporters (OAT and OCT) have 

been reported with regards to improvement of drug pharmacokinetics (11, 12). For example, 

[125I] IMT uptake was monitored in mice implanted with colon cancer DLD-1 cells with SPECT 

imaging. It was concluded that use of OAT inhibitors could improve the tumor images by 

reducing accumulation of the agent in the kidney (13). Similarly, we could also incorporate an 

inhibitor of cation or anion transporters for our catalyCEST MRI studies. This could also 

improve the % CEST signal observed in the tumor regions by preventing accumulation of the 

contrast agent in the kidney. 

5.2.4 Optimize the Contrast Agent for Improved Enzyme Specificity  

The catalyCEST agents devised and discussed in this dissertation for some promiscuous 

enzymes such as proteases can be improved by making these agents more enzyme specific. A 

lack of specificity for a particular enzyme poses the limitation of getting cleaved by other 

enzymes, resulting in an overestimation of the activity by the enzyme of interest. For example, in 

Chapter 3 where Kallikrien-6 enzyme activity was discussed, the peptide sequence on the amino 

salicylic moiety was Arg-Phe. However it has been shown by other fluorogenic studies (with an 

amino methyl coumarin unit rather than a salicylic unit in our case) that some other peptide 

sequences might have better specificity for Kalilkrein-6 (Table 5.2) (14).  
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Substrate  Catalytic efficiency (kcat/KM), (mM-1min-1) 

Phe-Ser-Arg-AMC 93.4 

Gly-Gly-Arg-AMC 14.3 

Asp-Pro-Arg-AMC 34.9 

Pro-Phe-Arg-AMC 7.4 

Val-Pro-Arg-AMC 84.4 

 

Table 5.2. The catalytic efficiency for some synthetic fluorogenic amino methyl coumarin 

substrates with KLK6. 

5.3 GGT-Cisplatin Study 

Cisplatin is one of the most important anti-cancer drugs that has a broad application in 

the treatment of several various tumors including ovarian, colon, lung and germ cell tumors. 

However, the clinical application of this drug is limited by problems of nephrotoxicity when 

used in high doses. Cisplatin was found to be toxic in the renal tubules leading to renal failure. 

To evaluate new measures of nephroprotection, several pathways involved in nephrotoxicity 

have been explored (15, 16).  

GGT is primarily located in the brush border of the proximal convoluted tubule of 

kidneys. Reduced glutathione (GSH) bonds to cisplatin in the liver and then reaches the kidney 
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as a GSH-cisplatin conjugate complex.  It has been suggested that GGT plays a vital role in 

cleaving this complex to form a nephrotoxic metabolite (Fig. 5.4). The metabolite generated is a 

reactive thiol compound that interacts with macromolecule, eventually resulting in renal cell 

death. 

 

 

 

 

 

 

 

 

Figure 5.4 The proposed mechanism of cisplatin nephrotoxicity demonstrating the role of GGT 

in the formation of nephrotoxic metabolite in presence of cisplatin. 

The exact mechanism by which GGT results in cisplatin related nephrotoxicity is still being 

studied. However it has been proposed that the inhibition of GGT can lead to prevention of 

formation of the nephrotoxic metabolite and hence minimize the problem. Several synthetic 

inhibitors like Acivicin, OU749, have been explored to this effect. The GGT inhibition has then 

been studied by performing a GGT activity assay using a chromogenic substrate.  

We propose to explore the relationship between GGT and cisplatin toxicity using 

noninvasive catalyCEST MRI. Our catalyCEST agent (Compound 4 in Chapter 2) has already 

been shown to detect GGT activity in vivo in human ovarian tumor models of OVCAR-8 that 
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have a high expression of GGT enzyme. For initial studies, we can dose the mice with OVCAR-

8 bearing tumor and different doses of cisplatin.  Then, we can perform catalyCEST MRI with 

our agent to monitor the GGT enzyme activity. In the presence of cisplatin, if the proposed 

hypothesis stated above holds then there will be no or much lower GGT enzyme that can act on 

the catalyCEST substrate and hence the amide peak at 4.8 ppm will remain unchanged during 

catalyCEST studies. However, if GGT enzyme does not have a role in the disintegration of the 

Pt-GSH conjugate as suggested, then we can expect that the enzyme will cleave the amide bond 

in the agent and only the salicylic acid peak at 9.2 ppm will be observed.  

Further, this study can be made more complete by adding the inhibitor acivicin or 

OU749. In this case, the mouse with OVACR-8 tumor model can be dosed with different dosage 

of cisplatin +GGT- inhibitor. Then catalyCEST studies can be performed in the same manner as 

before with the catalyCEST substrate for GGT enzyme activity. In this case, due to inhibition of 

GGT enzyme the catalyCEST MRI studies should ideally show two peaks, amide and salicylic 

acid signal on completion of CEST MRI studies. In that case, the relationship between GGT and 

cisplatin can be non-invasively detected using catalyCEST MRI. 

 

 

 

 

 

 



168 

 

5.4 References for Chapter 5  

[1] Yang X, Yadav NN, Song X, Banerjee SR, Edelman H, Il Minn, van Zijl PCM, Pomper, MG, 

McMahon, MT. Tuning phenols with Intra-Molecular Bond Shifted HYdrogens (IM-SHY) as 

diaCEST MRI contrast agents. Chem. Eur. J. 2014, 20, 15824-32. 

[2] Li J, Feng X, Zhu W, Oskolkov N, Zhou T, Kim BK, Baig N, McMahon MT, Oldfield E. 

Chemical exchange saturation transfer (CEST) agents: quantum chemistry and MRI. Chem. Eur. 

J. 2016, 22, 264-71. 

[3] Song X, Yang X, Ray Banerjee S, Pomper MG, McMahon MT. Anthranilic acid analogs as 

diamagnetic CEST MRI contrast agents that feature an intramolecular‐bond shifted 

hydrogen. Contrast Media Mol. I.  2015, 10, 74-80. 

[4] Longo DL, Dastrù W, Digilio G, Keupp J, Langereis S, Lanzardo S, Prestigio S, Steinbach O, 

Terreno E, Uggeri F, Aime S. Iopamidol as a responsive MRI‐chemical exchange saturation 

transfer contrast agent for pH mapping of kidneys: In vivo studies in mice at 7 T. Magn. Reson. 

Med. 2011, 65, 202-11. 

[5] Delli Castelli D, Terreno E, Aime S. YbIII‐HPDO3A: a dual pH‐and 

temperature‐responsive CEST agent. Angew. Chem. Int. Ed. 2011, 50, 1798-800. 

[6] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single PARACEST 

MRI contrast agent. Contrast Media Mol. I. 2012, 7, 26-34. 

[7] Longo DL, Sun PZ, Consolino L, Michelotti FC, Uggeri F, Aime, S. A general MRI-CEST 

ratiometric approach for pH imaging: demonstration of in vivo pH mapping with iobitridol. J. 

Am. Chem. Soc. 2001, 136, 14333-6. 



169 

 

[8] Goffeney N, Bulte JW, Duyn J, Bryant LH, Van Zijl PCM. Sensitive NMR detection of 

cationic-polymer-based gene delivery systems using saturation transfer via proton exchange. J. 

Am. Chem. Soc. 2001, 123, 8628-9. 

[9] Pikkemaat JA, Wegh RT, Lamerichs R, van de Molengraaf RA, Langereis S, Burdinski D, 

Raymond AYF, Janssen HM, de Waal BFM, Willard NP, Meijer EW. Dendritic PARACEST 

contrast agents for magnetic resonance imaging. Contrast Media Mol. I. 2007, 2, 229-39. 

