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ABSTRACT 

 
 

The extracellular tumor microenvironments of many solid tumors have high acidosis and high 

protease activity.  The detection of tumor acidosis and protease activity can potentially impact the 

cancer diagnosis. Noninvasive imaging methods have previously been developed that measure 

extracellular pH or can detect enzyme activity using Chemical Exchange Saturation Transfer 

Magnetic Resonance Imaging (CEST MRI). CEST MRI is an inherently insensitive MRI modality 

which requires a high concentration of small molecule agent to be delivered to the tumor. 

Therefore, nanosized molecules have received increased attention to be used in CEST imaging to 

improve the sensitivity.  

 Herein, we developed a nanoscale CEST agent that can measure pH using  acidoCEST 

MRI, which may decrease the requirement for high delivery concentrations of agent.  We also 

developed a monomer agent for comparison to the polymer.  After optimizing CEST experimental 

conditions, we determined that the polymer agent could be used during acidoCEST MRI studies 

at 125-fold and 488-fold lower concentration than the monomer agent and iopamidol, respectively.  

In vivo acidoCEST MRI studies using the three agents were performed to study a xenograft MDA-

MB-231 model of mammary carcinoma.  The tumor pHe measurements were 6.33 ± 0.12, 6.70 ± 

0.15, and 6.85 ± 0.15 units with iopamidol, the monomer agent and polymer agent, respectively.  

The higher pHe measurements with the new agents was attributed to the concentration dependence 

of these agents.  This study demonstrated that nanoscale agents have merit for CEST MRI studies, 

but consideration should be given to the dependence of CEST contrast on the concentration of 

these agents. 
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 We also investigated the development and application of a single hybrid CEST agent that 

can simultaneously measure pH and evaluate protease activity using a combination of dual-power 

acidoCEST MRI and catalyCEST MRI. Simultaneously assessing both characteristics may 

improve diagnostic evaluations of aggressive tumors and the effects of anti-cancer treatments. Our 

agent showed CEST signals at 9.2 ppm from a salicylic acid moiety and at 5.0 ppm from an aryl 

amide.  The CEST signal at 9.2 ppm could be measured after selective saturation was applied at 1 

and 4 T, and these measurements could be used with a ratiometric analysis to determine pH.  The 

CEST signal at 5.0 ppm from the aryl amide disappeared after the agent was treated with cathepsin-

B, while the CEST signal at 9.2 ppm remained, indicating that the agent could detect protease 

activity through amide bond clevage.  Michaelis-Menton kinetics studies with catalyCEST MRI 

demonstrated that the binding affinity (as shown with the Michaelis constant KM), the catalytic 

turnover rate (kcat), and catalytic efficiency (kcat/kM), were each higher for cathepsin B at lower 

pH.  The kcat rates measured with catalyCEST MRI were lower than the comparable rates measured 

with LC-MS, which reflected a limitation of inherently noisy and relatively insensitive CEST MRI 

analyses.  Although this level of precision limited catalyCEST MRI to semi-quantitative 

evaluations, these semi-quantitative assessments of high and low protease activity still had value 

by demonstrating that high acidosis and high protease activity can be used as synergistic, multi-

parametric biomarkers. 
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 CEST is an emerging MRI contrast mechanism that is well suited for molecular imaging 

[1]. Noninvasive measurements of the extracellular pH of the tumor microenvironment can 

enhance diagnoses and treatment decisions [2]. However, one of the current limitations of 

exogenous CEST agents is their relatively low sensitivity, typically requiring 1–10 mM of agent 

for detection [1]. CEST agents can be made more sensitive by simply increasing the number of 

exchangeable groups on the agent. The nanoscale agents may deliver a greater payload of 

exchangeable protons to tumor tissue.  Thus, it is important to explore the biological rationale and 

the synthetic strategies behind designing the polymeric contrast agents.  

 

1.1 BIOLOGICAL RATIONALE FOR THE DESIGN OF TUMOR-TARGETED 

POLYMERIC CONTRAST AGENTS 

  

 Small molecule contrast agents exhibit poor pharmacokinetic properties and eliminate from 

the body very quickly [3]. There are numerous polymeric contrast agents that have been reported 

to date [4,5]. Due to their high molecular weight, polymeric agents can have favorable 

pharmacokinetic properties such as prolonged retention in the body. Thus, problems associated 

with small molecule agents could be eliminated by conjugating small molecules to a polymeric 

carrier or making a polymeric agent. It is now well known that long-circulating polymeric agents 

accumulate passively in solid cancerous tissue by the enhanced permeability and retention (EPR) 

effect [6].          

  

1.1.1 EPR EFFECT 

 Tumor tissues must have an increased level of vasculature for their rapid growth, which 

depends on an elevated blood supply for nutrition and oxygen supply. However, these blood 
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vessels are defective in their architecture and create an enhanced vascular permeability, which 

allows particles to enter the tumor interstitial space. This phenomenon is called the EPR effect that 

facilitates the transport of macromolecules into tumor tissues [6]. When macromolecules enter into 

the tumor interstitium [7], they will either be internalized into cells or remain present in the 

extracellular microenvironment. The contrast agents can be designed to act on either the 

extracellular matrix (tumor microenvironment) or inside the tumor cell.  

 

1.1.2 INTRACELLULAR DELIVERY  

 It is well known that endocytosis is the major route of macromolecular uptake, whether the 

macromolecules are soluble cargo or membrane proteins [8]. These agents are designed to 

accumulate imaging probes inside the cell [9]. There are two types of intracellular delivery 

mechanisms, known as lysosomotropic and endosomotropic delivery. During the lysosomotropic 

delivery, macromolecular agents are internalized by endocytosis, followed by intracellular 

trafficking via endosomal compartments to lysosomes. Then, the imaging agents diffuse from the 

lysosome compartment as a result of pH-dependent discharge from the lysozyme [10,11]. 

           Endosomotropic delivery starts with the internalization of a macromolecular agent by 

endocytosis. The lower pH in the endosomal compartment causes the polymer to change its 

conformation. The change in polymer conformation causes an increase in endosomal membrane 

permeability, and contrast agents escape into the cytosol. There is minimal lysosomal trafficking 

associated with this mechanism [11,12]. However, slow endocytosis limits the usage of 

intracellular delivery of contrast agents; thus, there is a focus on designing contrast agents for 

extracellular delivery. 
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1.1.3 EXTRACELLULAR DELIVERY  

 Even though the tumor microenvironment is not as acidic as endosomal or lysosomal 

compartments (pH ~5), the pH of the extracellular environment ranges from 6.2 to 6.8 [13]. Also, 

there are extracellular enzymes present in the tumor microenvironment [2]. The responsive or non-

responsive contrast agents could be designed for extracellular delivery by targeting tumor 

extracellular biomarkers. If macromolecular agents are designed to act in the extracellular space, 

then the agents need to be designed with minimum binding to tumor cells to lower the 

internalization. Considering the concept of a pro-drug, macromolecular contrast agents could be 

constructed to release the imaging agent in the tumor interstitium as a response to an extracellular 

tumor biomarker. The released agent could accumulate in the tumor microenvironment at high 

concentrations [14]. Responsive macromolecular agents have been reported as a response to the 

acidic tumor microenvironment [10,11]. A reported pH-responsive micelle protonates in the tumor 

acidic environment, resulting in the disruption of the micellar structure. Then, the MRI signal 

intensity increases as the micelles are broken. Due to the protonation of the molecule, the 

accumulation in the tumor microenvironment is facilitated by ionic interactions between positively 

charged agents and negatively charged cellular membranes.  

 

1.2 INCORPORATION OF CONTRAST AGENTS INTO THE POLYMER  

1.2.1 INCORPORATION INTO THE MAIN CHAIN 

 There are several methods that incorporate a contrast agent into a polymer. The synthesis 

of macromolecular contrast agents depends on the way that the imaging probe is attached in the 

polymer chain. The polymeric agent can be designed by incorporating the probe into the polymer 

main chain (Figure 1.1a). In this approach, the probe participates in the polymerization reaction, 

and must, therefore, be bifunctional. For instance, biphenols or diamines can undergo condensation 
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reactions with dicarboxylic acid groups resulting in condensation polymers. The polymers with 

probes incorporated into the main chain have been reported for fluorescence imaging [15,16]. 

However, when the probe is directly attached to the main chain, the probe suffers steric hindrance 

by other surrounding groups, which can affect the function of the imaging probe. Therefore, 

imaging probes can be connected to the polymer backbone as a pendant group. 

 

1.2.2 ATTACHED AS A PENDENT GROUP 

  Macromolecular contrast agents have been synthesized by attaching the probe as a pendent 

group (Figure 1.1b), which gives space between the polymer backbone and the probe [17]. This 

approach can be achieved either by synthesizing the monomer with a pendant imaging probe or by 

conjugating the probe to the pendant functional group in the polymer. If the probe is conjugated to 

the pendant functional group, it is difficult to achieve 100% loading efficiency [18]. Therefore, the 

final agent will have unreacted functional groups without a conjugated probe. The efficiency of 

this agent depends on how many probe molecules are attached to the polymer backbone. 

Unconjugated functional groups in the polymer backbone may interfere with the final agent’s 

function. If the monomer is synthesized with the pendant groups, no additional functional group 

will be present in the final agent. We can also control the size of the final agent by optimizing the 

polymerization conditions.  

 

1.2.3 ATTACHED VIA A SPACER 

 An imaging probe can be attached to the polymer by adding an extra spacer between the 

backbone and the probe, which gives lower steric hindrance from the backbone. Most of the bulky 

probes used in polymers have been attached to the backbone via a spacer [19,20]. Similarly, the 

spacer could either be added to a polymeric backbone followed by conjugation of the monomer 
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agent to the spacer, or a monomer with a spacer can be first synthesized, followed by 

polymerization. Biologically applicable polymer backbones such as dextran [21,22], dendrimer 

[23], and hyaluronic acid [24-26] are usually selected with a spacer or without a spacer. These 

polymeric backbones consist of functional groups that are labile for conjugation.  

 

Figure 1.1. Different polymeric imaging agent synthesis methods and examples. The schematics 

and examples show the polymer backbone in black, the agent in blue, and the spacer in red. 

 

 Polymeric contrast agents with a spacer have been synthesized either as a homo-polymer 

[20] or co-polymer [27]. Co-polymers show additional advantages due to the possibility of 

introducing different types of functional groups. Thus, properties of the agent can be altered by 

introducing solubilizing groups, groups with hydrophilic and hydrophobic characters, and/or 

anchoring groups.  

           Conjugation and polymerization reactions need to be performed with mild conditions 

because the imaging probe may be sensitive to harsh reaction conditions. Also, conjugation 

reactions that are not performed under mild conditions may result in unnecessary side reactions 
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and errors that are retained in the final polymeric agents, resulting in changes in physicochemical 

parameters of the polymer.  

           Some functional groups such as acid and alcohol groups are needed to generate imaging 

signals or image contrast [18]. These functional groups for the purpose of imaging may interfere 

with polymerization and conjugation reactions, resulting in very low yield of the desired agent. To 

overcome this issue, functional groups of the imaging probe need to be protected before the 

conjugation/polymerization reaction followed by the deprotection of the groups after the reaction. 

Then we can obtain the polymeric agent with high purity and high yield.  

 

1.3 CEST MRI CONTRAST AGENTS 

 MRI has become a crucial diagnostic tool in clinical medicine [28]. Recent developments 

with MRI contrast agents have provided novel capabilities for biomarker detection via molecular 

imaging [2]. A variety of MRI contrast agents have been advanced to improve the molecular 

imaging of many disease types, including cancer. The extracellular tumor environment is typically 

different than that of normal healthy tissues. The enzyme activity and extracellular acidity are well-

established biomarkers for tumor detection by MRI [2,29,30]. Due to inherent limitations in 

detection sensitivity (∼10 μM to ∼10 mM), MRI requires a higher concentration of contrast agent, 

relative to most other imaging modalities.      

 

1.3.1 THE CEST MECHANISM 

           Chemical exchange saturation transfer (CEST) is an MRI contrast mechanism that is well 

suited for molecular imaging (Figure 1.2) [2]. In this imaging modality, endogenous or exogenous 

compounds having exchangeable protons are selectively saturated with a particular radio 

frequency (RF). The applied RF matches with the resonance frequency of solute protons and 
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causes the saturation of solute protons. When the solute protons exchange with water protons, the 

saturation is transferred to the bulk water. Consequently, the detected water signal decreases. In 

the presence of a low concentration of the agent (mM range for a monomeric CEST agent), a single 

transfer of saturation would not be enough to exhibit any noticeable effect on water signal. Since 

the water pool is relatively greater than the saturated solute proton pool, all of the saturated solute 

protons are replaced by water protons through chemical exchange, which is then again saturated. 

With the solute protons having a sufficiently fast exchange rate, the saturation time becomes 

adequately short. Prolonged irradiation causes considerable enhancement of the saturation effect 

and ultimately becomes visual on the water signal. This allows the low concentration of solutes to 

be imaged indirectly via water signal [31,32]. 

 

Figure 1.2. CEST MRI process.  1: Radio frequency saturation causes a proton to lose its coherent 

magnetic resonance signal. 2: A proton undergoes chemical exchange from the agent to water. 3: 

The water signal is acquired. A lower water signal indicates that the agent is present [31].  

 

1.3.2 ADVANTAGES AND DISADVANTAGES OF CEST MRI 

           CEST agents can be sub-divided into two main classes: diamagnetic CEST (diaCEST) and 

paramagnetic CEST (paraCEST) depending on the magnetism of the agent [33]. Most of the 

paraCEST agents have lanthanide ions that can cause Nephrogenic Systemic Fibrosis (NSF) [34]. 
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NSF is a primarily cutaneous pathology that causes insidious skin rashes and thickening, and can 

also cause joint stiffening. Circulating fibrocytes are activated by lanthanide ions, which then cause 

the skin to deposit mucin, collagen, and elastin in a parody of normal wound healing [35]. Clinical 

involvement can include other tissues such as lung, skeletal muscle, heart, diaphragm, and 

esophagus, which may lead to death [34]. DiaCEST agents do not contain toxic f-block metals and 

have a greater potential for use with in vivo MRI [31]. 

           CEST MRI has several advantages over other imaging modalities [32]. CEST can generate 

two signals at the same time using chemically or conformationally inequivalent protons [29]. Most 

of the responsive CEST agents mainly target the extracellular tumor pH and enzyme activity [2]. 

 However, CEST MRI possesses some limitations as well. CEST is an inherently insensitive 

technique, typically requiring 1–10 mM of agent for detection [32]. Thus, the use of a high 

concentration of exogenous CEST agents for imaging may cause toxic effects.  CEST agents can 

be made more sensitive by merely increasing the number of exchangeable groups on the agent. 

Therefore, CEST MRI for the detection of targets requires the use of a single agent with a higher 

number of exchangeable groups. An efficient way to increase the exchangeable protons in a single 

molecule is to synthesize a polymeric agent.  

 

1.4 NANOSIZED CEST AGENTS 

 Macromolecular contrast agents exhibit several different benefits over monomeric agents, 

including enhanced contrast sensitivity per molecule, prolonged blood circulation times, and 

availability of different functional groups to attach the imaging probe [36]. These materials can be 

obtained from various sources, such as biopolymers [26], liposomes [37], synthetic polymers [20], 

and dendrimers [23]. Nanosized macromolecules have shown suitability for different imaging 
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applications. Considering the advantages of macromolecular agents, nanosized CEST contrast 

agents may exhibit a significant impact on molecular imaging.  There are several different types 

of macromolecules that have been investigated to enhance the CEST contrast. 

