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Abstract 

MRI can benefit from an increase in the sensitivity of contrast agents. The CEST MRI 

technique in particular suffers from very poor sensitivity when using diamagnetic contrast agents. 

Polymerized CEST MRI contrast agents could increase the sensitivity per macromolecule over 

monomer contrast agents. The increase in sensitivity is related to the increase in number of 

contrast agents per polymer. A contrast agent with increased sensitivity can be used to image on 

the molecular level in vivo, where the concentration of targets is very low. A polymerized diaCEST 

contrast agent was synthesized by coupling a salicylic acid analogue to a poly (acrylic acid) 

backbone. The CEST effect of the coupled analogue was compared to its uncoupled form for 

different concentrations and pH values. A RL-QUEST method was used to calculate the exchange 

rate of the analogue for different pH values before and after coupling. The polymerized diaCEST 

agent was attempted to be loaded into DOPC and bis-SorbPC liposomes, and was also attempted 

to be targeted to folate receptors in a KB cell culture. These studies establish the foundation for 

translation of polymerized diaCEST contrast agents to additional in vitro and in vivo investigations. 
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1. Molecular Imaging of Folate Receptor 
1.1. The Importance of Molecular Imaging 

Over the last several decades, noninvasive medical imaging has become a commonplace 

tool used by scientists and physicians to monitor biological processes, and diagnose pathological 

tissues. In the case of MRI, its availability has increased drastically since it was first developed in 

the mid 1970’s. In 2012, 105 out of every 1000 residents in the USA had an MRI examination [1].  

However the majority of these scans and the resulting analysis is done at the anatomical level, 

where the diagnosis of disease happens through observing its’s effect on the size, shape, and 

location of diseased and normal tissues and organs. This means that the disease must have 

progressed far enough that it is beginning to have a regional effect at the macroscopic level. 

Drawbacks to this kind of analysis become more apparent when considering the imaging of 

tumors in vivo with MRI during treatment. The traditional use of MRI in the area of cancer 

detection or treatment has relegated the imaging to more of an assistive, qualitative role. An 

example of MRI in used in this fashion is following drug treatment, and before resection, when 

the tumor is scanned to determine if its size has decreased to determine if the treatment is 

successful. Post-operative scanning is required to determine if the tumor has regrown to an extent 

that it is once again remodeling the tissue environment.  

As can be imagined, waiting for a tumor to grow to a physical size that is observable with 

MRI, or waiting for changes in the tumor size to determine of treatment effectiveness, are not the 

most optimized ways to evaluate tumors. It would be preferable if MRI could be used for an 

analysis of changes in disease and tissue function earlier in the disease progression. The ability to 

image tumor tissue function with MRI is currently somewhat limited. Analysis of perfusion and 

flow into and out of a tumor, and associated evaluation of drug delivery, are current forms of 
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functional imaging that can begin to characterize the heterogeneity of tumors.  Research into 

molecular imaging is attempting to find new ways to fulfill this need. Molecular imaging is the 

imaging of the composition of molecules that are part of the cell and tissue microenvironment. 

This type of imaging has developed as a result of advances in imaging technology, and an 

increased understanding of the molecular level in the cells of the tumor microenvironment. It has 

been shown that the tumor microenvironment is often very heterogeneous in regards to 

molecular expression [2, 3]. To further optimize MRI for use in cancer evaluation and treatment, 

it becomes critical to be able to observe and characterize this molecular heterogeneity.  

 

1.1.1. Hallmarks of Cancer 

Being able to gather information about the molecular level via noninvasive in vivo imaging 

is a desirable improvement for all imaging modalities. It is also critical for improving the 

characterization and treatment of tumors, due to the cellular expression of molecules being the 

driving force of higher level tissue organization and function. Further understanding of cancer at 

the molecular level creates better imaging techniques that in turn give more information about 

how the molecular level applies to the broad variety of cancers observed in the human population. 