[10] Lesniak W, Oskolkov N, Song, X, Lal B, Yang X, Pomper MG, Laterra J, Nimmagadda S, 

McMahon MT. Salicylic Acid Conjugated Dendrimers Are a Tunable, High Performance CEST 

MRI NanoPlatform. Nano Lett. 2016, 10.1021/acs.nanolett.5b04517 

[11] Inui KI, Masuda S, Saito H. Cellular and molecular aspects of drug transport in the 

kidney. Kidney Int. 2000, 58, 944-58. 

[12] Shugarts S, Benet LZ. The role of transporters in the pharmacokinetics of orally 

administered drugs. Pharm. Res. 2009, 26, 2039-54. 

[13] Nakajima S, Shikano N, Kotani T, Ogura M, Nishii R, Yoshimoto M, Yamaguchi N, 

Iwamura Y, Kubota N, Ishikawa N, Kawai K. Pharmacokinetics of 3-[125 I] iodo-α-methyl-L-

tyrosine, a tumor imaging agent, after probenecid loading in mice implanted with colon cancer 

DLD-1 cells. Nucl. Med. Biol. 2007, 34, 1003-08. 

[14] Magklara A, Mellati AA, Wasney GA, Little SP, Sotiropoulou G, Becker GW, Diamandis 

EP. Characterization of the enzymatic activity of human kallikrein 6: autoactivation, substrate 

specificity, and regulation by inhibitors. Biochem. Biophys. Res. Commun. 2003, 307, 948-55. 



170 

 

[15] Hanigan MH, Devarajan P. Cisplatin nephrotoxicity: molecular mechanisms. Cancer Ther. 

2003, 1, 47-61. 

[16] Townsend DM, Deng M, Zhang L, Lapus MG, Hanigan MH. Metabolism of cisplatin to a 

nephrotoxin in proximal tubule cells. J. Am. Soc. Nephrol. 2003, 14, 1-10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



171 

 

Comprehensive List of References  

Chapter 1 

[1] Weissleder R, Ross BD, Rehemtulla R, Gambhir SS. Molecular Imaging: Principles and 

Practice. Shelton, CT: People’s Med. Pub. House, 2010. 

[2] Ahrens ET, Rothbacher U, Jacobs RE, Fraser SE. A model for MRI contrast enhancement 

using T1 agents. Proc. Natl. Acad. Sci. USA 1998, 95, 8443-8. 

[3] Mills PH, Ahrens ET. Theoretical MRI contrast model for T2 agents. Magn. Reson. Med. 

2007, 57, 442-7. 

[4] Ali MM, Liu G, Shah T, Flask CA, Pagel MD. Using two chemical exchange saturation 

transfer magnetic resonance imaging contrast agents for molecular imaging studies. Acc. Chem. 

Res. 2008, 42, 915-24. 

[5] Nelson SJ, Ozhinsky E, Li Y, Park IW, Crane J. Strategies for rapid in vivo 1H and 

hyperpolarized 13C MR spectroscopic imaging. J. Magn. Reson. 2013, 229, 187-97. 

[6] Dua P, Chaudhari KN, Lee CH, Chaudhari NK, Song SW, Yu JS, Kim S, Lee, DK. 

Evaluation of toxicity and gene expression changes triggered by oxide nanoparticles. Bull. 

Korean Chem. Soc. 2011, 32, 2051-7. 

[7] Allen MJ, MacRenaris KW, Venkatasubramanian PN, Meade TJ. Cellular delivery of MRI 

contrast agents. Chem. Biol. 2004, 11, 301-7. 

[8] Yoo B, Pagel MD. An overview of responsive MRI contrast agents for molecular imaging. 

Front. Biosci. 2008, 13, 1733-52. 



172 

 

[9] Hingorani DV, Bernstein AS, Pagel MD. A review of responsive MRI contrast agents: 2005-

2014. Contrast Media Mol. I. 2014, 10, 245-65. 

[10] Hingorani DV, Yoo B, Bernstein AS, Pagel MD. Detecting enzyme activities with 

exogenous MRI contrast agents. Chem. Eur. J. 2014, 20, 9840-50. 

[11] Bulte JWM, Kraitchman DL, Ben-Hur T. Use of iron oxide MR contrast agents for 

monitoring stem cell therapy. In Focus on Stem Cell Research, ed. DA Greer, 2004, pp. 1-32. 

Hauppauge, NY: Nova Sci. 

[12] Ferrauto G, Delli Castelli D, Di Gregorio E, Langereis S, Burdinski D, Grüll H, Terreno E, 

Aime S. Lanthanide-loaded erythrocytes as highly sensitive chemical exchange saturation 

transfer MRI contrast agents. J. Am. Chem. Soc. 2014, 136, 638-41. 

[13] Terreno E, Cabella C, Carrera C, Delli Castelli D, Mazzon R, Rollet S, Stancanello J, 

Visigalli M, Aime S. From spherical to osmotically shrunken paramagnetic liposomes: an 

improved generation of LIPOCEST MRI agents with highly shifted water protons. Angew. 

Chem. Int. Ed. 2007, 46, 966-8. 

[14] Ali MM, Yoo B, Pagel MD. Tracking the relative in vivo pharmacokinetics of nanoparticles 

with PARACEST MRI. Mol. Pharm. 2009, 6, 1409-16. 

 [15] Brown RW, Cheng YCN, Haake EM, Thompson MR, Venkatesan R, eds. Magnetic 

Resonance Imaging: Physical Principles and Sequence Design. 2014, Hoboken NJ: Wiley. 2nd 

ed. 



173 

 

[16] Carr DH, Brown J, Bydder GM, Weinmann HJ, Speck U, Speck U, Thomas DJ, Young IR. 

Intravenous chelated gadolinium as a contrast agent in NMR imaging of cerebral tumours. 

Lancet 1984, 1, 484-6. 

[17] Edelman RR, Mattle HP, Atkinson DJ, Hill T, Finn JP, Mayman M, Ronthal HM. Cerebral 

blood flow: assessment with dynamic contrast-enhanced T2*-weighted MR imaging at 1.5 T. 

Radiology 1990, 176, 211-20. 

[18] Carr DH, Brown J, Bydder GM, Steiner RH, Weinmann HJ, Speck U, Hall AS. Young IR.  

Gadolinium-DTPA as a contrast agent in MRI: initial clinical experience in 20 patients. Am. J. 

Roentgenol. 1984, 143, 215-24. 

[19] Fiel RJ, Button TM, Gilani S, Mark EH, Musser DA, Henkelman RM, Bronskill MJ, Van 

Heteren JG. Proton relaxation enhancement by manganese (III)TPPS4 in a model tumor system. 

Magn. Reson. I. 1987, 5, 149-56. 

[20] Laurent S, Vander Elst L, Muller RN. Superparamagnetic iron oxide nanoparticles for MRI. 

In Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging, ed. A Merbach, L 

Helm, E Toth, 2013, pp. 427-47. Hoboken, NJ: Wiley. 

[21] Kunjachan S, Ehling J, Storm G, Kiessling F, Lammers T. Noninvasive imaging of 

nanomedicines and nanotheranostics: principles, progress, and prospects. Chem. Rev. 2015, 115, 

10907-37. 

[22] Kuo PH, Kanal E, Abu-Alfa AK, Cowper SE. Gadolinium-based MR contrast agents and 

nephrogenic systemic fibrosis. Radiology 2007, 242, 647-9. 



174 

 

[23] Dydak U, Criswell SR. Imaging modalities for manganese toxicity. Issues Toxicol. 2015, 

22, 477-512. 

[24] Lee H, Yoo D, Ling D, Cho MH, Hyeon T, Cheon J. Iron oxide based nanoparticles for 

multimodal imaging and magnetoresponsive therapy. Chem. Rev. 2015, 115, 10637-89. 

[25] Sipkins DA, Cheresh DA, Kazemi MR, Nevin LM, Bednarksi MD, Li KCP. Detection of 

tumor angiogenesis in vivo by αvβ3 targeted magnetic resonance imaging. Nat. Med. 1998, 4, 

623-6. 