 

1.4.1 LINEAR POLYMERS 

1.4.1.1 PARACEST LINEAR AGENTS 

To date, there are paraCEST and diaCEST linear polymers that have been reported. Sherry 

and co-workers reported a Eu3+ based paraCEST linear polymer by connecting the imaging probe 

to the polymer backbone as a pendent group [20,38]. The paraCEST imaging probes are usually 

bulky compounds. They used a spacer between the imaging probe and the polymer backbone to 

avoid hindrance that can affect the function of the imaging probe. They optimized the size of the 

polymer by using different initiator concentrations. The observed a 55 ppm CEST peak at 11.75 T 

magnetic field strength, 14.1 μT saturation power, and 4 s saturation time for the monomer, which 

does not alter with polymer formation. Table 1.1, entry one, shows the difference between expected 

sensitivity and the observed sensitivity of this polymer agent. They reported that the contrast 

sensitivity increases approximately by a factor of 10.5, which is lower than the expected sensitivity 

factor of 17.4 based on the average number of monomer units per polymer. However, they were 

able to achieve increased sensitivity by 60% from the predicted sensitivity. 

Sherry and co-workers extended their previous paraCEST study by synthesizing 

heteropolymers consisting of variable co-polymer side chains to optimize the sensitivity [39]. They 

introduced non-CEST acrylamide units into the polymer backbone as co-polymer side chains, 

which gives more space between imaging probe units and aids in changing the physical properties 

as well as CEST properties of the polymer. It has been shown that the degree of polymerization 

increases by introducing co-polymer units between contrast agent units and thus increases the 
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CEST contrast. Having a co-polymer unit between functional probe units can lower the steric 

hindrance among the imaging probes in the polymer. Therefore, putting a spacer between pendant 

groups on the polymer backbone is not sufficient to avoid the steric interactions between bulky 

paraCEST agents. Table 1.1, entry two, shows the sensitivity enhancement of the new co-polymer 

based agents. Some of the reported polymers (Eu-DMMA 3.0 and 3.1) showed enhanced CEST 

sensitivity by a factor of 20.  As a percentage, some of the polymeric agents reached the enhanced 

CEST sensitivity by 80% from the expected sensitivity (Eu-DMMA 1.1 and 2.0). 

 

1.4.1.2 DIACEST LINEAR AGENTS 

 Several diaCEST linear polymers have been reported to date. Most of them are peptide-

based agents. Zijl and co-workers reported cationic polymer-based gene delivery systems as CEST 

agents [40]. They investigated CEST properties of poly L lysine (PLL), poly L glutamate (PLE), 

polyallylamine (PAA), and polyethylenimine (PEI) linear polymers. PLL and PLE exhibited 

significant CEST contrast, whereas no CEST contrast was observed for PAA and PEI. They 

reported sensitivity as a proton transfer enhancement (PTE) factor (Table 1.2), which is 

independent of concentration. 

 Van Zijl and co-workers further extended the idea of polypeptide based CEST agents using 

an array of 33 prototype polypeptides under three different categories, including poly-L-arginine 

(PLR) based, poly-L-lysine (PLK) based and, poly-L-threonine (PLT) based peptides. These 

polypeptides showed a very high proton transfer enhancement effect, which can effectively be 

used for in vivo applications [41].  
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Table 1.1. Correlation between expected sensitivity and observed sensitivity of paraCEST linear     

polymers 

 

Agent  DP Observed 

% CEST 

of the 

monomer              

Observed 

% CEST 

of the 

polymer  

Observed 

Sensitivity 

improvement of the 

polymer 

[column4/column3] 

Percentage of 

monomeric 

sensitivity 

improvement 

caused by 

polymerization 

[column5/column2] 

Ref. 

 

0.2 mM 17.4 2.4 25.3 10.5 fold 60.3 [20,38] 

 

Eu-

DMMA 

1.1 (pH 

6.0)a 

22.6 2.5 

 

45 18 fold 79.6 [39] 

Eu-

DMMA 

2.0 (pH 

4.5)a 

14.8 2.5 30 12 fold 81.0 

Eu-

DMMA 

2.1 (pH 

6.0)a 

33.1 2.5 48 19.2 fold 58.0 

Eu-

DMMA 

3.0 (pH 

4)a 

36.6 2.5 55 22 fold 60.1 

Eu-

DMMA 

3.1 (pH 

6.0)a 

58.9 2.5 >60 >24.5 fold >41.5 

Eu-

DMMA 

4.1 (pH 

6.0)a 

12.7 2.5 25 10 fold 78.7 

aDifferent DMMA polymers are numbered depending on the pH and the MAA feed composition, NR=Not reported, DP-Degree of 

polymerization, MAA- Methacrylic acid  

 Polyuridylic acid (poly[rU]) is a single-stranded RNA consisting of uridine repeat units 

connected by phosphodiesters and showed CEST signals at 6.4 ppm and 10.8 ppm for hydroxyl 
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protons and imino protons respectively. Van Zijl and co-workers further improved the sensitivity 

enhancement factor obtained from PLL by mixing the positively charged PLL with poly[rU] 

[42].The sensitivity enhancement factor of over 5000 per imino proton permitted the detection of 

the micromolar concentration of the polymer (MW-644 kD and 2000 uridine units) with a 50% 

CEST contrast.   

Table 1.2. Correlation between expected sensitivity and observed sensitivity of diaCEST linear     

polymers 

Agent   DP Observed 

% CEST 

Expected 

% CEST 

Observed 

Sensitivity 

(PTE)b 

Expected 

Sensitivity 

(PTE)b 

Ref. 

 

PLL  

(100 

μM) 

3338 43 53 586,431 583,000 [40] 

PLE  

(500 

μM) 

475 7 7 15,568 15,400 

SD5 

(1000 

μM) 

NR 51 40 44,080 44,000 

 

PLR 201 ~15 NR 17,500 22,000 [41] 

PLK 205 ~5 NR 12,500 16,900 

PLT 63 ~2.5 NR 6500 NR 

NR=Not reported, bSensitivities were recorded as proton transfer enhancement (PTE)=({2[H2O]/[peptide]}.MTRassym)/1000, poly 

L lysine (PLL), poly L glutamate (PLE), polyallylamine (PAA),  polyethylenimine (PEI), poly-L-arginine (PLR), poly-L-lysine 

(PLK), poly-L-threonine (PLT) 

 

 Biopolymers have been used to enhance the CEST contrast. Liu and co-workers 

investigated CEST properties of different sizes of dextran, including 10 kDa, 70 kDa, 150 kDa, 

and 2000 kDa [43]. The CEST signal that corresponds to an -OH group in dextran has been 

observed at 0.9 ppm. There was no significant difference between the CEST contrast of different 

size dextran agents and the same concentration of glucose. However, there is a slight decrease in 
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CEST contrast in high molecular weight dextrans due to the reduced water accessibility of 

hydroxyl protons that are covered within larger molecules.  

 A dextran-based probe was successfully utilized for targeted CEST MRI of tumors that 

express prostate-specific membrane antigen (PSMA) by Van Zijl and co-workers (Figure 1.3a) 

[21]. A PSMA targeting moiety was conjugated to the dextran backbone via a spacer. A large 

number of -OH groups present in the dextran enhances the CEST contrast allowing it to be used 

in targeted imaging. The inherent low sensitivity of CEST MRI evades the problems with other 

agents used in targeted CEST imaging. However, the polymeric agent was able to achieve the 

exchangeable proton enhancement for good CEST contrast. 

 However, dextran hydroxyl protons resonate close to the water peak and make the CEST 

imaging problematic. Therefore, Pomper and co-workers conjugated salicylic acid probes to poly-

isobutylene-maleic anhydride, comprised of 40 units of maleic acid (Figure 1.3b) for imaging of 

tumors bearing PSMA [18]. They were able to conjugate salicylic acid groups to the polymer 

backbone with 90% loading efficiency. However, contrast enhancement by 40 exchangeable 

protons is not sufficient for successful targeted CEST imaging and results in low CEST contrast. 

 

 

 

Figure 1.3.  PSMA targeted diaCEST MRI probes that derived from polymers, a) dextran based 

and b) maleic anhydride-based polymers [21,18]  
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1.4.2 BRANCHED POLYMERS 

 Dendrimers are highly branched macromolecules that have multivalent characteristics and 

are extensively used in biomedical applications. Several factors make these dendritic architectures 

as an exciting platform to conjugate CEST MRI probes. The multivalent characteristics, well-

controlled size, and purities inspire researchers to utilize them to enhance the CEST contrast.  

 

1.4.2.1 PARACEST DENDRITIC AGENTS 

 There are several paraCEST dendritic agents reported to date. Grüll and co-workers 

reported the synthesis and application of Yb(III)DOTAM-functionalized poly(propylene imine) 

dendrimers [44]. They conjugated Yb-DOTAM complexes to generation one (G1) and generation 

3 (G3) poly(propylene imine) dendrimers with four and sixteen agents per dendrimer, respectively 

(Figure 1.4). The paraCEST probe was attached to the dendrimer through an amide bond. Free Yb-

DOTAM has two different exchangeable amide protons (-13.1 ppm and -16.1 ppm) before the 

conjugation, whereas a dendritic complex showed seven exchangeable amide protons between -12 

ppm and -16 ppm. These amide signals are pH-dependent and used for pH mapping. They were 

able to lower the detection limit by a factor of 4 and 16 for G1 and G3 complexes, respectively. 
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Figure 1.4. Yb(III)DOTAM-functionalized poly(propylene imine) dendrimers with different 

generation (G1 and G3).  (Reproduced with permission from reference 44) 

  

Our group previously reported PAMAM based G2 and G5 dendritic complexes with Yb 

and Eu metals respectively [45–47]. PAMAM G5 dendrimer theoretically consists of 128 surface 

groups. However, it is difficult to obtain the G5 PAMAM dendrimers with 128 surface groups due 

to defects in dendrimer branching. Therefore, when imaging probes are conjugated to the 

dendrimers, it is not possible to achieve more than 60% loading efficiency.  Forty-one probes of 

Eu-DOTA-Gly-pBnNSC were able to attach to a G5-PAMAM dendrimer, which results in 32% 

loading efficiency. Six probes of Yb-DOTA-Gly-pBnNCS were able to conjugate to a G2 

PAMAM dendrimer, which gives 37.5% loading efficiency (Figure 1.5). The detection limits of 

79.8 μM and 335.5 μM were achieved for G5 and G2 complexes, respectively to give 5% CEST 

contrast. 
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Figure 1.5. Yb-DOTA-Gly-pBnNCS functionalized G2 PAMAM dendritic paraCEST agent. 

(Reproduced with permission from reference 47) 

  

1.4.2.2 DIACEST DENDRITIC AGENTS 

 McMahon and co-workers recently reported a salicylic acid-based dendrimer. They have 

conjugated salicylic acid to PAMAM G5 dendrimer to increase the salicylic acid protons [23]. A 

spacer molecule (succinic acid) was incorporated between the salicylic acid moiety and the 

dendrimer to lower the steric interactions. They synthesized a salicylic acid conjugated dendrimer 

with 40 salicylic acid probes per dendrimer, which increases the number of exchangeable protons 

in one molecule of the dendrimer. Their data indicates that the sensitivity of the salicylic acid 

dendrimer is increased for CEST imaging after conjugation of imaging probe to the dendrimer.  

The detection limit was lowered to 360 μM, which has approximately 15 mM in salicylic acid 

units.  

 To date, there are several other macromolecular CEST agents such as liposomes [29], 

biomolecules –albumin [37], viral particles [49], and hydrogels [10] that have been reported. 
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2.1 INTRODUCTION 

2.1.1 TUMOR ACIDOSIS 

 Tumor acidosis is a common characteristic of many solid tumors.  The dysregulated 

metabolism of tumor cells relies on enhanced glycolysis, known as the Warburg effect, which 

produces excess lactic acid that is secreted from tumor cells [1-3].  This metabolic process causes 

the extracellular tumor microenvironment to become acidic, typically with an extracellular pH 

(pHe) of 6.4-7.0, and possibly even lower in pHe [4].  Therefore, measurements of tumor pHe may 

be used to improve tumor diagnoses, and monitor the effect of anti-cancer treatments that directly 

or indirectly change tumor glycolysis [5,6]. 

 

2.1.2 ACIDOCEST MRI 

 We have developed a noninvasive magnetic resonance imaging (MRI) method that 

measures tumor pHe, based on Chemical Exchange Saturation Transfer (CEST) [7,8].  This 

method selectively saturates the MR signal of a proton on an agent with a radiofrequency pulse, 

causing the MR signal to disappear (Figure 2.1a, left).  Subsequent chemical exchange of this 

proton with a proton on water causes the water signal to decrease (Figure 2.1a, right).  We refer to 

this decrease in water MR signal as a ‘CEST signal’, which can be detected using conventional 

MR image acquisition methods.  The chemical exchange of many types of exchangeable protons 

are base-catalyzed, and therefore the CEST signal is dependent on pH.  More specifically, we have 

shown that the ratio of two CEST signals generated by selective saturation of two types of 

exchangeable protons can be used to measure pH in a concentration-independent manner, a process 

known as acidoCEST MRI [9].  We have used acidoCEST MRI to perform many pre-clinical 

imaging studies with paramagnetic agents [10-12] and diamagnetic agents [13-27], and we have 

translated acidoCEST MRI for clinical imaging evaluations [28].  Other research programs have 
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developed and used similar acidoCEST MRI methods with paramagnetic agents [29-34] and 

diamagnetic agents [35-45] that have two selectively detectable CEST signals, or agents that 

generate two CEST signals by using two saturation powers [46-51]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. CEST MRI of the monomer and polymer CEST agents.  (a)  A schematic of the CEST 

MRI process. RF saturation is applied that causes a proton to lose its coherent magnetic signal. 

Then the saturated proton undergoes chemical exchange from the agent to water, which effectively 

transfers the saturation to water and lowers the water signal.  Finally, the lower water signal is 

acquired using standard MRI methods.  (b) Chemical structures of studied monomer agent (left) 

and polymer agent (right; n = ~125) with amide and salicylic acid protons that resonate at 5.0 ppm 

and 9.2 ppm respectively.  

 

 

 CEST MRI is an insensitive imaging technique [7,8].  As an advantage, one agent molecule 

can affect the MR signal of approximately 100 to 1000 water molecules due to the multiplication 

lower water lower 
water signal 

a 

b 
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effect of the chemical exchange rate that is on the order of 100-1000 Hz.  However, CEST must 

suppress the MR signal of ~1 M of water protons to suppress 1.3% of the ~78 M of water protons 

in biological tissues (assuming that 1.3% is a minimally detectable CEST signal, pure water is 55.5 

M and water protons are 111 M, and the water concentration in most tissues is ~70%).  Therefore, 

the CEST agent with a 100-1000 Hz exchange rate must have a minimum concentration of 

approximately 1-10 mM to affect ~1 M of water protons during CEST MRI studies.   Our 

acidoCEST MRI method uses iopamidol, a clinically approved contrast agent that can be 

administered at 972 mM concentration to pre-clinical tumor models and patients who have cancer 

[9].  However, even this high concentration of a well-tolerated agent can fail to deliver enough 

agent throughout the tumor tissue, causing pHe measurements with acidoCEST MRI to be spatially 

incomplete. 