There is a shift in research and treatment that has accompanied this broader understanding of 

cancer. It can be summarized as moving from the search for a “magic bullet” cure to cancer, to a 

more multipronged approach that takes into account the heterogeneity that cancer displays, not 

only from one case to the next, but also within the tumor itself. The characteristics that are 

responsible for this variety can be grouped under cancer “hallmarks”. The most cited review that 

categorizes cancer hallmarks can be found in the seminal article by Douglas Hanahan and Robert 
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Weinberg [3]. Within their review, they describe 6 hallmarks that are distinct, yet intertwined, in 

enabling cancerous tissues to grow and thrive. 

1) Sustained proliferative signaling: cancerous tissues have deregulated the production and 

release of growth promoting signals. These signals are responsible for keeping healthy tissues 

at an overall homeostasis by balancing mitosis and cell death. 

2) Evading growth suppressors: cells have genes that express anti-growth signals in response to 

cell-to-cell contacts as found in tissues. The genes for these growth suppressors must either 

be damaged, or their signal repurposed for cancerous cells to avoid these control signals and 

proliferate. 

3) Activating invasion and metastasis: cancerous cells require a radical shift in their signaling and 

regulating pathways to invade and metastasize to other regions. These changes occur in the 

regulation pathways that define how cells adhere to each other and also to the ECM. There 

are also changes to the regulators that promote cell migration. 

4) Enabling replicative immortality: DNA in healthy cells have non coding end regions called 

telomeres. These are shortened with each successive division of the cell and serve to limit the 

ability of a cell to replicate indefinitely. For cancerous cells to replicate immortally they must 

circumvent this control mechanism. This is most commonly achieved by activation of the 

telomerase enzyme, which functions to add telomere units to the end of DNA. 

5) Inducing angiogenesis: the growth of cancerous cells into macroscopic tumors requires the 

formation of a vascular network. This allows for a supply of nutrients and removal of wastes 

from the tumor environment. Without this network, cancerous cells would be unable to 

maintain their proliferation. Angiogenesis is controlled by a balance between pro-growth and 

anti-growth signals, and cancerous tissues almost always display an imbalance in favor of pro-

growth signals. 
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6) Resisting cell death: cells are capable of undergoing apoptosis (programed cell death) in 

response to abnormal physiological stresses, abnormal signaling, and DNA damage. The 

regulators for apoptosis are found throughout the signaling pathways in a cell, and a 

cancerous cell must find ways to circumvent or deactivate these regulators to proliferate. 

This brief overview of classic cancer hallmarks clearly shows that molecular level signaling 

and regulation are involved in every aspect of the formation and growth of a tumor. 

 

1.1.2. Molecular Imaging and the Cancer Healthcare Pipeline 

Molecular imaging benefits the cancer healthcare pipeline in many ways.  

1) Improving from a macroscopic, anatomical field of view to a molecular level can result in 

earlier diagnosis of tumors. Earlier detection and treatment of cancer results in greatly 

improved patient survival rates for almost all types of cancer [4].  

2) A clearer view of the boundaries of a tumor provided by molecular imaging allows for 

more accurate resection. Minimizing the loss of the surrounding healthy tissue improves 

the recovery time of affected organs. 

3) Knowing if a tumor is currently malignant, benign, or benign and likely to become 

malignant in the future makes molecular imaging a valuable tool for prognosticating. 

From an anatomical level of imaging it is difficult to differentiate between malignant and 

benign tumors, which results in a “better safe than sorry” approach to treatment, where 

resection is the first response and a tumor is only retrospectively found to be benign. 

Analysis on a molecular level can prevent unnecessary surgery.  

4) In the case of malignant tumors, molecular imaging can predict the outcome of therapy. 

Since many types of therapy become ineffective under certain physiological conditions, 
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the ability to gather information about the tumoral microenvironment is important. It 

can result in less time and cost spent on ineffective therapies.  

5) Molecular imaging is a critical modality for obtaining time-sensitive information about 

cancers response to treatment and for improving survival. 