[26] Anderson SA, Rader RK, Westlin WF, Null C, Jackson D, Lanza GM, Wickline SA, Kotyk 

JJ. Magnetic resonance contrast enhancement of neovasculature with αvβ3-targeted 

nanoparticles. Magn. Reson. Med. 2000, 44, 433-9. 

[27] Hilger I, Trost R, Reichenbach JR, Linss W, Lisy MR, Berndt A, Kaiser WA.  MR imaging 

of Her-2/neu protein using magnetic nanoparticles. Nanotechnology 2007, 18, 135103. 

[28] Kinoshita M, Yoshioka Y, Okita Y, Hashimoto N, Yoshimine T. MR molecular imaging of 

HER-2 in a murine tumor xenograft by SPIO labeling of anti-HER-2 affibody. Contrast Media 

Mol. I. 2010, 5, 18-22. 

[29] Frullano L, Catana C, Benner T, Sherry AD, Caravan P. Bimodal MRI-PET agent for 

quantitative pH imaging. Angew. Chem. Int. Ed. 2010, 49, 2382-4. 

[30] Jing L, Ding K, Kershaw SV, Kempson IM, Rogach AL, Gao M. Magnetically engineered 

semiconductor quantum dots as multimodal imaging probes. Adv. Mater. 2014, 26, 6367-86. 

[31] Lee S, Chen X. Dual-modality probes for molecular imaging. Mol. Imaging 2009, 8, 87-

100. 



175 

 

[32] Pagel MD. The hope and hype of multimodality imaging contrast agents. Nanomedicine 

2011, 6, 945-8. 

[33] Raghunand N, Zhang S, Sherry AD, Gillies RJ. In vivo magnetic resonance imaging of 

tissue pH using a novel pH-sensitive contrast agent, GdDOTA-4AmP. Acad. Radiol. 2002, 9, 

S481-3. 

[34] Esqueda AC, López JA, Andreu-de-Riguer G, Alvarado-Monzón JC, Ratnakar J, Lubag AJ, 

Sherry AD, De León-Rodríguez LM. A new gadolinium based MRI zinc sensor. J. Am. Chem. 

Soc. 2009, 131, 11387-91. 

[35] Vold RL, Daniel AS, Chan SO. Magnetic resonance measurements of proton exchange in 

aqueous urea. J. Am. Chem. Soc. 1970, 92, 6771-6. 

[36] Granot J, Fiat D. Effect of chemical exchange on the transverse relaxation rate of nuclei in 

solution containing paramagnetic ions. J. Magn. Reson. 1974, 15, 540-8. 

[37] Aime S, Nano R, Grandi M. A new class of contrast agents for magnetic resonance imaging 

based on selective reduction of water-T2 by chemical exchange. Invest. Radiol. 1988, 23, S267-

70. 

[38] Soesbe TC, Merritt ME, Green KN, Rojas-Quijano FA, Sherry AD. T2 exchange agents: a 

new class of paramagnetic MRI contrast agent that shortens water T2 by chemical exchange 

rather than relaxation. Magn. Reson. Med. 2011, 66, 1697-703. 

[39] Sherry AD, Wu Y. The importance of water exchange rates in the design of responsive 

agents for MRI. Curr. Opin. Chem. Biol. 2013, 17, 167-74. 



176 

 

[40] Geraldes CFGC. Lanthanide shift reagents. In The Rare Earth Elements: Fundamentals and 

Applications, ed. DA Atwood, 2012, pp. 501-20. Hoboken, NJ: Wiley. 

[41] Soesbe TC, Ratnakar SJ, Milne M, Zhang S, Do QN, Kovacs Z,  Sherry AD. Maximizing 

T2-exchange in Dy3+DOTA-(amide)x chelates: fine-tuning the water molecule exchange rate for 

enhanced T2 contrast in MRI. Magn. Reson. Med. 2014, 71, 1179- 85. 

[42] Yadav NN, Xu J, Bar-Shir A, Qin Q, Chan KWY, Grgac K, Li W, McMahon MT, van Zijl 

PCM. Natural D-glucose as a biodegradable MRI relaxation agent. Magn. Reson. Med. 2014, 72, 

823-8. 

[43] Daryaei I, Pagel MD. New type of responsive MRI contrast agent that modulates T2ex 

relaxation: detection of nitric oxide. Proc. Am. Chem. Soc. 2014, 247, pp. 498 (Abstr.) 

[44] Cai K, Haris M, Singh A, Kogan F, Greenberg JH, Hariharan H, Detre JA, Reddy R. 

Magnetic resonance imaging of glutamate. Nat. Methods 2012, 18, 302-6. 

[45] Kogan F, Haris M, Debrosse C, Sing A, Nanga RP, Cai K, Hariharan H, Reddy R. In vivo 

chemical exchange saturation transfer imaging of creatine (CrCEST) in skeletal muscle at 3T. J. 

Magn. Reson. Imaging 2014, 40, 596-602. 

[46] Ling W, Regatta RR, Navon G, Jerschow A. Assessment of glycosaminoglycan 

concentration in vivo by chemical exchange-dependent saturation transfer (gagCEST). Proc. 

Natl. Acad. Sci. USA 2008, 105, 2266-70. 

[47] Vinogradov E, Sherry AD, Lenkinski RE. CEST: from basic principles to applications, 

challenges, and opportunities. J. Magn. Reson. 2013, 229, 155-72. 



177 

 

[48] Dula AN, Smith SA, Gore JC. Application of chemical exchange saturation transfer (CEST) 

MRI for endogenous contrast at 7 Tesla. J. Neuroimaging 2013, 23, 526-32. 

[49] Ward KM, Aletras AH, Balaban RS. A new class of contrast agents for MRI based on 

proton chemical exchange dependent saturation transfer (CEST). J. Magn. Reson. 2000, 143, 79-

87. 

[50] Bryant RG. The dynamics of water-protein interactions. Annu. Rev. Biophys. Biomol. Struct. 

1996, 25, 29-53. 

[51] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single PARACEST 

MRI contrast agent. Contrast Media Mol. I. 2012, 7, 26-34. 

[52] Wang X, Wu Y, Soesbe TC, Yu J, Zhao P, Kiefer GE, Sherry AD. A pH-responsive MRI 

agent that can be activated beyond the tissue magnetization transfer window. Angew. Chem. Int. 

Ed. 2015, 54, 8662-4. 

[53] McVicar N, Li AX, Suchy M, Hudson RM, Menon RS, Bartha R. Simultaneous in vivo pH 

and temperature mapping using a PARACEST-MRI contrast agent. Magn. Reson. Med. 2013, 

70, 1016-25. 

[54] Tereno E, Stancanello J, Longo D, Castelli DD, Milone L, Sanders HM, Kok M, Uggeri F,  

Aime S. Methods for an improved detection of the CEST MRI effect. Contrast Media Mol. I. 

2009, 4, 237-47. 

[55] Viswanathan S, Kovacs Z, Green KN, Ratnakar SJ, Sherry AD. Alternatives to gadolinium-

based metal chelates for magnetic resonance imaging. Chem. Rev. 2010, 110, 2960-3018. 



178 

 

[56] Moon BF, Jones KM, Chen LQ, Liu P, Randtke EA, Howison CM, Pagel MD. A 

comparison of iopromide and iopamidol, two acidoCEST MRI contrast media that measure 

tumor extracellular pH. Contrast Media Mol. I. 2015, 10, 446-55. 

[57] Chan KY, McMahon MT, Kato Y, Liu G, Bulte JWM, Bhujwalla ZM, Artemov D, van Zijl 

PCM.  Natural D-glucose as a biodegradable MRI contrast agent for detecting cancer. Magn. 

Reson. Med. 2012, 68, 1764-73. 

[58] Liang Y, Bar-Shir A, Song X, Gilad AA, Walczak P, Bulte JWM. Label-free imaging of 

gelatin-containing hydrogel scaffolds. Biomaterials 2015, 42, 144-50. 