 

2.1.3 A NANOSIZED AGENT TO DETECT TUMOR ACIDOSIS 

 To address the low sensitivity problem, we proposed that a nanoscale agent may deliver a 

greater payload of exchangeable protons to tumor tissue.  A variety of nanoscale CEST agents 

have been developed that use polymers, dendrimers, proteins, and viral particles to generate a 

strong CEST signal [52-73].  Paramagnetic nanoscale agents have the advantage of very large MR 

frequencies (also known as chemical shifts) that are well separated from the MR frequency of 

water (defined as 0 ppm for MRI studies) [52-63].  This frequency separation allows the selective 

saturation of the agent’s MR resonance to be performed with high radiofrequency power, which 

further improves CEST detection.  However, paramagnetic agents often use potentially toxic 

lanthanide metals, or use other metals that have unstable oxidation states especially under in vivo 

conditions [74].  Therefore, diamagnetic nanoscale agents that are nonmetallic have advantages 

for biomedical studies [64-73].  Notably, the first research studies with paramagnetic and 
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diamagnetic nanoscale agents were first reported in 2003 [52], but reports of paramagnetic 

nanoscale agents have not appeared since 2008 [56] while studies with diamagnetic nanoscale 

agents have continued.  

 Surprisingly, diamagnetic nanoscale CEST agents have not yet been developed for 

acidoCEST MRI applications that measure tumor pHe.  Therefore, we sought to develop such an 

agent that can potentially improve the comprehensive spatial interrogation of tumor tissues.  We 

used 4-amidosalicylate as a monomeric unit to develop a nanoscale polymer, because this 

monomer has two types of exchangeable protons that are known to have high MR frequencies, 

which facilitates selective saturation and potentially allows for the use of higher saturation powers 

that can improve detection sensitivity (Figure 2.1b).  We designed this polymer to have >100 

exchangeable protons, to investigate if the higher payload of exchangeable protons can improve 

CEST sensitivity on a per-molecule basis.  We also investigated acidoCEST MRI of the monomer 

agent, 4-acetamido-2-hydroxybenzoic acid that has a similar electronic structure as the polymer 

agent.  We first performed detailed acidoCEST MRI studies with chemical samples to evaluate if 

the new agents can measure pH with an acidoCEST MRI protocol.  We then performed a 

preliminary in vivo study with a tumor model of mammary carcinoma using acidoCEST MRI with 

the polymer agent, monomer agent, and iopamidol, to evaluate the utility of a nanoscale agent for 

this biomedical imaging application. 
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2.2 MATERIALS AND METHODS 

2.2.1 MATERIALS 

 Dry solvents were purchased and used without further purification or drying treatment. 

ACS grade solvents for chromatography, Na2SO4, PBS buffer (pH 7), and dialysis cassettes (10K 

MWCO) were purchased from Fisher Scientific (part of Thermo Fisher Scientific, Waltham, MA, 

USA). Sodium 4-aminosalicylate and acryloyl chloride were purchased from Alfa Aesar 

(Tewksbury, MA, USA). 4,4′-azobis(4-cyanovaleric acid) and acetic anhydride were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). NMR spectroscopy was performed with a 600 MHz 

NMR spectrometer (Bruker Biospin, Corp., Billerica, MA, USA). LC-MS studies were conducted 

using a Waters AcquityTM UPLC-MS system with an Acquity UPLC® BEH C-18 1.7 μm, 2.1 

mm×50 mm column, UV detection between 200 and 400 nm (2996 PDA detector) and a TQ 

detector mass spectrometer with electrospray ionization (ESI). 

 

2.2.2 CHEMICAL SYNTHESIS 

 

 

Scheme 2.1 Chemical Synthesis of (a) the monomeric agent and (b) the polymeric agent, where n 

is approximately 125 monomeric units. 

b 

a 
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2.2.2.1 CHEMICAL SYNTHESIS OF 4-ACETAMIDO-2-HYDROXYBENZOIC ACID [75] 

  4-aminosalicylic acid (1.53 g, 10.01 mmol) was dissolved in anhydrous acetone (30 mL) 

under Ar. Then the solution was cooled using an ice bath. While stirring, acetic anhydride (1 mL, 

10.58 mmol) was added, and the reaction mixture was allowed to stir for 24 hrs. Organic solvent 

was evaporated under vacuum, and the solid residue was washed with water and filtered. The 

resulting compound was resuspended in a small amount of water and lyophilized to yield a dry 

final compound (white powder, 1.46 g, 75%). 1H NMR (600 MHz, DMSO- d6) δ (ppm): 1H NMR 

(600 MHz, DMSO-d6) δ 11.39 (s, 1H, OH), 10.19 (s, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.35 (d, J = 

2.0 Hz, 1H), 7.04 (dd, J = 8.6, 2.1 Hz, 1H), 2.07 (s, 3H). LRMS­ESI (m/z): [M+H]+ calc’d for 

[C9H9NO4], 196.05; found, 196.01 

 

2.2.2.2 CHEMICAL SYNTHESIS OF 4-ACRYLAMIDOSALICYLIC ACID [76] 

 Sodium 4-aminosalicylate (4 g, 0.018 mol) was dissolved in ice-cold distilled water (50 

ml) and stirred for 1 h at 5 °C. Then acryloyl chloride (2.35 mL; 0.029 mol) was added as two 

separate additions (1.5 mL and 0.85 mL) and the solution was stirred for 1 h after each addition at 

5 °C. A white precipitate formed. The precipitate was filtered off and extensively washed with 

distilled water (200 mL). Then the product was lyophilized to obtain dry 4-acrylamidosalicylic 

acid (white powder, 3.12 g, 78%). 1H NMR (600 MHz, DMSO-d6) δ 13.70 (s, 1H), 11.35 (s, 1H), 

10.38 (s, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.50 – 7.39 (m, 1H), 7.12 (dd, J = 8.7, 2.1 Hz, 1H), 6.44 

(dd, J = 17.0, 10.2 Hz, 1H), 6.29 (dd, J = 17.0, 2.0 Hz, 1H), 5.81 (dd, J = 9.9, 1.7 Hz, 1H). 

LRMS­ESI (m/z): [M+H]+ calc’d for [C10H9NO4], 208.05; found, 208.06 
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2.2.2.3 CHEMICAL SYNTHESIS OF THE POLYMER AGENT 

  4-acrylamidosalicylic acid (1.0 g, 0.0048 mol) and 4,4′-azobis(4-cyanovaleric acid) (0.05 

g, 0.18 mmol, 5% w/w) were dissolved in DMF (25 mL) under Ar and stirred at 70 °C for 24 hrs. 

Then the reaction mixture was diluted with water and a white precipitate formed. Then the reaction 

mixture was dialyzed with a 10,000 MWCO filter against water and lyophilized to obtain the final 

polymer. This final polymer agent was analyzed by 1H-NMR, gel permeation chromatography 

(GPC) and mass spectrometry (MALDI-TOF). 

 

2.2.3 CHEMICAL CHARACTERIZATION 

2.2.3.1 GEL PERMEATION CHROMATOGRAPHY 

The molecular weight of the polymer agent was determined using an Agilent HPLC system 

with a UV detector and a Phenomenex SEC-S-3000 column (300×7.8 mm). A 1x PBS buffer was 

used as an eluent with 0.5 mL/min flow rate. Sodium polystyrene sulfonate standards were 

employed for instrument calibration.  

 

2.2.3.2 MALDI-TOF 

The MALDI-TOF spectrum of the polymer agent was recorded with a Bruker Autoflex 

Speed MALDI-TOF spectrophotometer, using 2,5-dihydroxybenzoic acid (DHB) as a matrix. The 

matrix and polymer were dissolved in a solvent system of 50:50 water: acetonitrile with 0.1% 

TFA. Samples were loaded onto a target plate and mixed on the target with 1 μL of supernatant of 

saturated matrix solution. All the MALDI spectra were acquired in linear mode, which was 

operated over a mass range from 500 to 75,000 Da. The number of shots and laser power was 

adjusted to improve spectrum quality. 
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2.2.3.3 UV-VIS SPECTROSCOPY 

Monomer and polymer agents were dissolved in 0.01 mM PBS buffer and UV spectral 

scans was taken between 230 nm and 400 nm using the Synergy H4 microplate reader (BioTek 

instruments, Inc., Winooski, VT, USA) 

 

2.2.3.4 SCANNING ELECTRON MICROSCOPY (SEM) 

The polymer agent was dissolved in 0.1 M PBS buffer and a drop was placed onto a 12 

mm diameter glass coverslip and allowed to dry overnight.  The dissolved polymer agent and the 

dried polymer agent were both mounted on to double-stick carbon tabs (Ted Pella. Inc., Redding, 

CA), which have been previously mounted on to a glass microscope slide.  The samples were then 

coated under vacuum using a Balzer MED 010 evaporator (Technotrade International, Manchester, 

NH) with platinum alloy for a thickness of 25 nm, then immediately flash carbon coated under 

vacuum. The samples were transferred to a desiccator for examination at a later date. Samples 

were examined/imaged in a JSM-5910 scanning electron microscope (JEOL, USA, Inc., Peabody, 

MA) at an accelerating voltage of 15 kV. 

 

2.2.3.5 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

The polymer agent was dissolved in 0.1 M PBS buffer and a drop was placed onto 100 

mesh formvar/carbon coated copper grids treated with poly-l-lysine for approximately 1 hour. The 

sample was blotted from the grid with filter paper and was allowed to dry. The sample was then 

examined in a JEM 1010 transmission electron microscope (JEOL, USA, Inc., Peabody, MA) at 

an accelerating voltage of 80 Kv. Digital images were obtained using the AMT Imaging System 

(Advanced Microscopy Techniques Corp., Danvers, MA). 
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2.2.4 IN VITRO CYTOTOXICITY ASSAY 

 The cytotoxicity evaluations of the monomer and polymer agents were performed using an 

MTT cell growth assay kit (EMD Millipore Chemicon®).  Approximately 1×105 cells mL−1 of 

MDA-MB-231 mammary carcinoma cells in their exponential growth phase were seeded in a flat-

bottomed 96-well polystyrene coated plate and were incubated for 24 hours at 37 °C in a 5% CO2 

incubator. Then media was removed and 100 μL of media was added to the plate that included a 

range of concentrations (0.125 mM, 0.625 mM, 1.25 mM, 6.25 mM, 12.5 mM and 62.5 mM) of 

the monomer or the “monomeric unit concentration” of the included polymer.  After 24 hours of 

incubation at 37 °C, the media was removed and 10 μL of MTT reagent  was added to each well 

containing new media and incubated at 37 °C for 4 hrs. Afterwards, formazan crystals that formed 

in each well were dissolved in isopropanol with 100 μL of 0.04 N HCl and plates were read at 

570 nm in a microplate reader (SYNERGY H4 reader, Bio Tek Instruments, Inc, VT, USA). Wells 

with complete medium, MTT reagent, or without cells were used as control samples.  

 

2.2.5 ACIDOCEST MRI OF CHEMICAL SAMPLES  

 The monomer and polymer agents were prepared at 1.25 - 40 mM and 95 - 300 M 

concentrations in 10 mM PBS, respectively. The pH was adjusted using a benchtop pH meter and 

very small volumes of HCl and NaOH that did not significantly affect agent concentrations 

(Mettler Toledo Seven compact S220 pH meter, Columbus, OH). Samples were placed in a 

customized holder (Figure 2.3a,b) that maintained the samples at 37.0 ± 0.2 °C, or at 25.0, 29.0, 

34.0, 42.0, 45.0, or 49.0 °C during temperature-dependent studies. Our customized sample holder 

was filled with 2% agarose to reduce B1 and B0 inhomogeneities.  We incubated our samples and 

holder at the desired temperature for 4-18 hours prior to each MRI study.  We used warm air and 

an automated temperature feedback system to maintain temperature in the MRI magnet (SA 
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Instruments, Stony Brook, NY).  We validated our sample temperatures by using the same holder 

to analyze samples of ethylene glycol, and using localized MR spectroscopy to validate 

temperature, which is an ideal method for measuring the temperature of chemical solutions without 

disturbing the solutions in the MRI magnet [85]. 

 MRI studies were performed with a Bruker Biospec MRI scanner operating at 7 Tesla (T; 

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

Billerica, MA).  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: 750 ms 

repetition time (TR); 10 ms echo time (TE); 180 excitation flip angle (FA); coronal image 

orientation; 64 × 64 matrix; 5.12 × 5.12 cm field-of-view (FOV); 0.8 × 0.8 mm in-plane spatial 

resolution; 1 mm slice thickness (SL); 40 slices; 1 average; 48 s total scan time. We used a CEST-

FISP (fast imaging with steady-state free precession) MRI acquisition protocol with the following 

parameters: 4.9832 ms TR; 2.2916 ms TE; 30 FA; centric encoding; coronal image orientation; 

256 × 256 matrix; 5.12 × 5.12 cm FOV; 0.2 × 0.2 mm in-plane spatial resolution; 1 mm SL; 1 slice; 

and 1 average [86]. We acquired CEST images with selective saturation applied at 4 μT for 6 s at 

saturation frequencies in 0.1 ppm increments from -13 ppm to 13 ppm, for a total scan time of 28.0 

minutes. We also collected images at 0.5 to 6.0 μT saturation powers (at 6 s saturation time), and 

at 1 – 8 s saturation times (at 4 μT saturation power).  

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

performed with Matlab 2018b (The MathWorks, Inc., Natick, MA). To measure CEST signal 

amplitudes, each CEST spectrum from a region of interest (ROI) was analyzed by fitting the 

spectrum to a sum of three Lorentzian line shapes to account for two CEST signals (5.0 ppm and 
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9.2 ppm) and direct saturation of water [87]. The center, width, and amplitude of each Lorentzian 

line were allowed to change in order to obtain optimal fit. 

 

2.2.6 IN VIVO ACIDOCEST MRI STUDIES 

   All in vivo mouse studies were conducted with the approval of the Institutional Animal 

Care and Use Committee of the MD Anderson Cancer Center in accordance with applicable 

guidelines and regulations.  A subcutaneous model of MDA-MB-231 mammary carcinoma was 

developed by injecting 106 tumor cells in the right rear flank of 8 female mice that were 6-8 weeks 

old.  Tumors were allowed to grow for 5-6 weeks to a diameter of 3-6 mm before imaging studies.  

Two mice were analyzed with acidoCEST MRI three times during sequential scans performed on 

Day 0, 2, and 4 (where Day 0 indicates the first scan for the mouse).  These sequential scans used 

iopamidol on Day 0, the monomer agent on Day 2, and the polymer agent on Day 4.  Six additional 

mice were analyzed with acidoCEST MRI only one time, using only iopamidol for two mice, the 

monomer agent for two mice, and the polymer agent for two mice. 

 To prepare for each imaging scan, a mouse was anesthetized with 1.5-2.0% isoflurane in 

100% oxygen carrier gas.  A tail vein was catheterized with a 27g needle.  The mouse was then 

placed in a customized cradle, and respiratory and rectal temperature leads were positioned to 

monitor respiration and core body temperature throughout the imaging scan (SA Instruments Inc., 

Stony Brook, NY).  Body temperature was maintained at 37.00.2 C using warm air.  To localize 

the tumor within an image, we performed anatomical MRI scans with each mouse using the 

multislice spin echo MRI protocol with following parameters: 1000 ms TR; 5.42 ms TE; 90º FA; 

axial image orientation; 128 × 128 matrix; 3.84 ×3. 84 cm FOV; 0.3 × 0.3 mm in-plane spatial 

resolution; 1 mm SL; 30 slices; 1 average; 2:08 min total scan time. 
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 In vivo acidoCEST MRI was performed using CEST FISP protocol with following 

parameters: 3.310 ms TR; 1.655 ms TE; 15 FA; centric encoding; axial image orientation; 

128 × 128 matrix; 3.84 × 3.84 cm FOV; 0.3 × 0.3 mm in-plane spatial resolution; 1 mm SL; 1 slice; 

1 average.  Four image sets were first acquired to produce CEST spectra for each image pixel prior 

to intravenous administration of the contrast agent. Then, 200 μL of 976 mM iopamidol, 250 mM 

monomer agent, or 2 mM polymer agent (equivalent to 250 mM in monomer units) were injected 

intravenously.  These injection concentrations equate to 7.8, 2.0, and 0.016 mmol/Kg of mouse 

body weight, respectively.  The injection line was connected to an infusion pump that infused 

400 μL/hour of agent during the next 30 minutes. Six sets of CEST MR images were acquired 

immediately after injection to produce six post-injection CEST spectra for each imaging pixel. We 

acquired CEST images with selective saturation applied at 3 μT for 6 s at saturation frequencies of 

14.0 ppm (which was subsequently discarded during analysis because this initial image was not 

acquired with steady-state saturation conditions); 13.0 to 3.0 ppm in increments of 0.4 ppm; 2.5 to 

-2.0 ppm in increments of 0.5 ppm; and -3.0 to -12.0 ppm in increments of 3 ppm for a total of 40 

saturation frequencies that required a total scan time of 4:23 minutes.   