As can be seen from these examples, improved molecular imaging can affect many 

aspects of the cancer healthcare pipeline. These improvements share a common theme of earlier 

detection or analysis. The time critical nature of obtaining information about cancer, and the 

resulting benefits that it gives to survival, makes imaging at the molecular level a critical modality 

to develop. 

 

1.2. Targets of Molecular Imaging in Cancer 

It is important to know the targets of molecular imaging in vivo. Underlying all the 

hallmarks of cancer are “signal”, and “regulator” molecules at work. Importantly, the cancer 

hallmarks also describe how these molecules create effects in the macroscopic tissues. A wide 

variety of intra and extracellular biomarkers can serve as targets for molecular MRI to give 

information about the tumor environment. In molecular imaging, analysis of how molecular 

targets vary over an area is one type of information that can distinguish between healthy and 

cancerous tissue. An overview about the types of biomarkers for molecular imaging in cancer is 

useful for connecting the cancer hallmarks, and their effects on the tumor environment, to create 

improvements in the cancer healthcare pipeline. 
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1.2.1. Extracellular Targets 

The hallmark of cancer described by inducing angiogenesis results in a tumor 

microenvironment that can be monitored by molecular imaging. This is due to the nature of the 

angiogenesis found in tumors. Instead of proceeding in an ordered way that coincides with the 

development of the tumor tissue, angiogenesis often lags behind and is developed haphazardly. 

This results in the observance of inefficient, leaky, irregular vascularization of tumor tissues that 

create an irregular distribution of biomarkers which distinguishes a tumor from surrounding 

healthy tissue in MRI [5-7].  

The measurement and comparison of pH is a useful intra and extracellular molecular 

target that can distinguish a tumor and the surrounding tissue [8].  This is a result of the 

acidification of cancerous tissues due to the increase of lactic acid concentrations in the tumor 

[9]. Measuring pH can positively affect the cancer healthcare pipeline by identifying irregular pH 

in tissue that results from changes in the energy needs of a cancer cell [7]. It also helps predict 

the efficacy of pH dependent drugs that would be rendered ineffective by changes in pH [10]. A 

change in pH is also a way to detect the early response of a tumor to therapy by using lactic acid 

production as a biomarker of general cell metabolism [11].   

Metabolites are another class of molecular imaging targets that also benefit from the 

inefficient vascularization of tumors. They can become over or under abundant in the extracellular 

microenvironment due to the changed energetic profile of a tumor [12]. For example, oxygen 

levels can vary in a tumor resulting in large hypoxic regions that can make this simple molecule a 

target for molecular imaging [7, 13]. Using metabolites as a molecular imaging target offers similar 

advantages as pH to the cancer healthcare pipeline, where cancerous regions can be identified 
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earlier and with better sensitivity, the response of certain therapies that target specific cellular 

energetics can be predicted, and earlier response to treatments can be seen. 

 

1.2.2. Intracellular Targets 

As stated previously, the presence and activity of signals and regulators underlie all of the 

cancer hallmarks. Many of the signals and regulators have their origin in gene expression at the 

molecular level. Indeed, cancer can be considered as a disease that has its root in damaged DNA. 

The issue with imaging genetic material directly in vivo comes from its low concentration relative 

to the entirety of a tumor. Molecular imaging of genes with MRI has been demonstrated ex vivo 

after using DNA amplification methods [14, 15]. But there remains many challenges to overcome 

for the imaging of genetic material directly in vivo. In the healthcare pipeline, the ability to directly 

image the genetic material in vivo would allow for the earliest possible detection of cancerous 

cells, and the greatest amount of detail in monitoring the disease through all stages of diagnosis 

and treatment. For the time being though, noninvasive in vivo molecular imaging of genes isn’t 

viable in MRI. 