[59] Dorsey SM, Haris M, Singh A, Witschey WRT, Rodell CB, Kogan F. Visualization of 

injectable hydrogels using chemical exchange saturation transfer MRI. ACS Biomater. Sci. Eng. 

2015, 1, 227-37. 

[60] Bar-Shir A, Liu G, Greenberg MW, Bulte JWM, Gilad AA. Synthesis of a probe for 

monitoring HSV1-tk reporter gene expression using chemical exchange saturation transfer MRI. 

Nat. Protoc. 2013, 8, 2380-91. 

[61] Bar-Shir A, Liang Y, Chan KWY, Gilad AA, Bulte JWM. Supercharged green fluorescent 

proteins as bimodal reporter genes for CEST MRI and optical imaging. Chem. Commun. 2015, 

51, 4869-71. 

[62] Yoo B, Pagel MD. A PARACEST MRI contrast agent to detect enzyme activity. J. Am. 

Chem. Soc. 2006, 128, 14032-3. 



179 

 

[63] Yoo B, Raam MS, Rosenblum RM, Pagel MD. Enzyme-responsive PARACEST MRI 

contrast agents: a new biomedical imaging approach for studies of the proteasome. Contrast 

Media Mol. I. 2007, 2, 189-98. 

[64] Hingorani DV, Randtke EA, Pagel MD. A catalyCEST MRI contrast agent that detects the 

enzyme-catalyzed creation of a covalent bond. J. Am. Chem. Soc. 2013, 135, 6396-8. 

[65] Chauvin T, Durand P, Bernier M, Meudal H, Doan BT, Noury F, Badet B, Beloeil JC, Tóth 

É. Detection of enzymatic activity by PARACEST MRI: a general approach to target a large 

variety of enzymes. Angew. Chem. Int. Ed. 2008, 47, 4370-2. 

[66] Li Y, Sheth VR, Liu G, Pagel MD. A self-calibrating PARACEST MRI contrast agent that 

detects esterase enzyme activity. Contrast Media Mol. I.  2011, 6, 219-28. 

[67] Liu G, Liang Y, Bar-Shir A, Chan KWY, Galpoththawela CS, Bernard SM, Tse T, Yadav 

NN, Walczak P, McMahon MT, Bulte JWM. Monitoring enzyme activity using a diamagnetic 

chemical exchange saturation transfer magnetic resonance imaging contrast agent. J. Am. Chem. 

Soc. 2011, 133, 16326-9. 

[68] Airan RD, Bar-Shir A, Liu G, Pelled G, McMahon MT,  van Zijl PCM, Bulte JWM, Gilad 

AA. MRI biosensor for protein kinase A encoded by a single synthetic gene. Magn. Reson. Med. 

2012, 68, 1919-23. 

[69] Oskolkov N, Bar-Shir A, Chan KWY, Song X, van Zijl PCM, Bulte JW, Gilad AA, 

McMahon MT. Biophysical characterization of human protamine-1 as a responsive CEST MR 

contrast agent. ACS Macro Lett. 2014, 4, 34-8. 



180 

 

[70] Walker-Samuel S, Ramasawmy R, Torrealdea F, Rega M, Rajkumar V, Johnson SP, 

Richardson S, Gonçalves M, Parkes HG, Årstad E, Thomas DL. In vivo imaging of glucose 

uptake and metabolism in tumors. Nat. Med. 2013, 19, 1067-72. 

 [71] Haris M, Cai K, Singh A, Hariharan H, Reddy R. In vivo mapping of brain myo-inositol. 

Neuroimage 2011, 54, 2079-85. 

[72] Kogan F, Haris M, Singh A, Debrosse C, Nanga RP,  Hariharan H, Reddy R. Method for 

high-resolution imaging of creatine in vivo using chemical exchange saturation transfer. Magn. 

Reson. Med. 2014, 71, 164-72. 

[73] Tsitovich PB, Burns PJ, McKay AM, Morrow JR. Redox-activated MRI contrast agents 

based on lanthanide and transition metal ions. J. Inorg. Biochem. 2014, 133, 143-54. 

[74] Trokowski R, Ren J, Kálmán FK, Sherry AD. Selective sensing of zinc ions with a 

PARACEST contrast agent. Angew. Chem. Int. Ed. 2005, 44, 6920-23. 

[75] Angelovski G, Chauvin T, Pohmann R, Logothetis NK, Tóth E. Calcium-responsive 

paramagnetic CEST agents. Bioorg. Med. Chem. 2011, 19, 1097-105. 

[76] Wu Y, Soesbe TC, Kiefer GE, Zhao P, Sherry AD. A responsive europium(III) chelate that 

provides a direct readout of pH by MRI. J. Am. Chem. Soc. 2010, 132, 14002-3. 

[77] Sheth VR, Li Y, Chen LQ, Howison CM, Flask CA, Pagel MD. Measuring in vivo tumor 

pHe with CEST-FISP MRI. Magn. Reson. Med. 2012, 67, 760-8. 

[78] Longo DL, Dastru W, Digilio G, Keupp J, Langereis S, Prestigio S, Steinbach O, Terreno E, 

Uggeri F, Aime S. Iopamidol as a responsive MRI-chemical exchange saturation transfer 



181 

 

contrast agent for pH mapping of kidneys: in vivo studies in mice at 7 T. Magn. Reson. Med. 

2011, 65, 202-11. 

[79] McVicar N, Li AX, Suchy M, Hudson RHE, Menon RS, Bartha R. Simultaneous in vivo pH 

and temperature mapping using a PARACEST-MRI contrast agent. Magn. Reson. Med. 2013, 

70, 1016-25. 

[80] Delli Castelli D, Enzo T, Silvio A. YbIII-HPDO3A: a dual pH- and temperature-responsive 

CEST agent. Angew. Chem. Int. Ed. 2011, 50, 1798-800. 

[81] Breitmaier E, Voelter W. 13C NMR Spectroscopy: Methods and Applications in Organic 

Chemistry. 1978, Weinheim, Ger.: Verlag Chemie. 

[82] de Graaf RA, Rothman DL, Behar KL. State of the art direct 13C and indirect 1H-[13C] NMR 

spectroscopy in vivo: a practical guide. NMR Biomed. 2011, 24, 958-72. 

[83] Muller S, Beckmann N. 13C spectroscopic imaging: a simple approach to in vivo 13C 

investigations. Magn. Reson. Med. 1989, 12, 400-6. 

[84] Golman K, Ardenkjær-Larsen JH, Petersson JS, Månsson S, Leunbach I. Molecular imaging 

with endogenous substances. Proc. Natl. Acad. Sci. USA 2003, 100, 10435-39. 

[85] Ardenkjær-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L, Lerche MH, Servin R, 

Thaning M, Golman K. Increase in signal-to-noise ratio of >10,000 times in liquid-state NMR. 

Proc. Natl. Acad. Sci. USA 2003, 100, 10158-63. 

[86] Ardenkjær-Larsen JH, Macholl S, Johannesson H. Dynamic nuclear polarization with trityls 

at 1.2 K. Appl. Magn. Reson. 2008, 34, 509-22. 



182 

 

[87] Eichhorn TR, Takado Y, Salameh N, Capozzi A, Cheng T, Hyacinthe JN, Mishkovsky M, 

Roussel C, Comment A. Hyperpolarization without persistent radicals for in vivo real-time 

metabolic imaging. Proc. Natl. Acad. Sci. USA 2013, 110, 18064-9. 

[88] Bhattacharya P, Chekmenev EY, Perman WH, Harris KC, Lin A, Norton V. Towards 

hyperpolarized 13C-succinate imaging of brain cancer. J. Magn. Reson. I. 2007, 86, 150-5. 