 CEST MR images were analyzed using our previously reported methods [15,17].  Images 

were averaged that were acquired before injection of agent and at the same saturation frequency.  

Post-injection images at each saturation frequency were also averaged.  Each averaged image was 

processed by Gaussian spatial smoothing to improve signal-to-noise.  These processed pre-

injection images were subtracted from the processed post-injection images to remove endogenous 

CEST signals that are the same before and after injection.  The resulting CEST spectra for each 

pixel were fit with the sum of three Lorentzian line shapes to measure the amplitude of CEST 

signals at 5.0 and 9.2 ppm, and to account for the direct saturation of water at 0 ppm.  The pH was 
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estimated based on a log10 ratio of the two CEST signals (Figure 2.6 for the monomer and polymer 

agents, and reference 17 for iopamidol). 

 

2.3 RESULTS AND DISCUSSION 

 

2.3.1 SYNTHESIS AND CHARACTERIZATION OF MONOMER AND POLYMER AGENTS   

 The monomer, 4-acrylamidosalicylic acid, was synthesized by following a previously 

reported method with minor modifications (Scheme 2.1.b) [75]. 4-acrylamidosalicylic acid was 

then polymerized using 4,4’-azobis(4-cyanovaleric acid) as initiator in DMF at 70 °C to afford the 

linear polymer. The polymer was purified by dialysis using a 10 kD MW cutoff membrane.  We 

also synthesized a monomer agent (Scheme 2.1.a). The polymer agent was purified using dialysis 

with a 10,000 MWCO, and the monomer agent was purified using HPLC. 

 UV-VIS spectra (Figure 2.2a) further confirmed the presence of the salicylic acid repeating 

groups in the polymer, based on the characteristic maximum absorption wavelength for salicylic 

acid at approximately 310 nm.  The resolved repeat units shown in a MALDI-TOF spectrum 

(Figure 2.2b) were separated by 207.04 g/mol, which confirmed that the analyte was a polymer 

that exclusively contained the salicylic acid-based monomer. Gel permeation chromatography 

(GPC) results showed that the weight average molecular weight (Mw) of the polymer agent was 

26,000 g/mol with a 1.8 polydispersity index, (Figure 2.2c). SEM and TEM of the polymer agent 

showed a variable morphology and particle size of the polymer with an average particle size of 

361 nm, and a range from 45 to 710 nm, as expected based on high polydispersity index from GPC 

(Figure 2.2d).  
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Figure 2.2. Chemical characterization of the monomer and polymer agents.  (a) UV-Vis spectra of 

the monomer and polymer agents at pH 7.0.  (b) A MALDI-TOF spectrum of the polymer.  (c) A 

gel permeation chromatography trace of the polymer. (d) An SEM image (left) and a TEM image 

(right) of the polymer 

 

2.3.2 ACIDOCEST MRI OF CHEMICAL SAMPLES   

 The CEST properties of the monomer and polymer agents were assessed over a range of 

pH values at 37.0 ºC and 7T magnetic field strength.  The Z spectra (which show the Z-axis 

magnetization after steady state CEST saturation; Figure 2.3c,d) were analyzed by fitting a sum of 

three Lorentzian line shapes to the experimental results (Figure 2.3e,f).  The samples were placed 

in our customized holder with agarose gel (Figure 2.3a) that reduced B0 and B1 magnetic field 

inhomogeneities and greatly improved the quality of our CEST results, as evidenced by the low 

residuals of the Lorentzian line fitting analysis (Figure 2.3e,f).  
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Figure 2.3. CEST MRI of chemical samples. (a) A 2.5 x 6 x 10 cm plastic box was filled with 2% 

agarose to create a sample holder, and samples were placed into holes in the top of the holder. (b) 

A spin echo MR image of the samples in the holder was used to localize a 6 x 6 cm coronal field 

of view for subsequent imaging, as shown by the red rectangle. A Z-spectrum of (c) the monomer 

agent and (d) the polymer agent was acquired with 6 s of 4 T saturation.  The experimental 

spectrum was fit with Lorentzian line shapes to produce a Lorentzian CEST spectrum of (e) the 

monomer agent and (f) the polymer agent. The low residuals around the Lorentzian shaped peaks 

at 5.0 and 9.2 ppm indicate that the line fitting method was reliable. 

 

 CEST MRI measurements revealed that both agents show CEST signals at 5.0 ppm and 

9.2 ppm, which is consistent with CEST signals of similar agents (Figure 2.4a,d) [76-81].  The 

CEST signal at 5.0 ppm in the polymer agent is not as strong as in the monomer agent. This lower 

contrast may be due to steric blocking between water molecules and the amide in the polymer due 

to the proximity of the amide to the polymer backbone, relative to the water-amide interactions of 

the monomer agent and the water-salicylic acid interactions in the polymer and monomer.  Steric 

blocking can reduce the chemical exchange rate (kex), resulting in a lower CEST signal.  A similar 

result has been previously observed with other polymeric CEST agents [67]. 
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Figure 2.4. CEST properties of the monomer and polymer agents.  Samples consisted of 20 mM 

and 0.16 mM of each agent, respectively, and were analyzed at 37 °C, 4 μT saturation power and 

6 sec saturation time.  (a) The Z-spectrum, (b) the CEST Lorentzian spectrum, and the (c) CEST-

pH graph of the monomer agent, and (d-f) similar spectra and graph for the polymer agent show 

the pH dependence of the CEST effects for these agents.  The pH values ranged from 6.0 to 8.0 in 

0.1 - 0.15 unit increments. 

 

 The Z-spectra (Figure 2.4a,d) and the CEST Lorentzian spectra (Figure 2.4b,e) show the 

pH-dependence of the CEST effects for both agents.  Interestingly, the monomer and polymer 

agents exhibited different pH dependencies (Figure 2.4c,f).  In general, the chemical exchange 

process of the salicylic acid and amide are known to be base-catalyzed.  A faster kex causes greater 

CEST signal, until kex becomes too fast for the CEST process (Figure 2.1b) and less CEST can be 

generated.  The CEST signal for the salicylic acid of the monomer agent (Figure 2.4c, filled circles) 

follows this classic description, because kex of salicylic acid is moderate at low pH, reaches a faster 

rate that is ideal for generating CEST at pH ~7.1 (at 37.0 ºC and 7T magnetic field strength), and 

even faster kex at higher pH > 7.1 generates less CEST signal.  For comparison, kex for the amide 

of the monomer agent is low at low pH, and increases with increasing pH, but does not reach an 
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ideal kex value for the greatest CEST signal until a pH value > 7.5, causing the CEST-pH 

relationship to be monotonic for the amide at pH < 7.5 (Figure 2.4c, open circles).  The salicylic 

acid of the polymer agent has a similar CEST-pH relationship as the amide of the monomer agent 

(Figure 2.4f, filled circles), indicating that the kex for the polymeric salicylic acid is low at low pH 

(relative to the monomeric salicylic acid), and increases with increasing pH, but does not reach an 

ideal kex value for the greatest CEST signal until a pH value > 7.5.  Finally, the amide of the 

polymer agent has a low CEST signal at all pH values, indicating a low kex (especially relative to 

the monomeric amide) that does not appreciably increase with increasing kex values (Figure 2.4f, 

open circles).  The slower kex of the polymer agent relative to the monomer agent may be due to 

intramolecular hydrogen bonding within the polymer.  Indeed, hydrogen bonding within a salicylic 

acid moiety is known to reduce kex from this group relative to kex of hydroxyl and carboxylic acid 

groups, showing that hydrogen bonding affects CEST [76].   

 

2.3.3 OPTIMIZATION OF CEST SATURATION CONDITIONS 

  We optimized the saturation power for acidoCEST MRI with the monomer and polymer 

agent to find the best saturation power (Figure 2.5a,b). The HW-QUESP method was used to 

determine that % CEST at 5.0 and 9.2 ppm reached >80% and >65% of maximum CEST signal at 

4.0 μT saturation power for the monomer and polymer agents, respectively [82]. A saturation 

power of 4 μT has been used as a safe power level for in vivo imaging [8], so this power was 

selected as a power level for subsequent experiments.  The RL-QUEST method was used to 

evaluate the effect of saturation time, which exhibited that % CEST at 5.0 and 9.2 ppm reached 

>98% of maximum CEST signal at 6 s saturation time for both monomer and polymer agents 

(Figure 2.5c,d) [83]. Therefore, we used a 6 s saturation time for our subsequent studies.  

Importantly, these analyses were performed with monomer and polymer agent concentrations of 
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20 mM and 160 M, respectively, showing that the polymer can generate detectable CEST signals 

with a 125-fold reduction in agent concentration relative to the monomer. 

 

Figure 2.5. The dependence of CEST on saturation conditions. The CEST measurements of (a) 20 

mM monomer agent and (b) 0.16 mM polymer at 6 s saturation time, pH 7.4, 37 °C and varying 

saturation power were fitted using the HW-QUESP method. The CEST measurements of (c) 

monomer agent and (d) polymer agent were obtained at 4 μT saturation power, pH 7.4 and varying 

saturation time, and were fit using the RL-QUEST method. 

 

2.3.4 MEASURING pH WITH ACIDOCEST MRI   

 We investigated the ability of the monomer and polymer agents to measure pH via CEST 

MRI, using our variation of this imaging method known as acidoCEST MRI [9].  Samples ranging 

from pH 6.4 to 7.5 were imaged with optimized saturation conditions, and the results were used to 

calibrate a log10 ratio of agent’s CEST effects with pH. Both calibrations were linearly correlated 

with pH within this physiological pH range with a R2 value of 0.97 and 0.98 for monomer and 

polymer agents, respectively (Figure 2.6a,b). The calibrations showed opposite trends due to the 
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different regimes of kex for the faster-exchanging monomer agent vs. the slower-exchanging 

polymer agent, as described above, and shown in Figure 2.4c,f.  These calibrations were used to 

calculate the pH for each pixel within acidoCEST MR images of samples that consisted of each 

agent over a range of pH values (Figure 2.6c,d).  Therefore, we can use these calibration curves to 

determine the pH from MR images. 

 

Figure 2.6. CEST MRI of the monomer and polymer agents can measure pH. CEST properties of 

20 mM monomer agent and 0.16 mM polymer agent were measured at 37 °C, 4 μT saturation 

power and 6 sec saturation time.  A ratio based on CEST at 9.2 and 5.0 ppm is linearly correlated 

with pH within the physiological pH range (6.4 and 7.5 units), for the (a) monomer agent and (b) 

the polymer agent.  These calibrations were used to convert % CEST signal to pH values for each 

pixel within the MR images of samples that contained (c) monomer agent at pH values of 6.6, 

6.75, 6.9, 7.0, 7.15, 7.3, and 7.45 units, and (d) polymer agent at pH values of 6.45, 6.6, 6.75, 6.9, 

7.0, 7.15, 7.3, and 7.45 units. 

 

2.3.5 EVALUATION OF ENVIRONMENTAL CONDITIONS ON ACIDOCEST MRI   

 To examine how temperature affects pH measurements with acidoCEST MRI, CEST 

spectra were collected for the monomer and polymer agents between 25 and 49 °C and analyzed 

to measure % CEST values (Figure 2.7). For the monomer agent, the CEST signal increased with 

increasing temperature for CEST generated from the amide and salicylic acid, as expected. 
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However, the pH measurement had a negligible dependence on temperature (∆pH = 0.0089 units 

per ºC; R2 = 0.89), because our ratiometric analysis method largely negates the effect of 

temperature. For the polymer agent, there was no significant change in CEST signal with 

increasing temperature for CEST generated from the amide and salicylic acid, and therefore the 

pH measurement had a negligible dependence on temperature (∆pH = 0.0097 units per ºC; R2 = 

0.84). This result was an improvement relative to the minor yet non-negligible temperature 

dependence of acidoCEST MRI measurements performed with a paramagnetic CEST agent 

[12,84]. 

 

Figure 2.7. An evaluation of the temperature dependence of CEST effects. (a) A 20 mM monomer 

sample and (b) a 0.16 mM polymer sample were evaluated at 4 μT saturation power and 6 s 

saturation time.  The open and filled circles pertain to the left-side y-axis that measures % CEST 

at 5.0 and 9.2 ppm, respectively.  The filled triangles pertain to the right-side y-axis that represents 

pH that was determined from a ratio of the CEST signals. 

 

 We investigated how the concentration of each agent may affect pH measurements. CEST 

spectra were collected for the monomer agent between 1.25 and 40 mM, and for the polymer agent 

between 9.5 and 300 M (Figure 2.8,2.9).  The results indicate that each of the CEST signals were 

dependent on concentration, as expected.  Unfortunately, the pH measurements with the monomer 

agent were dependent on the concentration of the agent, despite using a ratiometric approach that 
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should negate a concentration dependence.  The monomer only measured pH values with some 

accuracy at high pH and at high concentration > 10 mM (Figure 2.8g,h).  The monomer 

overestimated pH at high pH values when low concentrations  10 mM were used, and at all 

concentrations for low pH values (Figure 2.8e,f).  Similarly, the pH measurements with the 

polymer agent also showed a dependence on the concentration of the agent.  The polymer measured 

pH with some accuracy at high concentrations ≥ 20 M (Figure 2.9).  However, low concentrations 

of polymer overestimated low pH values and underestimated high pH values.  The extracellular 

tumor microenvironment is expected to have low pH, and intravenous injections of highly 

concentrated solutions often deliver only low concentrations of agent to tumors (especially for 

polymer agents), indicating that the monomer and polymer agents may overestimate in vivo tumor 

pHe.  This dependency of the pH measurement on the concentration of each agent suggests that 

the level of intermolecular hydrogen bonding between agents may be concentration-dependent, 

again showing that hydrogen bonding affects CEST.   
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Figure 2.8. An evaluation of concentration dependence of the CEST effects of the monomer agent. 

Each graph is labeled with the pH of the sample. (a-d) % CEST was measured at 4 μT saturation 

power, 6 sec saturation time, and 37 °C. (e-h) The monomer agent showed a dependence on 

concentration.  Horizontal dashed lines indicate the pH values measured with the benchtop pH 

meter. 
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Figure 2.9. An evaluation of concentration dependence of the CEST effects of the polymer agent. 