The genetic expression of DNA has more immediate promise for noninvasive molecular 

imaging with MRI. Genomics and proteomics studies how the genetic code is converted into 

proteins that perform roles in all aspects of the life and fate of cells. The identification of proteins 

arising from gene expression can elucidate the underlying errors with the genetic code itself [16, 

17].  A more in depth review of the research that helped to create the hallmarks of cancer would 

only show in greater detail how each hallmark arises from a defective protein that is expressed 

by a cell’s genetic material [3].  
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Enzymes are a class of proteins that can be detected by molecular imaging. They are 

responsible for modulating the rate of reactions in a cell and the extracellular environment. They 

are synthesized by gene expression and some can be modified by signaling and regulatory 

pathways that change their rate of catalysis. Proper enzyme function is critical for maintaining the 

cells’ homeostasis. A clear example of this is the cancer hallmark that involves improper function 

of the telomerase enzyme, or the metastasis of tumors that relies on protease enzymes degrading 

restrictive extracellular matrix materials.  

The ability to image enzyme activity can provide critical information about a tumor. 

Substrate substituted molecular imaging involves substitution of an enzymes’ substrate for one 

with specific imaging properties that change as the substrate is modified by the enzyme. The 

presence of an enzyme can be determined by measuring changes in signal of the substrate versus 

time. An example of this paradigm is when the urokinase plasminogen activator cleaves the amide 

bond of the peptide ligand in a  contrast agent [18]. In terms of the cancer healthcare pipeline, 

some enzymes have been shown to interact with anticancer therapies [19] meaning that gene 

expression of enzymes in a tumor should be taken in consideration when choosing an appropriate 

therapy. Substrate substitution can also provide information about the response to therapy in 

instances where genetic damage results in a modified enzyme that functions incorrectly and 

upsets cell homeostasis.  

The molecular imaging of substituted substrates can be reversed and applied to the 

enzymes themselves. In these instances a modified enzyme is introduced to the tumor 

environment. Whereas substrate substitution can give information about the function and 

presence of enzymes, enzyme substitution can provide information about the presence and 

function of regulating and signaling molecules which affect the enzyme activity [20]. In regards to 

the healthcare pipeline, the benefits lie in being able to identify if the cancer therapy needs to 
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focus on a genetic defect in the gene expressing the enzyme, or in genes responsible for a signaling 

or regulatory cascade further upstream. This can result in different cancer therapies being chosen, 

as well as earlier detection of response to therapy. 

Receptors are another group of gene expressed proteins that have great potential for 

molecular imaging. They are prevalent throughout the cellular environment and function by 

coupling with a signal molecule to create a response. G coupled protein receptors exist on the cell 

membrane and initiate intracellular signaling cascades in response to external signals. The SNARE 

proteins on the inner cell membrane initiate fusion of vesicles with the cell membrane, releasing 

extracellular signaling molecules that in turn can bind to receptors of neighboring cells. Receptors 

can also serve as intermediaries in intracellular signaling cascades for steroidal hormones such as 

estrogen which has its termination at estrogen receptors in the nucleus. From these examples, it 

can be seen that receptors play an important role in intra and extracellular communication.  

When considering the hallmarks of cancer it is apparent that receptors play a role in every 

cancer hallmark. Furthermore, receptors can be shown to be influenced by every target of 

molecular imaging that has been described so far. Higher concentrations of receptors in a tissue 

can be indicative of gene overexpression [21, 22], enzyme activity or overexpression [23, 24], 

irregular metabolic functions [25, 26], and abnormal pH [27]. Receptor imaging can improve the 

cancer healthcare pipeline by allowing earlier identification of tissue that is expressing irregular 

receptor concentrations which can in turn indicate abnormal cell energetics, enzyme activity, or 

gene expression associated with cancer. Imaging receptors can also provide earlier information 

about the potential pathways and cell responses that therapy can exploit or circumvent to 

improve delivery, and identify the methods of cellular communication causing irregular cell 

behavior.  
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In summary, there are many targets of molecular imaging that can give information about 

the tumor microenvironment. Imaging of these biomarkers allows MRI to better characterize the 

heterogeneous environment found within a tumor. It also helps provide more quantitative 

information about disease progression and response to intervention. Whereas traditional 

molecular imaging has been limited to post resection and ex vivo techniques, improvements to 

noninvasive imaging techniques and greater knowledge about the molecules of interest involved 

in the cancer hallmarks creates the opportunity for the development of novel, noninvasive 

molecular imaging methods in MRI. 