[89] Reineri F, Boi T, Aime S. Parahydrogen induced polarization of 13C carboxylate resonance 

in acetate and pyruvate. Nat. Commun. 2015, 6, 1-6. 

[90] Pravdivtsev AN, Yurkovskaya AV, Vieth HM, Ivanov K. RF-SABRE: a way to continuous 

spin hyperpolarization at high magnetic fields. J. Phys. Chem. B. 2015, 119, 13619-29. 

[91] Levitt MH. Singlet nuclear magnetic resonance. Annu. Rev. Phys. Chem. 2012, 63, 89-105. 

[92] Rodrigues TB, Serrao EM, Kennedy BWC, Hu DE, Kettunen MI, Brindle KM. Magnetic 

resonance imaging of tumor glycolysis using hyperpolarized 13C-labeled glucose. Nat. Med. 

2014, 20, 93-7.  

[93] Golman K, Thaning M. Real-time metabolic imaging. Proc. Natl. Acad. Sci. USA 2006, 

103, 11270-5. 

[94] Barb AW, Hekmatyar SK, Glushka JN, Prestegard JH. Probing alanine transaminase 

catalysis with hyperpolarized 13CD3-pyruvate. J. Magn. Reson. 2013, 228, 59-65. 

[95] Schroeder MA, Ali MA, Hulikova A, Supuran CT, Clarke K, Vaughan-Jones RD, Tyler DJ, 

Swietach P. Extramitochondrial domain rich in carbonic anhydrase activity improves myocardial 

energetics. Proc. Natl. Acad. Sci. USA 2013, 110, E958-67. 



183 

 

[96] Lodi A, Woods MS, Ronen MS. Treatment with the MEK inhibitor U0126 induces 

decreased hyperpolarized pyruvate to lactate conversion in breast, but not prostate, cancer cells. 

NMR Biomed. 2013, 26, 299-306. 

[97] Venkatesh HS, Chaumeil MM, Ward CS, Haas-Kogan DA, James CD, Ronen SM. 

Phosphocholine and hyperpolarized lactate provide magnetic resonance biomarkers of 

PI3K/Akt/mTOR inhibition in glioblastoma. Neuro-Oncology 2012, 14, 315-25. 

[98] Gallagher FA, Kettunen MI, Day SE, Lerche M, Brindle KM. 13C MR spectroscopy 

measurements of glutaminase activity in human hepatocellular carcinoma cells using 

hyperpolarized 13C-labeled glutamine. Magn. Reson. Med. 2008, 60, 253-57. 

[99] Karlsson M, Jensen PR, Gisselsson A, Hansson G, Duus JO, Meier S, Lerche MH. Imaging 

of branched chain amino acid metabolism in tumors with hyperpolarized 13C ketoisocaproate. 

Int. J. Cancer 2010, 127, 729-36. 

[100] Zacharias NM, Chan HR, Sallasuta N, Ross BR, Bhattacharya P. Real-time molecular 

imaging of tricarboxylic acid cycle metabolism in vivo by hyperpolarized 1-13C diethyl 

succinate. J. Am. Chem. Soc. 2011, 134, 934-43. 

[101] Keshari KR, Wilson DM, Chen AP, Bok R, Larson PE,  Hu S, Criekinge MV, Macdonald 

JM, Vigneron DB, Kurhanewicz J. Hyperpolarized [2-13C]-fructose: a hemiketal DNP substrate 

for in vivo metabolic imaging. J. Am. Chem. Soc. 2009, 131, 17591-6. 

[102] Jamin Y, Gabellieri C, Smyth L, Reynolds S, Robinson SP, Springer CJ, Leach MO, Payne 

GS,  Eykyn TR. Hyperpolarized 13C magnetic resonance detection of carboxypeptidase G2 

activity. Magn. Reson. Med. 2009, 62, 1300-4. 



184 

 

[103] Gallagher FA, Kettunen MI, Day SE, Hu ED, Ardenkjær-Larsen JH, Jensen PR, Karlsson 

M, Golman K, Lerche MH, Brindle KM. Magnetic resonance imaging of pH in vivo using 

hyperpolarized 13C-labelled bicarbonate. Nature 2008, 453, 940-43. 

[104] Gallagher FA, Kettunen MA, Brindle MK. Imaging pH with hyperpolarized 13C. NMR 

Biomed. 2011, 24, 1006-15. 

References for Chapter 2  

[1] Hanigan MH, Gallagher BC, Taylor PT, Large MK. Inhibition of γ-glutamyl transpeptidase 

activity by acivicin in vivo protects the kidney from cisplatin-induced toxicity. Cancer Res. 

1994, 54, 5925-9. 

[2] Yao D, Jiang D, Huang Z, Lu J, Tao Q, Yu Z, Meng X. Abnormal expression of hepatoma 

specific γ‐glutamyl transferase and alteration of γ‐glutamyl transferase gene methylation status 

in patients with hepatocellular carcinoma. Cancer 2000, 88, 761-9. 

[3] Grimm C, Hofstetter G, Aust S, Mutz-Dehbalaie I, Bruch M, Heinze G, Rahhal-Schull J, 

Reinthaller A, Concin N, Polterauer S. Association of gamma-glutamyltransferase with severity 

of disease at diagnosis and prognosis of ovarian cancer.  Brit. J. Cancer 2013, 109, 610-4.  

[4] Black SM, Wolf CR. The role of glutathione-dependent enzymes in drug resistance.  

Pharmac. Ther. 1991, 51, 139-54. 

[5] Fentiman IS. Gamma-glutamyl transferase: risk and prognosis of cancer.  Brit. J.  Cancer 

2012, 106, 1467-8. 



185 

 

[6] Urano Y, Sakabe M, Kosaka N, Ogawa M, Mitsunaga M, Asanuma D, Kamiya M, Young 

MR, Nagano T, Choyke PL, Kobayashi H. Rapid cancer detection by topically spraying a γ-

glutamyltranspeptidase–activated fluorescent probe. Sci. Transl. Med. 2011, 3, 110ra119. 

[7] Ueo H, Shinden Y, Tobo T, Gamachi A, Udo M, Komatsu H, Nambara S, Saito T, Ueda M, 

Hirata H, Sakimura S. Rapid intraoperative visualization of breast lesions with γ-glutamyl 

hydroxymethyl rhodamine green. Sci. Rep. 2015, 5, 12080. 

[8] Sherry AD, Woods M. Chemical exchange saturation transfer contrast agents for magnetic 

resonance imaging. Annu. Rev. Biomed. Eng. 2008, 10, 391-411. 

[9] Yoo B, Pagel MD. A PARACEST MRI contrast agent to detect enzyme activity. J. Am. 

Chem. Soc. 2006, 128, 14032-3. 

[10] Yoo B, Raam MS, Rosenblum RM, Pagel MD. Enzyme‐responsive PARACEST MRI 

contrast agents: a new biomedical imaging approach for studies of the proteasome. Contrast 

Media Mol. I. 2007, 2, 189-98. 

[11] Li Y, Sheth VR, Liu G, Pagel MD. A self-calibrating PARACEST MRI contrast agent that 

detects esterase enzyme activity. Contrast Media Mol. I. 2011, 6, 219-228. 

[12] Yoo B, Sheth VR, Pagel MD. An amine-derivatized, DOTA-loaded polymeric support for 

Fmoc solid phase peptide synthesis. Tet. Lett. 2009, 50, 4459-62. 

[13] Suchý M, Ta R, Li AX, Wojciechowski F, Pasternak SH, Bartha R, Hudson RH. A 

paramagnetic chemical exchange-based MRI probe metabolized by cathepsin D: design, 

synthesis and cellular uptake studies. Org. Biomol. Chem. 2010, 8, 2560-6. 



186 

 

[14] Hingorani DV, Randtke EA, Pagel MD. A catalyCEST MRI contrast agent that detects the 

enzyme-catalyzed creation of a covalent bond. J. Am. Chem. Soc. 2013, 135, 6396-8. 