Each graph is labeled with the pH of the sample. (a-d) % CEST was measured at 4 μT saturation 

power, 6 sec saturation time, and 37 °C. (e-h) The polymer agent showed a dependence on 

concentration.  Horizontal dashed lines indicate the pH measured with the benchtop pH meter 
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2.3.6 IN VITRO CYTOTOXICITY OF THE CEST AGENTS  

 We used a standard MTT assay to analyze the cytotoxicity of each agent against MDA-

MB-231 cells after 24 hours of exposure to concentrations ranging from 0.125 to 62.5 mM for the 

monomer agent and 1-500 M for the polymer agent (which equates to 0.125 - 62.5 mM of 

monomeric units in the polymer, based on an average of 125 units per polymer). The results 

indicate that cell viability was >95% at concentrations as high as 1.25 mM and 10 M for the 

monomer and polymer, respectively.  The cell viability was >77% and >71% for the highest 

concentrations that were tested (Figure 2.10).  These results demonstrate that the agents should be 

biocompatible for in vivo applications.  Although more thorough safety studies will eventually 

need to be performed to evaluate the safety of each agent, this initial evaluation was sufficient to 

justify our subsequent in vivo acidoCEST MRI studies with each agent. 

 

 

Figure 2.10. In vitro cytotoxicity of the monomer and polymer agents. Viabilities of MDA-MB-

231 cells were evaluated after incubation with (a) the monomer agent and (b) the polymer agent. 
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2.3.7 IN VIVO ACIDOCEST MRI 

 The pHe of eight mice with a xenograft tumor of MDA-MB-231 breast cancer were 

scanned with acidoCEST MRI using iopamidol, monomer agent and polymer agent (Figure 2.11).  

Anatomical images of each mouse were used to localize the tumor (first column of Figure 2.11 

and Figure A4-A6).  Then we acquired CEST images before and after injection of each agent.  We 

injected 7.8 mmol/kg of iopamidol, which we have used in our previous acidoCEST MRI studies 

[9,13-27].  We injected 2.0 and 0.016 mmol/kg of the monomer agent and the polymer agent, 

respectively. The polymer agent was injected at 125-fold and 488-fold lower concentrations than 

the monomer agent and iopamidol, respectively, which tested our objective of measuring tumor 

pHe with the delivery of a lower concentration of agent.  Using a rudimentary assumption that the 

agent is equally distributed throughout the body, and assuming an average tissue density of 1 g/mL, 

these injections equate to 2.0 and 0.016 mM of the monomer and polymer agents, respectively. 

These roughly estimated concentrations are comparable to the concentrations that resulted in > 

95% cell viability in our cytotoxicity tests (Figure 2.10), which justified injections at these 

concentrations.  Furthermore, the solubility of the monomer agent was estimated to be 

approximately 300 mM.  We injected in 200 L of 250 mM monomer agent, which is below this 

solubility limit.  The parametric maps of % CEST signal amplitude at 5.0 ppm (second column of 

Figure 2.11 and Figure A4-A6) and 9.2 ppm (third column of Figure 2.11 and Figure A4-A6) 

indicate good detection of both CEST effects throughout most of the tumor that was imaged. The 

pHe maps (fourth column of Figure 2.11 and Figure A4-A6) show colorful pixels where two 

significant CEST signals were measured and converted to pHe values.  
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Figure 2.11. In vivo acidoCEST MRI.  Images of a MDA-MB-231 tumor model following 

intravenous injection of 200 μL (a) 976 mM of iopamidol, (b) 250 mM of monomer agent, and (c) 

2.0 mM of polymer agent (equivalent to 250 mM in monomer units). Anatomical images show the 

location of the tumor (first column). The parametric maps of % CEST signal amplitude at 5.0 ppm 

(second column) and 9.2 ppm (third column) demonstrate good detection of both CEST effects. 

The pHe maps (fourth column) show colorful pixels where two significant CEST contrast were 

measured and converted to pHe values.  

 

 The average tumor pHe of the tumor model measured with acidoCEST MRI using 

iopamidol was 6.33 ± 0.12 units (Figure 2.12).  The consistent tumor pHe measured among the 

mice resulted in a low standard deviation, suggesting that acidoCEST MRI with iopamidol can 

perform precise evaluations of tumor acidosis.  The average tumor pHe was measured to be 6.70 

± 0.15 and 6.85 ± 0.15 units with the monomer agent and polymer agent, respectively.  Therefore, 

acidoCEST MRI overestimated tumor pHe with the monomer and polymer agents relative to 
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measurements made with iopamidol.  This result is consistent with our studies of chemical 

solutions that evaluated the concentration dependence of pH measurements, which indicated that 

the monomer and polymer agents may overestimate tumor pHe if both the pHe and agent 

concentration in tumors were low. 

 The tumor pHe of two mice were analyzed with three sequential acidoCEST MRI scans 

that used each agent, while six mice were analyzed with only one acidoCEST MRI scan.  The 

sequential scans produced similar average tumor pHe measurements for the mice that were 

sequentially scanned or scanned only one time (Figure 2.12).  This result was expected, because 

iopamidol and the monomer agent are small molecules that should clear from in vivo tissues within 

one day.  Therefore, acidoCEST MRI may be performed with sequential scans to monitor changes 

in tumor acidosis during tumor progression and during tumor response to treatment.   

 

Figure 2.12. The results of the In vivo acidoCEST MRI studies. (a) AcidoCEST MRI was 

performed with iopamidol, the monomer agent and the polymer agent.  Each bar is labeled with 

the mouse number.  (b) A comparison of average tumor pH using each agent (n=4 for each bar). 
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2.4 CONCLUSIONS 

 

 We have developed a small molecule monomer agent and a nanoscale polymer agent for 

pH measurements with acidoCEST MRI.  Optimized MRI conditions could detect CEST signals 

with a polymer agent that was 125-fold and 488-fold less concentrated than the monomer agent 

and iopamidol respectively, demonstrating an advantage of the nanoscale CEST agent. A 

ratiometric approach for correlating CEST with pH showed excellent linear relationships, although 

these correlations had different trends for the monomer and polymer, presumably due to hydrogen 

bonding and/or steric hindrance within the polymer.  AcidoCEST MRI with the monomer and 

polymer agents could measure pH with a negligible dependence on temperature, but showed a 

dependence on concentration that caused pH to be overestimated in tumors with low pHe and 

typically low agent uptake.  Indeed, in vivo acidoCEST MRI with both agents overestimated tumor 

pHe relative to similar measurements made with iopamidol.  Therefore, our polymer agent 

demonstrated many of the attributes needed for improved acidoCEST MRI with a lower 

concentration of agent, but future developments of nanoscale polymer agents for acidoCEST MRI 

should focus on CEST agents that potentially avoid hydrogen bonding and steric hindrance. 
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SIMULTANEOUS EVALUATIONS OF pH AND ENZYME 

ACTIVITY WITH A CEST MRI CONTRAST AGENT 
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3.1 INTRODUCTION 

 

 Solid tumors often have an extracellular tumor microenvironment as a consequence of 

upregulated glycolytic metabolism that produces excess lactic acid in tumors, known as the 

Warburg effect [1-3].  Therefore, extracellular tumor acidosis may be used as a biomarker to 

identify highly active metabolism in aggressive tumors, or a decrease in tumor metabolism in 

response to treatment [4-6].  In addition, solid tumors often have high protease activity in the 

extracellular tumor microenvironment, which causes degradation of the extracellular matrix 

surrounding tumor cells [7-9]. As a consequence, tumor cells can more easily invade into adjacent 

normal tissues and escape the primary tumor to cause metastasis in distant organs.  For example, 

cathepsin B is a protease that is often upregulated in tumor cells and excreted into the extracellular 

microenvironment, which can cleave collagen and also cleave inactive pro-proteases to initiate a 

cascade of active proteases [10-13].  For this reason, the detection of the protease activity of 

cathepsin B or other proteases in tumors can also potentially impact cancer diagnoses. 

 

3.1.1 SIMULTANEOUS DETECTION OF TUMOR pH AND ENZYME ACTIVITY 

 Although a single biomarker parameter can have merit for improving cancer diagnoses, 

different tumors often have diverse characteristics, and each individual tumor can often be 

heterogeneous, so that a single biomarker may have limited sensitivity or specificity during cancer 

diagnoses.   A multi-biomarker, multi-parametric approach may have greater potential to improve 

evaluations of cancer or anti-cancer treatments.  Simultaneous evaluations of tumor pHe and 

protease activity can provide a multi-parametric approach to characterizing the tumor 

microenvironment.  Furthermore, tumor acidosis promotes secretion of proteases such as cathepsin 

B into the extracellular microenvironment [14], and some proteases including cathepsin B have a 
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greater catalytic efficiency in acidic conditions [15], so that the detection of high protease activity 

while also detecting an acidic microenvironment is synergistic [16].   

 

3.1.2 A CEST AGENT THAT CAN DETECT pH AND ENZYME ACTIVITY SIMULTANEOUSLY 

 We sought to develop a MRI contrast agent that can simultaneously measure pH and detect 

protease activity, using a contrast mechanism known as Chemical Exchange Saturation Transfer 

(CEST) [17].  A common CEST agent has an aryl amide group (Figure 3.1a, shown in red).  

Selective radiofrequency saturation of the MR frequency of this aryl amide hydrogen causes the 

MR signal of this hydrogen to disappear (Figure 3.1a, top center).  Subsequent chemical exchange 

of this hydrogen atom with a hydrogen on water transfers the saturation to water, which lowers the 

MR signal from the water (Figure 3.1a, top right).  Standard MRI methods can then detect the MRI 

signal of the water to generate a CEST MR image.  CEST MRI has evolved from chemical tests 

to in vitro experiments, to pre-clinical in vivo imaging studies, and more recently to clinical 

translation and clinical imaging trials, demonstrating that CEST MRI has become robust research 

field [18]. 

 We have previously developed CEST agents that detect the catalytic activity of enzymes 

using a methodology known as catalyCEST MRI [19-31].  This method exploits the cleavage of 

an amide bond by a protease such as cathepsin B, which converts the aryl amide group to an aryl 

amine (Figure 3.1a, left side). This aryl amine cannot generate a detectable CEST effect, because 

the hydrogen atoms on the aryl amine exchange with water too quickly to allow for selective 

radiofrequency saturation.  This loss of the CEST effect from the aryl amide can be used to detect 

cathepsin B activity, especially if the agent has a second exchangeable proton that can be detected 

as a control signal.   
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Figure 3.1. Chemical Exchange Saturation Transfer (CEST) MRI.  a)  The CEST mechanism 

relies on the different MR signals (shown as Lorentzian line shapes) for an amide proton and water 

proton (shown as large H letters).  RF saturation applied at the MR frequency of the amide proton 

causes the MR signal from that proton to disappear.  Subsequent chemical exchange of the amide 

and water protons transfers the saturation to water, reducing the water MR signal.  The portion of 

the CEST agent in red is responsive to enzyme activity, because cleavage of the aryl amide bond 

causes the formation of an aryl amine (shown in red in the lower left), which does not generate a 

CEST effect.  For comparison, the portion of the agent in blue has a salicylic acid moiety with a 

proton that can exchange with water, and can therefore generate a CEST effect, which is 

unresponsive to enzyme activity and is responsive to pH. b) Experimental CEST MRI at pH 6.6 

and 7.0 before cleavage of the agent shows that the CEST signal at 9.2 ppm from the salicylic acid 

can generate a lower % water signal at higher pH.  In addition, the experimental CEST spectra at 

pH 7.0 before after cleavage with cathepsin B shows the loss of CEST signal at 5.0 pm from the 

amide, while the CEST signal at 9.2 ppm from the salicylic acid remains. 
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We designed our hybrid CEST agent to include a salicylic acid moiety (Figure 3.1a, shown in 

blue), which remains after cathepsin B-catalyzed cleavage of the aryl amide, and therefore can 

serve as a control signal.  For comparison, we and other investigators have developed enzyme-

responsive CEST agents that have only one enzyme-responsive CEST signal [32-42].  These other 

agents have not included a second, enzyme-unresponsive control signal, which has complicated 

translation to in vivo studies.   

We and other investigators have also previously developed CEST agents that measure pH 

using a methodology known as acidoCEST MRI [43-47].   For example, we have previously shown 

that the chemical exchange rate of a salicylic acid moiety is base-catalyzed and is therefore 

dependent on pH [29].  The amplitude of the CEST effect is dependent on the chemical exchange 

rate as well as the saturation power.  This dependence on saturation power can be taken into 

consideration by measuring the CEST signal at two saturation powers, and using a ratio involving 

these two CEST signals to determine pH [48-52].  Therefore, a salicylic acid moiety can potentially 

measure pH with a dual-power acidoCEST MRI method.  Our report describes the development 

of a hybrid CEST agent, and the evaluation of this agent during acidoCEST and catalyCEST MRI 

studies. 

 

3.2 MATERIALS AND METHOD 

 

3.2.1 MATERIALS 

 Dry solvents were purchased and used without further purification or drying treatment. 

Protected L-amino acids were used for this synthesis. ACS grade solvents for chromatography, 

NaHCO3, Na2SO4, and PBS buffer (pH 7) were purchased from Fisher Scientific (part of Thermo 

Fisher Scientific, Waltham, MA, USA). Dithiothreitol (DTT), 4-amino-2-hydroxybenzoic acid, 
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KOtBu, conc. HCl,  Pd/C,  Pd(OH)2/C, EDC.HCl, benzyl bromide, di-tert-butyl dicarbonate, and 

4M HCl in dioxane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous THF 

and DMF were purchased from Acros Organics (part of Thermo Fisher Scientific, Waltham, MA, 

USA).  Z-Phe-OH, HOBt.H2O, and NMM were purchased from Advanced Chem Tech (Louisville, 

KY, USA). Hydroxybenzotriazole (HOBt) was purchased from Anaspec, Inc. (Fremont, CA, 

USA).  HPLC grade acetonitrile was purchased from EMD Millipore, Inc. (Billerica, MA, USA). 

Boc-Arg(Z)2-OH was purchased from Chem Impex Intl., Inc. (Wood Dale, IL, USA). Cathepsin 

B enzyme was purchased from Bon-Opus Biosciences (Millburn, NJ, USA) 

 NMR spectroscopy was performed with a 600 MHz NMR spectrometer (Bruker Biospin, 

Corp., Billerica, MA, USA). A Luna C18 5 µm preparative column (Phenomenex, Torrance, CA, 

USA) with 21.2 × 250 mm dimensions was used for preparatory scale HPLC. LC-MS studies were 

conducted using a Waters AcquityTM UPLC-MS system with an Acquity UPLC® BEH C-18 1.7 

μm, column with dimensions of 2.1 mm × 50 mm, using UV detection between 200 and 400 nm 

with a 2996 PDA detector, and a TQ detector mass spectrometer with electrospray ionization 

(ESI).  
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3.2.2 CHEMICAL SYNTHESIS 

 

Scheme 3.1. Chemical synthesis of the hybrid CEST agent. (i)BnBr, KOtBu, DMF, 0° C to RT, 

overnight; (ii) Boc-Arg(Z)2OH, anhy. pyridine, Boc2O,dry THF, RT, overnight; (iii) 4 M HCl in 

dioxane, 0° C to RT, 15 min; (iv) Z-Phe-OH, HOBt.H2O, NMM, EDC.HCl, 0° C to RT; (v) Pd/C, 

Pd(OH2), MeOH:ethyl acetate (1:1), conc. HCl, H2, 10 h. 