 

1.3 Use of Folate Receptor in Molecular Imaging 

As discussed in the previous section, receptors are an ubiquitous category of protein 

found throughout the cellular environment. Receptor expression on the extracellular side of the 

cell membrane distinguishes receptors from other types of biomarkers. Other forms of 

extracellular molecular imaging use biomarkers that are not directly associated with the cell 

membrane which can limit the ability to image them on the cellular level. Molecular imaging can 

target extracellular membrane receptors with oversized molecules that only need to be able to 

diffuse into the extracellular space instead being internalized by the cell. This is made easier by 

the typically leaky nature of tumor vasculature. This arises due incomplete maturation of the 

endothelial layer during angiogenesis which results in a fenestrated endothelial layer. Since 

receptors are a result of gene expression within the cell, the prevalence of membrane receptors 

can still provide a useful yet somewhat limited insight into the genetic expression and internal 

environment of a cancerous cell. Errors in tumor DNA that result in over or under expression of 

certain cell receptors, compared to healthy tissue, also contribute to the hallmarks of cancer, such 
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as evading growth suppressors, or activating invasion and metastasis. Comparison of differences 

in the concentration of these receptors is a valuable tool for identifying between tumors and 

healthy tissue [28-30].  

The folate receptor exemplifies the usefulness of receptors as a target for molecular 

imaging. It is located on the extracellular side of the plasma membrane and is capable of being 

expressed in all cells. It is responsible for binding and internalizing folic acid derivatives into the 

intracellular space. The folate receptor is attached to the cell membrane by a GPI anchor, and 

binding of folic acid or folic acid derivatives initiates a signal cascade that ultimately causes 

endocytosis of the receptor and bound molecule. Research has shown addition of folate to a drug 

or contrast agent can increase their localization at a folate receptor expressing cell, making it an 

ideal candidate for a variety of targeted delivery methods [31, 32]. 

The folate receptor is a useful target of molecular imaging of cancer due to its common 

overexpression in a variety of cancers, such as ovarian [33] and brain cancers [34]. This 

overexpression is a result of the increased nucleotide synthesis required in rapidly dividing cancer 

cells [35].  The active portion of the folate receptor is formed by a deep pocket that contains 

residues specific to the active end of folic acid [36]. Furthermore, the inactive end of folic acid 

contains a carboxylic group that is easily coupled with amine containing molecules [37]. This 

makes folate an ideal targeting molecule for molecular imaging of cancer. 
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2. Polymeric CEST MRI Contrast Agents 
2.1. A Brief Introduction to MRI 

An MR image is generated from the effect that magnetic fields and radiofrequencies have 

on a signal that arises from the protons found in H2O. Considering that approximately 70% of the 

human body is composed of water, MRI is especially useful for imaging the in vivo environment. 

A proton has fundamental properties of spin and charge that results in a magnetic moment 

created perpendicular to its direction of spin. This magnetic moment will orient parallel to an 

externally applied magnetic field. While not detectable individually, a large number of individual 

protons placed in an external magnetic field can cumulatively create a net moment that is 

detectable with MRI. The term proton pool is used when describing all the individual protons that 

contribute to the net magnetic moment. The ability to manipulate this net moment with 

radiofrequency pulses creates the signal that MRI eventually records. A proper radiofrequency 

pulse that is applied perpendicularly to the net magnetic moment of a proton pool is able to “tip 

over”, or irradiate the net magnetic moment. The net magnetic moment is no longer parallel to 

the external magnetic field and begins to precess around the direction of the external magnetic 

field. The precession of a proton pools’ net magnetic moment generates the signal that MRI 

detects.  