[15] Chauvin T, Durand P, Bernier M, Meudal H, Doan BT, Noury F, Badet B, Beloeil JC, Tóth 

É. Detection of enzymatic activity by PARACEST MRI: a general approach to target a large 

variety of enzymes. Angew. Chem. Int. Ed. 2008, 47, 4370-2. 

[16]  Airan RD, Bar‐Shir A, Liu G, Pelled G, McMahon MT, van Zijl PCM, Bulte JW, Gilad 

AA. MRI biosensor for protein kinase A encoded by a single synthetic gene. Magn. Reson. Med. 

2012, 68, 1919-23. 

[17] Liu G, Liang Y, Bar-Shir A, Chan KW, Galpoththawela CS, Bernard SM, Tse T, Yadav 

NN, Walczak P, McMahon MT, Bulte JW. Monitoring enzyme activity using a diamagnetic 

chemical exchange saturation transfer magnetic resonance imaging contrast agent. J. Am. Chem. 

Soc. 2011, 133, 16326-9. 

[18] Hingorani DV, Montano LA, Randtke EA, Lee YS, Cárdenas‐Rodríguez J, Pagel MD. A 

single diamagnetic catalyCEST MRI contrast agent that detects cathepsin B enzyme activity by 

using a ratio of two CEST signals. Contrast Media Mol. I. 2015, doi: 10.1002/cmmi.1672 

[19] Yoo B, Sheth VR, Howison CM, Douglas MJK, Pineda CT, Maine EA, Baker AF, Pagel 

MD. Detection of in vivo enzyme activity with catalyCEST MRI.  Magn. Reson. Med. 2014, 71, 

1221-30. 

[20] Kuo PH, Kanal E, Abu-Alfa AK, Cowper SE. Gadolinium-based MR contrast agents and 

nephrogenic systemic fibrosis. Radiology 2007, 242, 647-9. 



187 

 

[21] Nakajima M, Watanabe B, Han L, Shimizu B, Wada K, Fukuyama K, Suzuki H, Hiratake J. 

Glutathione-analogous peptidyl phosphorus esters as mechanism-based inhibitors of γ-glutamyl 

transpeptidase for probing cysteinyl-glycine binding site. Bioorg. Med. Chem. 2014, 22, 1176-

94. 

[22] Yang X, Song X, Li Y, Liu G, Ray Banerjee S, Pomper MG, McMahon MT. Salicylic acid 

and analogues as diaCEST MRI contrast agents with highly shifted exchangeable proton 

frequencies.  Angew. Chem. Int. Ed. 2011, 52, 8116-9. 

[23] Song X, Yang X, Ray Banerjee S, Pomper MG, McMahon MT. Anthranilic acid analogs as 

diamagnetic CEST MRI contrast agents that feature an intramolecular‐bond shifted hydrogen. 

Contrast Media Mol. I. 2015, 10, 74-80. 

[24] Haftchenary S, Luchman HA, Jouk AO, Veloso AJ, Page BD, Cheng XR, Dawson SS, 

Grinshtein N, Shahani VM, Kerman K, Kaplan DR.  Potent targeting of the STAT3 protein in 

brain cancer stem cells: a promising route for treating glioblastoma. ACS Med. Chem. Lett. 

2013, 4, 1102-7. 

[25] Shah T, Lu L, Dell KM, Pagel MD, Griswold M, Flask CF. CEST‐FISP: A novel technique 

for rapid chemical exchange saturation transfer MRI at 7 T. Magn. Reson. Med. 2011, 65, 432-7. 

[26] Randtke EA, Chen LQ, Corrales LR, Pagel MD. The Hanes‐Woolf linear QUESP method 

improves the measurements of fast chemical exchange rates with CEST MRI. Magn. Reson. 

Med. 2014, 71, 1603-12. 



188 

 

[27] Randtke EA, Chen LQ, Pagel MD. The reciprocal linear QUEST analysis method facilitates 

the measurements of chemical exchange rates with CEST MRI. Contrast Media Mol. I. 2014, 9, 

252-8. 

[28] Ali MM, Liu G, Shah T, Flask CA, Pagel MD. Using two chemical exchange saturation 

transfer magnetic resonance imaging contrast agents for molecular imaging studies. Acc. Chem. 

Res. 2009, 42, 915-24. 

[29] Hanes CS. Studies on plant amylases: The effect of starch concentration upon the velocity 

of hydrolysis by the amylase of germinated barley. Biochemical J. 1932, 26, 1406-21. 

[30] Jones KM, Randtke EA, Howison CM, Cárdenas-Rodríguez J, Sime PJ, Kottmann RM, 

Pagel MD. Measuring extracellular pH in a lung fibrosis model with acidoCEST MRI.  Mol. 

Imaging Biol. 2015, 17, 177-84.  

[31] Chen LQ, Randtke EA, Jones KM, Moon BF, Howison CM, Pagel MD.  Evaluations of 

tumor acidosis within in vivo tumor models using parametric maps generated with acidoCEST 

MRI. Mol. Imaging Biol. 2015, 17, 488-96. 

[32]  Moon BF, Jones KM, Chen LQ, Liu P, Randtke EA, Howison CM, Pagel MD. A 

comparison of iopromide and iopamidol, two acidoCEST MRI contrast media that measure 

tumor extracellular pH.  Contrast Media Mol. I. 2015, 10, 446-55. 

[33] Fersht AR, Kirby AJ. Hydrolysis of aspirin. Intramolecular general base catalysis of ester 

hydrolysis. J. Am. Chem. Soc. 1967, 89, 4857-63. 

[34] Warburg O. On the origin of cancer cells. Science 1956, 123, 309-14. 



189 

 

[35] Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the 

metabolic requirements of cell proliferation. Science 2009, 324, 1029-33. 

[36] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single PARACEST 

MRI contrast agent. Contrast Media Mol. I. 2012, 7, 26-34. 

[37] Ali MM, Yoo B, Pagel MD. Tracking the relative in vivo pharmacokinetics of nanoparticles 

with PARACEST MRI. Molec. Pharmaceutics 2009, 6, 1409-16. 

References for Chapter 3  

[1] Sameni M, Cavallo-Medved D, Dosescu J, Jedeszko C, Moin K, Mullins SR, Olive MB, 

Rudy D, Sloane BF. Imaging and quantifying the dynamics of tumor-associated proteolysis. 

Clin. Exp. Metastas. 2009, 26, 299-309. 

[2] Yoo B, Pagel MD. A PARACEST MRI contrast agent to detect enzyme activity. J. Am. 

Chem. Soc. 2006, 128, 14032-3. 

[3] Sherry AD, Woods M. Chemical exchange saturation transfer contrast agents for magnetic         

resonance imaging. Annu. Rev. Biomed. Eng. 2008, 10, 391-411.  

[4] Hingorani DV, Randtke EA, Pagel MD. A catalyCEST MRI contrast agent that detects the 

enzyme-catalyzed creation of a covalent bond. J. Am. Chem. Soc. 2013, 135, 6396-8. 

[5] Diamandis EP, Yousef GM, Soosaipillai AR, Bunting P. Human kallikrein 6 (zyme/protease 

M/neurosin): a new serum biomarker of ovarian carcinoma. Clinical Biochemistry, 2000, 33, 

579-83. 

[6] Kuzmanov U, Smith CR, Batruch I, Soosaipillai A, Diamandis A, Diamandis EP. Separation 

of kallikrein 6 glycoprotein subpopulations in biological fluids by anion‐exchange 



190 

 

chromatography coupled to ELISA and identification by mass spectrometry. Proteomics 2012, 

12, 799-809. 