 

3.2.2.1 SYNTHESIS OF COMPOUND 1 [53]  

 4-aminosalicylic acid (4.5 g, 29.3 mmol) and potassium tert-butoxide (3.62 g, 32.3 mmol) 

were dissolved in anhydrous DMF (20 mL) under argon at room temperature. The reaction mixture 

was cooled to 0 ºC with vigorous stirring. Then, benzyl bromide (3.8 mL, 32.3 mmol) in DMF (35 

mL) was added to the reaction mixture dropwise over 30 min. After stirring for 4 hours, a second 

portion of potassium tert-butoxide (3.62 g, 32.3 mmol) and benzyl bromide (3.8 mL, 32.3 mmol) 

in DMF (35 mL) were added at 0 ºC as described above. The reaction was allowed to stir for 16 h 

and was then quenched with an equal amount of water, extracted with ethyl acetate for three times. 

The organic layer was washed with water three times, then washed with brine three times and dried 

with anhydrous sodium sulfate. The solvent was removed with a rotary evaporator and purified by 

column chromatography using ethyl acetate: hexanes (10% to 40%) to obtain a white solid (yield: 

6.35 g, 65% ). 1H NMR (600 MHz, chloroform-d) δ 7.86 – 7.76 (m, 1H), 7.50 – 7.42 (m, 2H), 7.42 
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– 7.36 (m, 2H), 7.36 – 7.26 (m, 6H), 6.25 (dd, J = 6.5, 2.4 Hz, 2H), 5.30 (s, 2H), 5.12 (s, 2H), 4.00 

(s, 2H). 

 

3.2.2.2 SYNTHESIS OF COMPOUND 2  

 Boc­L­dibenzyloxycarbonyl arginine (6.6 g, 12.4 mmol) was dissolved in anhydrous THF 

(40 mL) under argon at room temperature. Anhydrous pyridine (1 mL, 12.4 mmol) was added, 

followed by addition of Boc­anhydride (2.7 g, 12.4 mmol). After stirring at room temperature for 

1 h, compound 1 (2.0 g, 6.2 mmol) was added to the reaction flask and then allowed to stir for 

another 16 h. The reaction mixture was diluted with ethyl acetate (100 mL) and washed with 

saturated sodium bicarbonate (15 mL) followed by 1 M hydrochloric acid (15 mL), water (15 mL), 

and brine (15 mL).  The organic layer was dried over anhydrous sodium sulfate, and the solvent 

was removed and purified by column chromatography using ethyl acetate and hexanes (2% to 

45%).  Compound 2 was obtained as a pale yellow solid (3.99 g, 75% yield). 1H NMR (600 MHz, 

Chloroform-d) δ 9.40 (d, J = 81.3 Hz, 2H), 8.71 (s, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.57 (s, 1H), 

7.48 – 7.18 (m, 20H), 6.51 (d, J = 8.7 Hz, 1H), 5.85 (s, 1H), 5.58 – 4.74 (m, 8H), 4.42 (s, 1H), 

4.10 – 3.81 (m, 2H), 1.83 (ddt, J = 22.5, 11.2, 6.7 Hz, 4H), 1.44 (s, 9H). The final compound was 

analyzed by LC-MS (RP C­18, 10­90% water: acetonitrile 0.1% formic acid, 0.5 mL/min), in 3 

min, Rt = 2.7 min) HRMS­ESI (m/z): [M+H]+ calc’d for [C48H51N5O10], 858.3714; found, 

858.7674.  

 

3.2.2.3 SYNTHESIS OF COMPOUND 3   

 4 M HCl in dioxane (7 mL, 28 mmol) was cooled to 0 ºC using an ice bath under argon.   

Compound 2 (1 g, 1.16 mmol) was added to the cooled reaction flask while stirring. Then the ice 

bath was removed and stirred at room temperature for 15 min. The solvent was removed with 
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rotary evaporation at 15 ºC. The residue was re-dissolved in ethyl acetate (40 mL).  The organic 

layer was washed with water (50 mL) and then washed with brine (50 mL), and dried over 

anhydrous sodium sulfate. The solvent was then removed under reduced pressure, the product was 

purified by column chromatography (0-7% methanol:dichloromethane), and the final residue was 

lyophilized to yield the dry compound 3 as a colorless solid (yield: 0.66 g, 75%). 1H NMR (600 

MHz, DMSO-d6) δ 10.68 (s, 1H), 9.15 (s, 2H), 8.31 (s, 2H), 7.79 (d, J = 8.3 Hz, 1H), 7.55 (s, 1H), 

7.49 – 7.21 (m, 20H), 5.36 – 4.96 (m, 8H), 3.99 – 3.77 (m, 3H), 1.74 (d, J = 81.7 Hz, 4H). The 

final compound was analyzed by LC-MS (RP C­18, 10­90% water: acetonitrile 0.1% formic acid, 

0.5 mL/min), in 3 min, Rt = 1.9 min)  HRMS­ESI (m/z): [M+H]+ calc’d for [C43H44N5O8], 

758.3190; found, 758.5768. 

 

3.2.2.4 SYNTHESIS OF COMPOUND 4   

 Compound 3 (0.15 g, 0.198 mmol) was dissolved in DMF (4 mL).  Z-Phe-OH (0.062 g, 

0.208 mmol) was added followed by the addition of HOBt.H2O (3 mg, 0.0198 mmol) and NMM 

(23 μL, 0.208 mmol). The reaction mixture was cooled to 0 ºC, EDC.HCl was added, and the ice 

bath was removed. The reaction was stirred at room temperature until all the starting material are 

gone (1 hr). Cold water (10 mL) was added to the reaction mixture, and a white suspension formed. 

The solution was diluted with ethyl acetate, the organic layer was intensively washed with water 

to remove the DMF, and then washed with brine. The organic layer was dried with anhydrous 

sodium sulfate, the solvent was removed under reduced pressure, and the product was purified 

column chromatography (20-40% ethyl acetate:hexanes) to obtain the final compound as a white 

powder (yield: 0.161 g, 78%). The final compound was analyzed by LC-MS (RP C­18, 10­90% 

water: acetonitrile 0.1% formic acid, 0.5 mL/min), in 3 min, Rt = 2.9 min)  HRMS­ESI (m/z): 

[M+H]+ calc’d for [C60H59N6O11], 1039.4242; found, 1039.9100.  
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3.2.2.5 SYNTHESIS OF COMPOUND 5  

  Methanol and ethyl acetate (1:1) (10 mL) were added to the mixture of compound 4 (0.10 

g, 0.096 mmol), with catalytic amounts of Pd/C (10% w/w) and Pd(OH)2 (10% w/w), and then one 

drop of concentrated HCl was added. The reaction flask was equipped with a balloon filled with 

H2. The reaction mixture was allowed to stir overnight under H2. Then the reaction mixture was 

passed through a celite pad and then the solvent was removed under reduced pressure.  The final 

product was purified by preparative HPLC (0-30% acetonitrile:water ( with 0.1% trifluoroacetic 

acid) and compound 5 was obtained as a white solid after lyophilization (0.037 g, 85%). The final 

compound was analyzed by LC-MS (RP C­18, 5­95% water: acetonitrile 0.1% formic acid, 0.5 

mL/min), in 5 min, Rt = 1 min). HRMS­ESI (m/z): [M+H]+ calc’d for [C22H29N6O5], 457.2199; 

found, 456.9262.   

 

3.2.3 ACIDOCEST MRI OF CHEMICAL SAMPLES  

 The substrate (compound 5) and product (4-aminosalicylic acid) were prepared at 20 mM 

concentration in 10 mM PBS. The pH was adjusted using a benchtop pH meter and very small 

volumes of HCl and NaOH that did not significantly affect agent concentrations (Mettler Toledo 

Seven compact S220 pH meter, Columbus, OH). Samples were placed in a customized holder 

(Figure 3.2a) that maintained the samples at 37.0 ± 0.2 °C. Our customized sample holder was 

filled with 2% agarose to reduce B1 and B0 inhomogeneities.  We incubated our samples and holder 

at the desired temperature for 4-18 hours prior to each MRI study.  We used warm air and an 

automated temperature feedback system to maintain temperature in the MRI magnet (SA 

Instruments, Stony Brook, NY).  We validated our sample temperatures by using the same holder 

to analyze samples of ethylene glycol, and using localized MR spectroscopy to validate 
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temperature, which is an ideal method for measuring the temperature of chemical solutions without 

disturbing the solutions in the MRI magnet [54]. 

 MRI studies were performed with a Bruker Biospec MRI scanner operating at 7 Tesla (T; 

300 MHz) magnetic field strength with a 72 mm volume transceiver coil (Bruker Biospin, 

Inc.,Billerica, MA).  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: 600 ms 

repetition time (TR); 8 ms echo time (TE); 180 excitation flip angle (FA); coronal image 

orientation; 64 × 64 matrix; 8 × 8 cm field-of-view (FOV); 1.25  × 1.25 mm in-plane spatial 

resolution; 1 mm slice thickness (SL); 40 slices; 1 average; 38 s total scan time.  

 To perform CEST MRI studies, we used a fast imaging with steady-state free precession 

(FISP) MRI protocol that was modified to perform CEST-FISP MR image acquisitions [55], with 

the following parameters: 4.59 ms TR; 2.295 ms TE; 30 FA; centric encoding; coronal image 

orientation; 256 × 256 matrix; 8 × 8 cm FOV; 0.3125 × 0.3125 mm in-plane spatial resolution; 

1 mm SL; 1 slice; and 1 average. We acquired CEST images with selective saturation applied at 

4 μT power for 5 s at saturation frequencies in 0.1 ppm increments from -13 ppm to 13 ppm, for a 

total scan time of 28.0 minutes. We also acquired CEST MR images at 1 μT power to evaluate the 

dual-power acidoCEST MRI method with our hybrid agent.  

 

3.2.4 CATALYCEST MRI OF CHEMICAL SAMPLES  

 CatalyCEST MRI was performed with substrate concentrations ranging from 10 mM to 40 

mM at pH 6.6, 6.8, 7.0 and 7.4. These samples were prepared in 10 mM PBS with a 200 μL volume, 

and the pH was measured using a benchtop pH meter (Mettler Toledo, Inc., Columbus, OH). The 

samples were then placed in our customized holder with agarose for high-throughput MRI studies 
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with good B1 and B0 homogeneities across the samples.  We maintained our samples at 37 ºC as 

described above. 

 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: 600 ms repetition time 

(TR); 8 ms echo time (TE); 180 excitation flip angle (FA); coronal image orientation; 64 × 64 

matrix; 8 × 8 cm field-of-view (FOV); 1.25  × 1.25 mm in-plane spatial resolution; 1 mm slice 

thickness (SL); 40 slices; 1 average; 38 s total scan time. The kinetics of the substrate cleavage by 

cathepsin B enzyme was studied using catalyCEST MRI [20] with the CEST-FISP MRI protocol 

that used the following parameters: 3.31 ms TR; 1.655 ms TE; 30 FA; centric encoding; coronal 

image orientation; 128 × 128 matrix; 8 × 8 cm FOV; 0.625 × 0.625 mm in-plane spatial resolution; 

2 mm slice thickness; 1 slice; and 1 average, using a saturation pulse of 4 μT and 5 s saturation 

time. Selective saturation was applied using a continuous wave pulse at 4 μT power for 5 s with 

58 frequencies ranging from 15 to -15 ppm. The time to acquire a CEST image at one saturation 

frequency was 5.454 s.  The time to acquire one set of 58 CEST images was 5:16 min.   

 One CEST spectrum was acquired before adding the enzyme.  We then added DTT (0.85 

μL, 4 mM) and cathepsin B enzyme (2.5 μL, 131 nM) to the samples.  We acquired a series of 60 

CEST MR image sets for 5.26 hours to monitor the enzyme kinetics. The initial rate of each 

reaction, also known as the initial velocity or vi, was determined from data acquired within the 

first hour of the reaction. A Lineweaver-Burk plot was used to determine the Michaelis constant, 

KM, and the reaction velocity, Vmax.  The catalytic turnover rate, kcat, was determined from Vmax 

and the initial enzyme concentration.  The catalytic efficiency, kcat/KM was also determined. In 

addition, a LB-concentration analysis method (also known as the Omega Plot method) was used 

to generate a calibration curve that relates CEST signal with concentration, which was required for 
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converting % CEST signals to substrate concentrations for Michaelis-Menten enzyme kinetics 

studies [56,57]. 

 

3.2.5 ANALYSIS OF CEST SPECTRA  

  Images were processed using ParaVision v5.1 (Bruker Biospin, Inc., Billerica, MA), and 

CEST MR image analyses were performed with Matlab 2018b (The MathWorks, Inc., Natick, 

MA). To measure CEST signal amplitudes from the substrate agent, each CEST spectrum from a 

region of interest (ROI) was analyzed by fitting the spectrum to a sum of four Lorentzian line 

shapes to account for three CEST signals (2.5, 5.0 and 9.2 ppm) and direct saturation of water [58].  

CEST signal amplitudes from the product were measured by fitting CEST spectra with a sum of 

two Lorentzian line shapes to account for one CEST signal (9.2 ppm) and direct saturation of water. 

The center, width, and amplitude of each Lorentzian line were allowed to change in order to obtain 

an optimal fit. 

 

3.2.6 LC-MS ENZYME KINETICS ASSAY  

 Michalis-Menton kinetics studies were performed using LC-MS in an attempt to validate 

catalyCEST results. The substrate was prepared at pH 6.6, 6.8, 7.0 and 7.4 in 200 μL, with substrate 

concentrations of 10, 15, 20, 30, and 40 mM for each pH value.  DTT (0.85 μL, 4 mM) and 

cathepsin B enzyme (2.5 μL, 131 nM) were added to each solution, and the solution was incubated 

at 37 °C. Then 1 μL aliquots were withdrawn every 6 minutes for LC-MS analysis (Solvent 

gradient: 0-15% acetonitrile: water with 0.1% formic acid, Waters AcquityTM UPLC-MS system 

with Acquity UPLC® BEH C-18 1.7 μm, 2.1 mm × 50 mm column).  We used an electrospray 

ionization (ESI) method to detect a dimer of the 4-amino salicylic acid product (m/z: 156 for the 

monomer, 312 for the dimer), and also to detect the substrate (m/z: 456).  Michaelis-Menten 
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kinetics were then analyzed using the same procedure described above, using the LC 

chromatogram to estimate concentrations of the substrate. 