Different characteristics of the precession signal give a variety of information about a 

proton pool’s spatial location and surrounding environment. The rate of precession is dependent 

on the strength of the external magnetic field. A MRI scanner uses an external magnetic field 

shaped into a gradient to determine the spatial location of a signal based on the rate and phase 

of precession. Once the location of signals are determined, the MR image can be constructed 

where each pixel of the image represents the signal of the proton pool within the pixel area. 
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Differences between the intensity of proton pool signals is what creates the image contrast 

between different tissues. Differences in signal intensity comes from the amount of irradiated 

protons per proton pool, or the rates at which the precession signal changes following irradiation. 

The signal from precession will decay over time as the net magnetic moment returns to 

equilibrium with the external magnetic field. This decay is called relaxation and occurs through 

spin-lattice and spin-spin interactions. Spin-lattice relaxation of the precession signal 

characterizes the rate at which its component parallel to the external magnetic field is recovered 

following irradiation. It is due to the stimulated transfer of energy from irradiated protons to their 

surroundings and results in their magnetic moments re-aligning with the external magnetic field. 

Spin-spin relaxation of the precession signal characterizes the rate at which its net component 

perpendicular to the external magnetic field is lost following irradiation. It is due to the interaction 

between the spins of individual protons in a pool that causes them to de-phase from each other. 

This causes the perpendicular component of the net magnetization to decrease over time. These 

relaxation rates can be used to give additional contrast between features that would otherwise 

be indistinguishable, such as tumors that have different spin-lattice and spin-spin relaxation rates 

relative to normal tissues [38]. 

There are inherent benefits to MRI compared to other imaging modalities. The 

radiofrequencies used to irradiate the protons and detect the precession signal are not capable 

of creating reactive molecular species that can damage DNA. This does not mean that the 

radiofrequency pulse isn’t capable of interaction with the tissue though. The radiofrequency pulse 

is capable of spinning the magnetization of the protons rapidly enough so that they could heat 

tissues. However the power required to do this is well beyond the maximum allowed in clinical 

imaging. The only major limitation to the duration of exposure to MRI is how long a patient can 

lay immobile. 
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2.2. CEST MRI 

A new technique for MRI uses molecules that display Chemical Exchange Saturation 

Transfer (CEST). These molecules’ ability to generate contrast was first demonstrated by Balaban 

in 2000 [39]. Since then, CEST MRI has grown as an area of research that seeks to improve the 

capabilities of MRI to provide contrast in vivo. It uses the traditional MRI scan as described in the 

previous section, but with the addition of a saturation period to generate chemical exchange 

saturation transfer. 

1. Chemical Exchange  

The first component of CEST is based on the phenomenon where some protons on different 

molecules are able to chemically exchange with one another. Protons that can transition from 

associating with one molecule to another are termed “labile protons”. In CEST MRI labile 

protons can come from two sources. The first source is protons that are part of the chemical 

structure of a molecule, such as in amides or acids in aqueous solution. These labile protons 

are able to swap with one of the protons in a water molecule in the surrounding bulk water. 

The second type of labile proton is from solvent water molecules that are directly bound to 

the solute molecule. These water molecules form a lattice network, or cage, around the 

molecule in order to maximize the entropy of the system. They are capable of swapping places 

with other water molecules in the surrounding bulk water. Both of the two cases result in a 

dynamic system where protons are constantly shifting between molecules in an aqueous 

environment. The chemical exchange rates can vary depending on many environmental 

variables such as temperature, pH, electronegativity of substituents, and hydrogen bonding 

within the molecule [40]. 

2. Saturation Transfer 
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The second component of CEST is based on the selective irradiation of the specific MR 

frequency of a proton. The MR frequency of a proton can vary based on the degree of 

shielding provided by its electron cloud. The electron cloud is negatively charged and balances 

against the positive charge of the proton. In a molecule, neighboring atoms with higher 

electronegativity than hydrogen will pull the electrons towards themselves. This deshielding 

will increase the spin of protons in response to an external magnetic field and  is responsible 

for the separation of peaks found in Fourier transformed 1H NMR spectra. The ppm values in 

NMR are a normalized measurement of the MR frequencies detected for different irradiated 

protons. Modification of the typical radiofrequency pulse used in MRI can take advantage of 

the different precession rates. In traditional MRI, the radiofrequency pulse has a bandwidth 

between 50,000, to 100,000 Hz, which ensures that all of the protons in a water pool are being 

irradiated. However, CEST saturation uses a much smaller bandwidth, often between 30 to 

300 Hz [41]. The resulting radiofrequency pulse irradiates only magnetization of protons with 

a MR frequency in this narrow band without also irradiating the magnetization of bulk water. 