[7] Haftchenary S, Luchman HA, Jouk AO, Veloso AJ, Page BD, Cheng XR, Dawson SS, 

Grinshtein N, Shahani VM, Kerman K, Kaplan DR. Potent targeting of the STAT3 protein in 

brain cancer stem cells: a promising route for treating glioblastoma. ACS. Med. Chem. Lett. 

2013, 4, 1102-7. 

[8] Furlong ST, Mauger RC, Strimpler AM, Liu YP, Morris FX, Edwards PD.  Synthesis and 

physical characterization of a P 1 arginine combinatorial library, and its application to the 

determination of the substrate specificity of serine peptidases. Bioorgan. Med. Chem. 2002, 10, 

3637-47. 

[9] Magklara A, Mellati AA, Wasney GA, Little SP, Sotiropoulou G, Becker GW, Diamandis 

EP. Characterization of the enzymatic activity of human kallikrein 6: autoactivation, substrate 

specificity, and regulation by inhibitors. Biochem. Biophys. Res. Commun. 2003, 307, 948-55. 

[10] Chen LQ, Randtke EA, Jones KM, Moon BF, Howison CM, Pagel MD. Evaluations of 

tumor acidosis within in vivo tumor models using parametric maps generated with acidoCEST 

MRI.  Mol. Imaging Biol. 2015, 17, 488-96. 

 [11] Ali MM, Liu G, Shah T, Flask CA, Pagel MD. Using two chemical exchange saturation 

transfer magnetic resonance imaging contrast agents for molecular imaging studies. Acc. Chem. 

Res. 2009, 42, 915-24. 

[12] Yoo B, Sheth VR, Howison CM, Douglas MJ, Pineda CT, Maine EA, Baker AF, Pagel MD. 

Detection of in vivo enzyme activity with catalyCEST MRI.  Magn. Reson. Med. 2014, 71, 

1221-30. 



191 

 

[13] Randtke EA, Chen LQ, Pagel MD. The reciprocal linear QUEST analysis method facilitates 

the measurements of chemical exchange rates with CEST MRI.  Contrast Media Mol. I. 2014, 9, 

252-8. 

[14] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single PARACEST 

MRI contrast agent.  Contrast Media Mol. I. 2012, 7, 26-34. 

[15] Hingorani DV, Montano LA, Randtke EA, Lee YS, Cárdenas‐Rodríguez J, Pagel MD.  A 

single diamagnetic catalyCEST MRI contrast agent that detects cathepsin B enzyme activity by 

using a ratio of two CEST signals.  Contrast Media Mol. I. 2015, doi: 10.1002/cmmi.1672 

[16] Randtke EA, Chen LQ, Corrales LR, Pagel MD. The Hanes-Woolf Linear QUESP method 

improves the measurements of fast chemical exchange rates with CEST MRI.  Magn. Reson. 

Med. 2014, 71, 1603-12. 

[17] Revell LE, Williamson BE. Why are some reactions slower at higher temperatures? J. 

Chem. Ed. 2013, 90, 1024-7. 

[18] Warburg O. On the origin of cancer cells. Science 1956, 123, 309-14. 

[19] Chen LQ, Pagel MD. Evaluating pH in the extracellular tumor microenvironment using 

CEST MRI and other imaging methods. Adv. Radiol. 2015, 2015, 1-25. 

[20] Henkhaus RS, Gerner EW, Ignatenko NA. Kallikrein 6 is a mediator of K-RAS-dependent 

migration of colon carcinoma cells. Biol. Chem. 2008, 389, 757-64. 

[21] Henkhaus RS, Roy UKB, Cavallo-Medved D, Sloane BF, Gerner EW, Ignatenko NA. 

Caveolin-1-mediated expression and secretion of kallikrein 6 in colon cancer cells. Neoplasia 

2008, 10, 140-8. 



192 

 

[22] Yang X, Song X, Li Y, Liu G, Ray Banerjee S, Pomper MG, McMahon MT. Salicylic acid 

and analogues as diaCEST MRI contrast agents with highly shifted exchangeable proton 

frequencies.  Angew. Chem. Int. Ed. 2011, 52, 8116-9. 

[23] Yang X, Yadav NN, Song X, Ray Banerjee S, Edelman H, van Zijl PCM, Pomper MG, 

McMahon MT. Tuning phenols with Intra-Molecular Bond Shifted HYdrogens (IM-SHY) as 

diaCEST MRI contrast agents. Chem. Eur. J. 2014, 20, 15824-32. 

[24] Travis J, Salvesen GS. Human plasma proteinase inhibitors. Annu. Rev. Biochem. 1983, 52, 

655-709. 

[25] Roy B, Upal K, Henkhaus RS, Loupakis F, Cremolini C, Gerner EW, Ignatenko NA. 

Caveolin‐1 is a novel regulator of K‐RAS‐dependent migration in colon carcinogenesis. Int. 

J. Cancer 2013, 133, 43-57. 

[26] Liu G, Ali MM, Yoo B, Griswold MA, Tkach JA, Pagel MD. PARACEST MRI with 

improved temporal resolution. Magn. Reson. Med. 2009, 61,399- 408. 

References for Chapter 4 

[1] Hanson SR, Best MD, Wong CH. Sulfatases: structure, mechanism, biological activity, 

inhibition, and synthetic utility. Angew. Chem. Int. Ed. 2004, 43, 5736-63. 

[2] Rush JS, Beatty KE, Bertozzi CR. Bioluminescent probes of sulfatase activity. 

ChemBioChem 2010, 11, 2096-9. 

[3] Smith EL, Bertozzi CR, Beatty KE. An expanded set of fluorogenic sulfatase activity probes.  

ChemBioChem  2014, 15, 1101-5. 

[4] Yoo B, Pagel MD. An overview of responsive MRI contrast agents for molecular imaging.  

Front. Biosci. 2008, 13, 1733-52.  



193 

 

[5] Hancu I, Dixon WT, Woods M, Vinogradov E, Sherry DA, Lenkinski ER. CEST and 

PARACEST MR contrast agents. Acta Radiol. 2010, 51, 910-23. 

[6] Liu G, Song X, Chan KW, McMahon MT. Nuts and bolts of chemical exchange saturation 

transfer MRI.  NMR Biomed. 2013, 26, 810-28. 

[7] Chauvin T, Durand B, Meudal H, Doan BT, Noury F, Tóth E. Detection of enzymatic activity 

by PARACEST MRI: a general approach to target a large variety of enzymes. Angew. Chem. Int. 

Ed. 2008, 47, 4370-72. 

[8] Yoo B,  Sheth VR,  Howison CM, Douglas MJ, Pineda CT,  Maine EA, Baker AF, Pagel 

MD. Detection of in vivo enzyme activity with CatalyCEST MRI. Magn. Reson. Med.  2014, 71, 

1221-30. 

[9] Kuo PH, Kanal E, Abu-Alfa AK, Cowper SE.  Gadolinium-based MR contrast agents and 

nephrogenic systemic fibrosis 1.  Radiology 2007, 242, 647–9.   

[10] Yang X, Yadav NN, Song X, Ray Banerjee S, Edelman SH, Minn I, van Zijl PCM, Pomper 

MG, McMahon MT. Tuning phenols with Intra-Molecular bond Shifted HYdrogens as diaCEST 

MRI contrast agents. Chem. Eur. J.  2014, 20, 15824-32. 

[11] Li J, Feng X, Zhu W, Oskolkov N, Zhou T, Kim BK, Baig N, McMahon MT, Oldfield E. 

Chemical exchange saturation transfer (CEST) agents: quantum chemistry and MRI. Chem. Eur. 

J.  2016, 22, 264-71. 

[12] Haftchenary S, Luchman HA, Jouk AO, Veloso AJ, Page BD, Cheng XR, Dawson SS, 

Grinshtein N, Shahani VM, Kerman K, Kaplan DR. Identification of bidentate salicylic acid 

inhibitors of PTP1B. ACS. Med. Chem. Lett. 2013, 4, 1102-7. 