 

3.3 RESULTS 

 

3.3.1 SYNTHESIS AND INITIAL CEST MRI CHARACTERIZATION  

 The hybrid CEST agent was synthesized in five steps with a 24% overall yield (Scheme 

3.1).  The final purified product was validated with mass spectrometry (Figure A12).  We 

performed CEST MRI studies that recorded the decrease in % water signal as a function of 

saturation frequency, known as a Z-spectrum (Figures 3.1, 3.2c-f).  The Z-spectrum showed that 

the agent had two CEST signals at 5.0 and 9.2 ppm, which were assigned to the aryl amide and 

salicylic acid moieties, respectively, based on results from similar CEST MRI agents [24-30].  The 

Z-spectrum also showed a CEST signal at 2.5 ppm that was assigned to the guanidinium group of 

the agent, which also matched results from similar CEST agents.  The CEST signal at 9.2 ppm was 

stronger in the spectrum recorded at higher pH 7.0 relative to lower pH 6.6, indicating that the 

CEST of salicylic acid is pH-dependent as expected.  After incubating the agent with cathepsin B, 

the CEST signal at 5.0 ppm disappeared, indicating that the protease had cleaved the amide bond 

to form an aryl amine in the product.  This product, 4-aminosalicylic acid, was further confirmed 

with mass spectrometry.  Therefore, the agent was also responsive to enzyme activity as well as 

pH, demonstrating that the design of our hybrid CEST agent was successful. 
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Figure 3.2. CatalyCEST MRI. (a) The samples were placed in a MRI-compatible sample holder 

filled with agarose to reduce B1 and B0 inhomogeneities.  (b) CEST MR images of the samples 

and holder showed excellent image homogeneity.  Samples were only placed in the central six 

columns of the holder, and tubes in the columns along the left and right edges contained only 

water.  Images were acquired with 4 T of saturation applied for 5 s with samples maintained at 

37 °C.  Selective saturation at 12.0, 9.2, 5.0, and 0 ppm produced images that showed relative 

differences in % water signal.  These % water signals were plotted relative to saturation frequency 

to generate Z-spectra that were acquired at (c) pH 6.6, (d) pH 6.8, (e) pH 7.0 and (f) pH 7.4, and 

before and after cleavage of the substrate agent with cathepsin B.  Z-spectra acquired before 

protease-catalyzed cleavage showed three signals at 2.5 pm, 5.0 ppm and 9.2 ppm.  Z-spectra 

spectra acquired after cleavage showed a decrease in CEST signal at 5.0 ppm, while the CEST 

signal at 9.2 ppm remained. 
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3.3.2 DUAL-POWER ACIDOCEST MRI STUDIES  

 We used a dual-power acidoCEST MRI approach to correlate pH with the CEST signal of 

the agent’s salicylic acid moiety at 9.2 ppm.  This approach records two Z-spectra at different 

saturation powers, then measures the CEST signal at each power, and calculates a ratio of the two 

CEST signals over a range of pH values (Figure 3.3a).  When measured with 4 T saturation 

power, this CEST signal at 9.2 ppm monotonically increased with increasing pH from 

approximately pH 6.4 to 7.2.  For comparison, using 1 T saturation power caused this measured 

CEST signal to be relatively constant.  The ratiometric evaluation of the CEST signals at each 

saturation power for this agent was linearly correlated with pH between 6.4 and 7.3 pH units 

(Figure 3.3c).  We measured similar CEST signals from the post-cleavage product at 1 and 4 T 

saturation powers (Figure 3.3b), which resulted in a ratio that was also linearly correlated with pH 

(Figure 3.3d).   

The slopes and y-intercepts of these linear correlations with pH were different for the pre-

cleaved substrate agent and the post-cleaved product, indicating that the amide bond cleavage 

affected the chemical exchange rate of the salicylic acid.  Therefore, the ratio of substrate agent 

and product must be known to use a weighted average of Figures 3.3c and 3.3d to measure pH.  

Fortunately, the initial enzyme-catalyzed cleavage of the substrate agent can be negligible, because 

enzyme concentration is very low relative to the high concentration of substrate agent that is used 

during CEST MRI studies.  Therefore, the CEST-pH calibration in Figure 3.3 can be used to 

initially measure pH with the substrate agent. 
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Figure 3.3.  Dual power acidoCEST MRI.  Selective saturation of the salicylic acid proton of the 

agent can generate % CEST signal for (a) the substrate and (b) the product with 1 T and 4 T 

saturation powers.  A log10 ratio using these CEST signals is linearly correlated with pH between 

pH 6.4-7.3 for (c) the substrate and (d) the product.  Samples were evaluated at 37 °C, with CEST 

performed with a 5 s saturation time using a 7T MRI instrument.  

 

3.3.3 ENZYME KINETICS STUDIES 

  We then performed Michaelis-Menten enzyme kinetics studies using a catalyCEST MRI 

approach.  Z-spectra were continuously acquired after adding cathepsin B to samples of substrate 

agent that ranged from 10 to 40 mM, and which ranged from pH 6.6 to 7.4 (Figure 3.4).  In a 

separate experiment, we correlated the concentration of the substrate agent with the agent’s CEST 

signal at 5.0 ppm using a LB-concentration analysis method (Figure 3.5).  This CEST-

concentration correlation was then used to convert the temporally disappearing CEST signal to a 

temporally decreasing concentration of substrate agent (Figure 3.6).   
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Figure 3.4.  Monitoring enzyme cleavage with catalyCEST MRI. The % CEST signal at 5.0 ppm was monitored during cleavage of the 

substrate agent with cathepsin B at pH 6.6, 6.8, 7.0 and 7.4 using initial substrate concentrations of 10, 15, 20, 30, and 40 mM.  CEST 

spectra were continuously acquired with 4 T of saturation applied for 5 s at 37 °C.   
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Figure 3.5. The dependence of % CEST on concentration of the agent.  The % CEST signal at 5.0 ppm of the substrate was analyzed at 

(a) pH 6.6, (b) pH 6.8, (c) pH 7.0, and (d) pH 7.4. The solid curved lines show the analysis of the CEST-concentration relationship with 

the LB-conc analysis method. 
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Figure 3.6.  Initial velocities of enzyme cleavage as measured with catalyCEST MRI. The results in Figure 3.4 were converted from % 

CEST signal at 5.0 ppm to substrate concentrations using the calibrations shown in Figure 3.5. As with Figure 3.4, the substrate agent 

was treated with cathepsin B at pH 6.6, 6.8, 7.0 and 7.4 using initial substrate concentrations of 10, 15, 20, 30, and 40 mM.  CEST 

spectra were continuously acquired with 4 T of saturation applied for 5 s at 37 °C.
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 The slope of this temporal decrease in substrate concentration was used to determine the 

initial rate (also known as initial velocity) of each reaction at different initial substrate 

concentrations and different pH values.  These initial rates were then used to construct Lineweaver-

Burke plots (Figure 3.7) that were used to measure Michaelis-Menten kinetics parameters at each 

pH condition (Table 3.1). 

  

 

Figure 3.7. Michaelis-Menten kinetics of cathepsin B for cleavage of the substrate agent with 

catalyCEST MRI.  Lineweaver–Burke plots were used to determine Michaelis–Menten kinetics 

parameters (a-d), at (a) pH 6.6, (b) pH 6.8, (c) pH 7.0, and (d) pH 7.4. 
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 We performed similar Michaelis-Menten enzyme kinetics studies using LC-MS to detect 

the conversion of the substrate agent to product (Figure 3.8).  We incubated cathepsin B with the 

same substrate concentrations and pH values used in our catalyCEST MRI studies.  The product 

was detected as a dimer during LC-MS evaluations.  The temporal decrease in substrate 

concentration (Figure 3.9) was used to determine the initial rate of each reaction (Figure 3.10), 

which was then used to construct Lineweaver Burke plots (Figure 3.11) that measured Michaelis-

Menten kinetics parameters at each pH condition (Table 3.1). 
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Figure 3.8.  LC-MS analysis of substrate cleavage by cathepsin B enzyme a) An example of a 

Michaelis-Menten kinetics study using LC-MS. Chromatograms were acquired at 0-68 minutes 

after adding cathepsin B to detect the remaining substrate agent (m/z = 456) and appearance of 

product (m/z dimer = 312, monomer = 156).  b) ESI mass spectra of substrate (left) and product 

dimer (right). This example used cathepsin B to cleave an initial concentration of 20 mM of 

substrate agent at pH 6.6.  
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Figure 3.9. Monitoring enzyme cleavage with LC-MS. The area of the substrate peak at different 

time point correlated with the concentration of the substrate. The area of the substrate peak in LC-

MS spectra (Figure 3.8) showed a decrease after adding 131 nM cathepsin B at four different pHs 

a) 6.6, b) 6.8 c) 7.0 and d) 7.4. The rate was determined by monitoring the change peak area after 

the addition of cathepsin B enzyme and corelating it to the substrate concentration. 
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Figure 3.10. Initial velocities of enzyme cleavage as measured with LC-MS. As with Figure 3.9, the substrate agent was treated with 

cathepsin B at pH 6.6, 6.8, 7.0 and 7.4 using initial substrate concentrations of 10, 15, 20, 30, and 40 mM at 37 °C.  
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Figure 3.11. Michaelis-Menten kinetics of cathepsin B for cleavage of the substrate agent with 

LC-MS.  Lineweaver–Burke plots were used to determine Michaelis–Menten kinetics parameters 

(A-D) at (a) pH 6.6, (b) pH 6.8, (c) pH 7.0, and (d) pH 7.4. 

 

Table 3.1 Michaelis-Menten kinetics parameters for cleavage of the substrate agent with 

cathepsin B, as measured with catalyCEST MRI and LC-MS. 

 

  
pH = 6.6 pH = 6.8 pH = 7.0 pH = 7.4 

CEST 

MRI 

LC-MS CEST 

MRI 

LC-MS CEST 

MRI 

LC-MS CEST 

MRI 

LC-MS 

Vmax (mM min-1) 0.540 0.807 0.573 1.776514 0.4755 1.4041 0.341 0.531 

KM (mM) 14.478 13.843 20.521 36.88 22.42 21.49 34.89 32.15 

kcat (min-1) 4122.48 105670.2 4374 13561.18 3630 10718.32 2605.7 3966.53 

kcat/KM  (min-1 mM-1) 284.74 445.47 213.15 367.69 161.9 498.63 74.67 123.36 
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 The values of the Michaelis constant, KM, were very similar when measured with 

catalyCEST MRI and LC-MS, at each pH value.  KM represents a dissociation constant between 

cathepsin B and the substrate agent, and therefore lower values of KM indicate higher binding 

affinity.  Our results with catalyCEST MRI and LC-MS both showed that cathepsin B has higher 

binding affinity at lower pH.  The values of the catalytic turnover rate, kcat, were lower when 

measured with catalyCEST MRI relative to LC-MS, for all pH values.  This difference suggests 

that quantitative evaluations of Michaelis-Menten enzyme kinetics with CEST MRI is subject to 

more imprecision, as expected because the detection of chemical entities with CEST MRI is an 

inherently insensitive method relative to LC-MS.  Therefore, catalyCEST MRI results should be 

considered to be semi-quantitative, indicating higher and lower levels of enzyme catalysis.  Yet, a 

semi-quantitative assessment can still provide useful diagnostic results.  For example, the results 

with catalyCEST MRI showed a higher catalytic turnover rate at lower pH, as also shown from 

the LC-MS studies.  The combination of the higher binding affinity and turnover rate at lower pH 

resulted in a higher kcat/KM catalytic efficiency measured at lower pH.  These studies demonstrated 

that the quantitative measurement of pH and the semi-quantitative assessment of cathepsin B 

protease activity are synergistic, as expected. 

 

3.4 DISCUSSION AND CONCLUSIONS 

 We have successfully developed an agent that can simultaneously measure pH and assess 

enzyme activity, by combining the designs of previous agents that have been developed for 

acidoCEST and catalyCEST MRI studies.  The CEST signal at 5.0 ppm in the Z-spectrum at 4 T 

saturation power can be used to semi-quantitatively monitor the substrate concentration, while the 

CEST signal at 9.2 ppm in the same Z-spectrum can be used to semi-quantitatively monitor the 

total concentration of the agent.  A low ratio of substrate-to-total concentration indicates high 
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cathepsin B activity that has converted substrate agent to product, while a high ratio indicates low 

protease activity that has not appreciably cleaved the substrate agent.  The CEST signal at 9.2 ppm 

in the Z-spectra acquired with 1 and 4 T saturation power can then be used to measure pH before 

a significant amount of the agent is cleaved by a protease.   

 The dual-power acidoCEST MRI approach for measuring pH was previously developed 

by Longo, Sun, Aime and colleagues when using a contrast agent with one pH-dependent CEST 

signal [48].  This dual-power approach has been used very effectively for in vivo preclinical [48-

50] and clinical imaging studies [51,52].  Our approach is similar to their previous approach, 

although we use a log10 of the CEST-based ratio for comparison with pH (Figure 3.3c,d because 

pH is a log10 measurement of proton concentration.  The log10-based ratio removes some inherent 

nonlinearity in this CEST-based calibration with pH.   

 As an alternative method, we and other investigators have developed a dual-signal 

acidoCEST MRI approach for measuring pH, where two pH-dependent signals on the same CEST 

agent are used to determine a similar CEST-based ratio [43-47,59-93].  The dual-signal acidoCEST 

MRI approach requires more complicated chemistry, because this method requires a contrast agent 

with two CEST signals, where both CEST signals are dependent on pH to different extents.  

However, the dual-signal acidoCEST MRI approach only requires CEST MRI acquisitions to 

generate a Z-spectrum at only one saturation power, which reduces total MRI scan time.  

Furthermore, the CEST signal produced with 1 T saturation power is low (Figure 3.3a,b), which 

may compromise the quantitative measurement of the CEST signals at this low power level.  For 

this reason, future studies should consider the development of a more complicated CEST agent 

that has two pH-dependent CEST signals and a third CEST signal that is dependent on enzyme 
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activity, so that the faster and more sensitive dual-signal acidoCEST MRI method can be used to 

simultaneously evaluate pH and protease activity. 

 A hybrid dual-signal, dual-power acidoCEST MRI approach has also been developed that 

employs the CEST signal at 5.6 ppm detected with 2 T saturation power and the CEST signal at 

4.2 ppm detected with 1 T saturation power [94].  This method reduces the direct saturation of 

water by using low saturation powers, which improves the analysis of the results.  Another clever 

approach, known as a dual-angle acidoCEST MRI method, acquires two sets of CEST images with 

180º and 360º flip angles during the CEST saturation period, respectively [95].  The 180º inversion 

generates more CEST signal than the 360º rotation in a pH-dependent manner.  However, both the 

hybrid dual-signal, dual-power and the dual-angle approach require the acquisition of two CEST 

MRI datasets, which lengthens total MRI scan time relative to the dual-signal approach, so that 

these alternative methods are less likely to be translated to clinical practice. 

 This study demonstrated the challenges of measuring Michaelis-Menten enzyme kinetics 

parameters with catalyCEST MRI.  We carefully performed our studies with a stable 37 ºC 

temperature because chemical kinetics rates are typically dependent on temperature.  We also 

carefully performed CEST MRI studies with a customized sample holder that minimized B0 and 

B1 in homogeneities, resulting in excellent image quality (Figure 3.2a,b).  We also accounted for 

the non-linear relationship between CEST signal and agent concentration by using the LB-

concentration analysis method (Figure 3.5), rather than assuming a (pseudo)linear relationship 

between CEST signal and concentration.  Despite these considerations, our measurements of the 

kcat catalytic turnover rate were lower with catalyCEST MRI relative to LC-MS analyses.  

 We have previously used the same catalyCEST MRI methodology to evaluate the kinetics 

of other enzymes, which resulted in the measurement of kcat rates that were accurate relative to 
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measurements with other methodologies [20,26,27].  However, the kcat rates of these other 

enzymes were relatively slow, allowing for slow, multi-hour kinetics studies with catalyCEST 

MRI.  The higher kcat rate of cathepsin B, as measured with LC-MS in our study, only allowed for 

catalyCEST MRI studies for less than one hour that resulted in a limited number of data points for 

our Lineweaver-Burke plots (Figure 3.11), which may have led to inaccurate kcat measurements.  

These results further emphasize that catalyCEST MRI should be used for semi-quantitative 

assessments of enzyme activities.  Semi-quantitative analyses can still provide value, as evidenced 

by our study that showed that cathepsin B has higher catalytic efficiency at lower pH. 
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4.1 SUMMARY OF CURRENT STUDIES WITH CEST MRI 

 We have developed diaCEST MRI probes to monitor tumor extracellular pH and enzyme 

activities. Using a polymeric agent, we improved the inherently low sensitivity associated with 

CEST MRI. We successfully demonstrated that diaCEST MRI can effectively measure tumor 

extracellular pH and detect enzyme activities. So, we need to explore the other aspects of diaCEST 

MRI to assess different biomarkers.  