194 

 

[13] Fletcher S, Gunning PT. Mild, efficient and rapid O-debenzylation of ortho-substituted 

phenols with trifluoroacetic acid. Tet. Lett. 2008, 49, 4817-9.  

[14] Mikula H, Sohr B, Skrinjar P, Weber J, Hametner C, Berthiller F, Krska R, Adam G,  

Fröhlich J. Sulfation of β-resorcylic acid esters—first synthesis of zearalenone-14-sulfate. Tet. 

Lett. 2008, 54, 3290-3. 

[15] Liu Y,  Lien IFF, Ruttgaizer S, Dove P, Taylor SD. Synthesis and protection of aryl sulfates 

using the 2, 2, 2-trichloroethyl moiety. Org. Lett. 2004, 6, 209-12. 

[16] Hingorani DV, Montano LA, Randtke EA, Lee YS, Cárdenas‐Rodríguez J, Pagel MD. A 

single diamagnetic catalyCEST MRI contrast agent that detects cathepsin B enzyme activity by 

using a ratio of two CEST signals.  Contrast Media Mol. I. 2015, doi: 10.1002/cmmi.1672 

[17] Li Y, Sheth VR, Liu G, Pagel MD. A self‐calibrating PARACEST MRI contrast agent that 

detects esterase enzyme activity.  Contrast Media Mol. I. 2011, 6, 219-28. 

[18]  Randtke EA, Chen LQ,  Pagel MD. The reciprocal linear QUEST analysis method 

facilitates the measurements of chemical exchange rates with CEST MRI. Contrast Media Mol. 

I.  2014, 9, 252-8. 

[19] Randtke EA, Chen LQ, Corrales LR, Pagel MD. The Hanes‐Woolf linear QUESP method 

improves the measurements of fast chemical exchange rates with CEST MRI. Magn. Reson. 

Med. 2014, 71, 1603-12.  

[20] Noble E, Janssen L, Dierickx PJ. Comparative cytotoxicity of 5-aminosalicylic acid 

(mesalazine) and related compounds in different cell lines. Cell Biol. Toxicol. 1997, 13, 445-51. 

[21]  Warburg O. On the origin of cancer cells. Science 1956, 123, 309-14. 



195 

 

[22] Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the 

metabolic requirements of cell proliferation. Science 2009, 324, 1029-33. 

[23] Soesbe TE, Merritt ME, Green KN, Rojas-Quijano FA, Sherry AD. SWIFT‐CEST: A new 

MRI method to overcome T2 shortening caused by PARACEST contrast agents. Magn. Reson. 

Med. 2011, 66, 1697–1703. 

[24] Yoo B, Pagel MD.  A PARACEST MRI contrast agent to detect enzyme activity. J.  Am. 

Chem. Soc. 2006, 128, 14032-3. 

[25] Shah T, Lu L, Dell KM, Pagel MD, Griswold MA, Flask CA. CEST‐FISP: A novel 

technique for rapid chemical exchange saturation transfer MRI at 7 T.  Magn. Reson. Med. 2011, 

65, 432-7.  

[26] Zhu C, He L, Zhou X, Nie X, Gu Y. Sulfatase 2 promotes breast cancer progression through 

regulating some tumor-related factors. Oncol. Rep. 2016, 35, 1318-28. 

 References for Chapter 5  

[1] Yang X, Yadav NN, Song X, Banerjee SR, Edelman H, Il Minn, van Zijl PCM, Pomper, MG, 

McMahon, MT. Tuning phenols with Intra-Molecular Bond Shifted HYdrogens (IM-SHY) as 

diaCEST MRI contrast agents. Chem. Eur. J. 2014, 20, 15824-32. 

[2] Li J, Feng X, Zhu W, Oskolkov N, Zhou T, Kim BK, Baig N, McMahon MT, Oldfield E. 

Chemical exchange saturation transfer (CEST) agents: quantum chemistry and MRI. Chem. Eur. 

J. 2016, 22, 264-71. 



196 

 

[3] Song X, Yang X, Ray Banerjee S, Pomper MG, McMahon MT. Anthranilic acid analogs as 

diamagnetic CEST MRI contrast agents that feature an intramolecular‐bond shifted 

hydrogen. Contrast Media Mol. I.  2015, 10, 74-80. 

[4] Longo DL, Dastrù W, Digilio G, Keupp J, Langereis S, Lanzardo S, Prestigio S, Steinbach O, 

Terreno E, Uggeri F, Aime S. Iopamidol as a responsive MRI‐chemical exchange saturation 

transfer contrast agent for pH mapping of kidneys: In vivo studies in mice at 7 T. Magn. Reson. 

Med. 2011, 65, 202-11. 

[5] Delli Castelli D, Terreno E, Aime S. YbIII‐HPDO3A: a dual pH‐and 

temperature‐responsive CEST agent. Angew. Chem. Int. Ed. 2011, 50, 1798-800. 

[6] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single PARACEST 

MRI contrast agent. Contrast Media Mol. I. 2012, 7, 26-34. 

[7] Longo DL, Sun PZ, Consolino L, Michelotti FC, Uggeri F, Aime, S. A general MRI-CEST 

ratiometric approach for pH imaging: demonstration of in vivo pH mapping with iobitridol. J. 

Am. Chem. Soc. 2001, 136, 14333-6. 

[8] Goffeney N, Bulte JW, Duyn J, Bryant LH, Van Zijl PCM. Sensitive NMR detection of 

cationic-polymer-based gene delivery systems using saturation transfer via proton exchange. J. 

Am. Chem. Soc. 2001, 123, 8628-9. 

[9] Pikkemaat JA, Wegh RT, Lamerichs R, van de Molengraaf RA, Langereis S, Burdinski D, 

Raymond AYF, Janssen HM, de Waal BFM, Willard NP, Meijer EW. Dendritic PARACEST 

contrast agents for magnetic resonance imaging. Contrast Media Mol. I. 2007, 2, 229-39. 



197 

 

[10] Lesniak W, Oskolkov N, Song, X, Lal B, Yang X, Pomper MG, Laterra J, Nimmagadda S, 

McMahon MT. Salicylic Acid Conjugated Dendrimers Are a Tunable, High Performance CEST 

MRI NanoPlatform. Nano Lett. 2016, 10.1021/acs.nanolett.5b04517 

[11] Inui KI, Masuda S, Saito H. Cellular and molecular aspects of drug transport in the 

kidney. Kidney Int. 2000, 58, 944-58. 

[12] Shugarts S, Benet LZ. The role of transporters in the pharmacokinetics of orally 

administered drugs. Pharm. Res. 2009, 26, 2039-54. 

[13] Nakajima S, Shikano N, Kotani T, Ogura M, Nishii R, Yoshimoto M, Yamaguchi N, 

Iwamura Y, Kubota N, Ishikawa N, Kawai K. Pharmacokinetics of 3-[125 I] iodo-α-methyl-L-

tyrosine, a tumor imaging agent, after probenecid loading in mice implanted with colon cancer 

DLD-1 cells. Nucl. Med. Biol. 2007, 34, 1003-08. 

[14] Magklara A, Mellati AA, Wasney GA, Little SP, Sotiropoulou G, Becker GW, Diamandis 

EP. Characterization of the enzymatic activity of human kallikrein 6: autoactivation, substrate 

specificity, and regulation by inhibitors. Biochem. Biophys. Res. Commun. 2003, 307, 948-55. 

[15] Hanigan MH, Devarajan P. Cisplatin nephrotoxicity: molecular mechanisms. Cancer Ther. 

2003, 1, 47-61. 

[16] Townsend DM, Deng M, Zhang L, Lapus MG, Hanigan MH. Metabolism of cisplatin to a 

nephrotoxin in proximal tubule cells. J. Am. Soc. Nephrol. 2003, 14, 1-10. 

 

 

 



198 

 

 

 

 

 

 

 

 