 

4.2 IMPROVEMENTS TO CURRENT STUDIES 

4.2.1 pH POLYMER STUDY 

 Our research has shown that salicylic acid has limitations when measuring pH because the 

pH measurement is dependent on concentration. Thus, in the future, we need to evaluate the 

feasibility of concentration-independent pH measurements using polymeric agents that are 

synthesized from known agents. 5,6-dihydrouracil is a derivative of a nucleic acid base, uracil, and 

is also a known pH-responsive CEST agent [1]. The amide protons of 5,6-dihydrouracil are 

inequivalent and generate two CEST signals at 5.0 ppm and 2.67 ppm. These two signals can be 

used to obtain the concentration-independent ratiometric pH measurements. Thus, I propose to 

synthesize a 5,6-dihydrouracil-based polymeric agent (Scheme 4.1).  
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Scheme 4.1. The proposed synthesis of a 5,6-dihydrouracil-based polymeric agent 

 

 Moreover, a biopolymer consisting of hyaluronic acid is also a pH-sensitive polymer [2], 

and its CEST properties have also been reported [3]. The amide proton signals at two power levels 

could produce independent concentration measurements of pH.  

 

4.2.2 SIMULTANEOUS DETECTION OF pH AND ENZYME ACTIVITY STUDY 

 The catalyCEST agents that detect enzyme activities can be improved by making these 

agents more enzyme-specific. If there is a lack of specificity for a particular enzyme, then the 

substrate will be cleaved by other enzymes, resulting in an overestimation of the activity by the 

enzyme of interest. We used a Phe-Arg substrate for the detection of cathepsin B enzyme activity. 

However, a recent study [4] reported cathepsin B specific fluorogenic substrates using unnatural 

amino acids. Those substrates exhibit higher catalytic efficiency over substrates that contains the 

Phe-Arg sequence (Table 4.1). 
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Table 4.1. The catalytic efficiency for some synthetic fluorogenic substrates for the cathepsin B 

enzyme. 

Substrate kcat/KM (M
-1S-1) 

Ac-Cha-Leu-hSer(Bzl)-Arg-ACC 4,300,000 

Ac-Cha-Leu-Glu(Bzl)-Arg-ACC 3,100,000 

Cbz-Arg-Arg-AMC 165,000 

Cbz-Phe-Arg-AMC 400,000 

 

4.3 CEST MRI PROBES FOR TARGETED IMAGING OF TUMORS EXPRESSING 

FOLATE RECEPTORS.  

 Receptor targeted imaging is mostly conducted using fluorescence and radionuclide-based 

techniques such as PET [5]. However, radioactive probes exhibit safety concerns, whereas 

fluorescent probes have poor tissue penetration for clinical imaging. Therefore, it is crucial to 

investigate a non-radioactive imaging strategy with a higher penetration depth for targeted 

imaging. MRI has exhibited potential for receptor imaging using paramagnetic probes. However, 

renal toxicity is associated with metal-containing probes, makes these agents more elusive towards 

clinical translation [6,7]. Thus, non-metallic, non-toxic imaging probes are likely to become the 

future in targeted imaging. Recently reported dextran-based [8] and PAMAM-dendrimer based [9] 

imaging probes proved the feasibility of diaCEST MRI for receptor-targeted imaging.  

A common tumor enriched antigen, folate receptor (FR), is often vastly expressed [10].  

For instance, the level of FR type α expression could be as high as 2.8 million receptors per cancer 

cell. Thus, FR shows greater potential for use in CEST MRI. However, folic acid shows very low 

solubility in aqueous solution and cause problems during in vivo administration. This problem can 
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be avoided by adding a PEG linker between the target warhead and the imaging probe. We propose 

diaCEST imaging probes that are linked to the PEGylated folic acid. For instance, a well-known 

diaCEST probe, salicylic acid, may be conjugated to PEGylated folic acid (Figure 4.1). Water-

soluble PEGylated (MW-2000) folic acid is either commercially available or can be synthesized 

from a few steps. The proposed agent could be altered by conjugating other known diaCEST 

probes such as dextran and hyaluronic acid.  

 

Figure 4.1. The proposed diaCEST MRI probe for tumor targeted imaging. 

 

 As mentioned earlier, CEST is an inherently insensitive technique. Thus, a relatively higher 

number of exchangeable protons in the agent and as well as high receptor density in the cell are 

key considerations for CEST imaging to be used for targeted imaging. We need to assess the 

feasibility of folic acid conjugated to different CEST agents to be used as targeted agents.  So, we 

assume a 500×500 μm ×1 mm (1 mm slice thickness) voxel for small animal imaging. The volume 

of the voxel is 2.5×10-4 mL.  The diameter of a cell is approximately 3 μm and assuming a cell is 

spherical, the volume of a cell is 1.4 × 10-11 mL. We assume that 50% of the tumor volume is 

occupied by the intracellular volume.  The estimated number of cells in an MRI voxel is 

determined as: 

1.25×10-4 mL half voxel/ 1.4 × 10-11 mL cell volume = 9×106 cells ≈ 1×107 cells. 

Assuming all cells express 2.8 million folate receptors per cell, the total number of receptors is 2.8 

×1013 ((1×107 cells)× ( 2.8 ×106 receptors/cell)). 
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The molarity of receptors in the voxel is determined as: 

 [(2.8 × 1013 receptors) / (6.022×1023 molecules/mole)]/2.5×10-7 L = 186 μM 

 The detection threshold for CEST MRI is approximately 10 mM. According to the molarity 

of receptors in a voxel, an agent with one exchangeable proton is not sufficient to give detectable 

CEST contrast (Table 4.2-entry 1). To improve the sensitivity of the proposed salicylic acid 

conjugated agent for targeted imaging, salicylic acid and PEGylated folic acid can be conjugated 

to a PAMAM dendrimer. The dendrimer conjugated agent can increase the number of 

exchangeable groups attached to one dendrimer molecule, and thus improve the sensitivity of 

CEST imaging (Table 4.2-entry2).  

 A salicylic acid moiety could be conjugated to a PAMAM-NH2 dendrimer (Scheme 4.2) 

[9] and then, PEGylated folic acid could be conjugated to remaining amine terminals in the 

dendrimer (Scheme 4.3) [11]. 

 

Scheme 4.2. The proposed synthesis for the conjugation of a salicylic acid moiety to a PAMAM-

NH2 dendrimer. 
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Scheme 4.3. The proposed synthesis for conjugating of PEGylated folic acid to remaining amine 

terminals in a PAMAM-NH2 generation 5 dendrimer. 

 

Table 4.2 also shows other proposed folic acid conjugated agents with multiple exchangeable 

protons and their ability for use in targeted CEST MRI.  

Table 4.2 Feasibility of proposed agents for targeted imaging 

Agent Number of 

exchangeable 

protons per 

agent 

Exchangeable 

proton concentration 

in the voxel 

 

1 1 × 186 μM  

= 0.186 mM 

PAMAM G5-conjugated agent Available free 

NH2 terminals 

for the 

conjugation=128 

If 50% amines 

are conjugated 

with salicylic 

63 × 186 μM  

= 11 mM 



 

100 

 

 

acid, 

exchangeable 

protons per 

agent= 64 

Dextran-10kDa conjugated agent[8] 

 

 

3 hydroxyls in 

one unit and total 

159 

exchangeable 

protons per 

agent 

159 × 186 μM  

= 30 mM 

Hyaluronic acid conjugated agent [12] 

 

If we start with 

30,000-50,000 

Da hyaluronic 

acid, assuming 

average MW is 

40 kDa, total 

number of 

exchangeable 

amide proton is 

88. 

88 × 186 μM  

= 16 mM 
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4.4 DETECTION OF ELEVATED LEVELS OF IRON IONS (Fe2+) IN NEUROLOGICAL 

DISORDERS USING A RESPONSIVE CEST MRI PROBE. 

 Responsive CEST MRI probes have been used to detect many biomarkers such as enzyme 

activity [13], pH [14], metal ions [15], redox state [16], metabolites, and gene expression [17]. 

Iron plays a crucial role in the human body as the most abundant transition metal. However, iron 

metabolism irregularities can lead to several disease conditions such as anemia [18], cancer [19], 

and cardiovascular diseases [20]. Even though the biological function of iron is often involved 

with protein complexation, water soluble free Fe2+ can also be found in a reducing environment of 

the cell. It is also known that elevated levels of Fe2+ are present in neurological disorders such as 

Alzheimer’s disease. Free Fe2+ ions play crucial roles in cellular and physiological functions. 

However, the correlation between elevated iron ion levels with its biological function needs to be 

clarified more thoroughly. Therefore, it is important to find a tool to monitor the elevated levels 

of Fe2+ to understand the indeterminate biological role. Noninvasive imaging of free Fe2+ in the 

biological system gives a more accurate measurement. So, a responsive diaCEST MRI probe can 

effectively measure the elevated levels of Fe2+ ion the body. 

 Fe2+ mediates the specific cleavage of N-aryl-O-acylhydroxylamine to an amine. I propose 

to use this specific cleavage strategy that displays a highly selective and sensitive response toward 

Fe2+ over the other biologically available metal ions and species (Figure 4.2) [21].  

 

Figure 4.2. The proposed diaCEST responsive CEST MRI probe to detect Fe2+. 
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 In the presence of a Fe2+ ion, N-aryl-O-acylhydroxylamine converts to an amine. Aryl-O-

acylhydroxylamine is expected to have a slower chemical exchange rate compared with the amine. 

Therefore, we expect to see a CEST peak for aryl-O-acylhydroxylamine before cleavage, and a 

CEST peak should disappear after cleavage. The probe can be synthesized from commercially 

available 4-nitrosalicylic acid in 4 steps (Scheme 4.4). 

 

Scheme 4.4. The proposed scheme for synthesis of a CEST probe that can detect Fe2+. 

 

4.5 SALICYLIC ACID FUNCTIONALIZED C-DOTS AS A DIACEST MRI AGENT 

 The increasing attention of carbon dots for biomedical applications is often associated with 

their low toxicity, chemical inertness, surface functionalization ability, and good water solubility 

[22]. The feasibility of using carbon dots as diaCEST agents has been investigated recently using 

arginine as the source for the exchangeable protons of the CEST agent.[23]. However, the CEST 

signal of this agent is close to the water signal and overlaps with endogenous CEST contrast, which 

is problematic for in vivo imaging. Thus, carbon dots with exchangeable protons that resonate 

farther downfield evades the problems associated with the overlap with endogenous CEST contrast 

and closeness to the water resonance. I propose to functionalize the carbon dots with salicylic acid, 

which has exchangeable protons that resonate at 9.0 ppm (Scheme 4.5). Carbon dots can be 

functionalized with salicylic acid either directly or indirectly with acetylsalicylic acid followed by 
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hydrolysis of the methyl group. Salicylic acid functionalized carbon dots could be synthesized by 

a one-step microwave-assisted strategy through condensation of salicylic acid and hydrazine 

carbonization [24]. Considering the known low toxicity and good water solubility of C-dots [22], 

salicylic acid functionalized C-dots could be used to detect the tumor extracellular pH using the 

two power ratiometric CEST MRI method [25].  

 

Scheme 4.5. The proposed scheme for synthesis of salicylic acid functionalized carbon dots (SA-

Carbon dot). 

 

4.6 POSSIBLE CEST CONTRAST AGENTS AVAILABLE AS PHARMACEUTICAL 

PRODUCTS 

 Exogeneous CEST contrast agents are still under investigation for clinical use. So, it is 

important to explore clinically translatable CEST agents to transform CEST imaging from the 

bench to the bedside. I propose to explore pharmaceutical products currently available in the 

market to find possible CEST contrast agents. If we discover CEST agents from FDA approved 

pharmaceutical products, it is much easier to translate them into the clinic. Also, these compounds 

can be used as theranostic agents to diagnose and treat diseases at the same time. Njardarson and 

coworkers have published a poster called “Top 200 SMALL Molecule Drugs by Sales in 2018” 

[26]. Among the 200 small molecule drugs that are listed on the poster, I propose that the following 

small molecule drugs in Table 4.3 with exchangeable protons are possible CEST agents. Amide 

https://njardarson.lab.arizona.edu/sites/njardarson.lab.arizona.edu/files/Top%20200%20Small%20Molecule%20Pharmaceuticals%202018V4.pdf
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protons have a relatively slow exchange rate and exhibit good CEST contrast. Though the aliphatic 

OH signal shows up close to the water signal, it displays good contrast. Depending on the 

neighboring groups of the OH peak, the MR resonance of the OH signal can be further downfield 

and can be distinguished from the water signal. Thus, I have suggested molecules that mostly 

consist of amides and aliphatic alcohols as exchangeable protons.  However, the highest 

therapeutic dose of these drugs needs to be considered to for pre-clinical and clinical applications. 

 

Table 4.3. Possible pharmaceutical drugs that can be used as CEST agents. 

Formoterol 

 

Cabazitaxel   

 

Acetaminophen 

 

 

 

Ninlaro 

 

Goserelin 

 

Bortezomib   

 

 
 

 

 

Ertapenem 

 

Ivacaftor 

 

Daptomycin Dutasteride  

 

Acarbose Regorafenib 
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Vasopressin 

 

Cyclosporin A

 

Capecitabine 

 

 

Sorafenib   

 

Triptorelin 

 

Amphotericin B 

 

 

 Carboxymaltose 

 

  

 

Atazanavir 
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Figure A1. 1H NMR of 4-acetamido-2-hydroxybenzoic acid. 
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Figure A2. 13C NMR of 4-acetamido-2-hydroxybenzoic acid.
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Figure A3. 1H NMR of 4-acrylamidosalicylic acid. 
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Figure A4.  In vivo CEST MRI of a MDA-MB-231 tumor model following i.v. injection of 

iopamidol at a dose of 4.5 g/kg (n = 4). Anatomical images show the location of the tumor (first 

column). The parametric maps of % CEST signal amplitude at 5.0 ppm (second column) and 9.2 

ppm (third column) demonstrate good detection of both CEST effects. The pHe maps (fourth 

column) show colorful pixels where two significant CEST contrast were measured and converted 

to pHe values. 
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Figure A5. In vivo CEST MRI of a MDA-MB-231 tumor model following i.v. injection of 

monomer agent at a dose of 0.32 g/kg (n = 4). Anatomical images show the location of the tumor 

(first column). The parametric maps of % CEST signal amplitude at 5.0 ppm (second column) and 

9.2 ppm (third column) demonstrate good detection of both CEST effects. The pHe maps (fourth 

column) show colorful pixels where two significant CEST contrast were measured and converted 

to pHe values.  
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Figure A6. In vivo CEST MRI of a MDA-MB-231 tumor model following i.v. injection of 

polymer agent at a dose of 2.77 mg/kg. Anatomical images show the location of the tumor (first 

column). The parametric maps of % CEST signal amplitude at 5.0 ppm (second column) and 9.2 

ppm (third column) demonstrate good detection of both CEST effects. The pHe maps (fourth 

column) show colorful pixels where two significant CEST contrast were measured and converted 

to pHe values.  
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Figure A7. 1H NMR of compound 1. 
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Figure A8. 1H NMR of compound 2. 
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Figure A9. 1H NMR of compound 3. 
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Figure A10. LC-MS analysis of compound 1. a) UPLC trace, b) ESI chromatogram 

 

 

 
 

Figure A11. LC-MS analysis of compound 2. a) UPLC trace, b) ESI chromatogram 
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Figure A12. LC-MS analysis of compound 3. a) UPLC trace, b) ESI chromatogram 

 

 

 

 
 

Figure A13. LC-MS analysis of compound 4. a) UPLC trace, b) ESI chromatogram 
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Figure A14. LC-MS analysis of compound 5 (Cathepsin B substrate). a) UPLC trace, b) ESI 

chromatogram 
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