The irradiation state of a proton is an intrinsic property of the proton. Thus, when protons are 

chemically exchanged their irradiation is also transferred with them to the new molecule. The 

loss of precession signal coherence of the labile proton pool during irradiation is termed 

saturation. Therefore saturation transfer is the replacement of all the irradiated labile protons 

on the solute with new protons from the bulk water. A multi-second saturation pulse will also 

irradiate the new protons which can also exchange with the water which increases the total 

saturation transferred to the bulk water. 

When we combine these two aspects of CEST, we can begin to realize how CEST MRI 

generates contrast. In an aqueous solution, the labile protons of a CEST MRI contrast agent are 

selectively saturated with a narrow bandwidth radiofrequency pulse, and the saturation is 
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transferred with the protons through chemical exchange with the bulk water. This saturation 

transfer to protons in the bulk water decreases the size of the proton pool that is parallel to the 

external magnetic field. After the CEST saturation pulse has been applied, a standard MRI scan 

using the regular, broad, radiofrequency pulse is used. However, because the tipping of protons 

depends on a radiofrequency signal being applied perpendicular to their magnetic moment, the 

saturated protons of the pool are not irradiated. This results in a smaller net precession signal 

being detected for the proton pool of the bulk water following CEST, as compared to the 

precession signal of the same proton pool in traditional MRI.  

Results of a CEST scan are recorded as the “CEST spectrum”, which is composed of the 

signal generated by the proton pool of water as the saturation frequency is iterated. The range of 

saturation frequencies used varies depending on the frequency required to irradiate the labile 

proton of the contrast agent. The change in water signal from the exchange of the labile proton 

of the contrast agent appears as a decrease in the signal intensity of water when the irradiation 

frequency is equal to the MR frequency of the labile proton. Every CEST spectrum will display dips 

in the recorded signal at the frequencies of the labile protons, and an additional large dip due to 

the saturation frequency irradiating water directly (direct saturation of water protons results in 

no net moment of magnetization for the MRI radiofrequency pulse to “tip over” during the signal 

acquisition, hence no signal generated). The decrease of the water signal at the frequency of labile 

protons is termed the “CEST effect” and is normalized by dividing the decreased water signal by 

the maximum water signal acquired when the saturation pulse is not irradiating either the labile 

proton or bulk water. An example of a CEST spectra generated by CEST MRI for a single bulk water 

proton pool can be seen in Fig. 1. 
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2.3. CEST MRI Contrast Agents 

Traditional MRI contrast agents modify the rate of spin-lattice relaxation, or spin-spin 

relaxation by taking advantage of the paramagnetic properties of some metals.  Lanthanide 

metals, such as gadolinium, possess a high number of unpaired electrons that create localized 

magnetic fields when placed into an external magnetic field. The size of the field arising from the 

metal is proportional to the strength of the external MR magnetic field and can change the 

relaxation rate of nearby protons. This makes paramagnetic contrast agents very sensitive for in 

vivo imaging, due to their ability to affect a large number of protons in the bulk water pool per 

paramagnetic molecule. There are toxicity issues with these lanthanide based paramagnetic 

contrast agents that can result in nephrogenic systemic fibrosis for patients with impaired renal 

Fig. 1: CEST spectrum displaying the normalized water signal 

collected over a range of saturation frequencies. Note that the ppm 

values are given relative to MR frequency of water. In this example, 

the presence of peaks at 9 and 5 ppm indicates that there are two 

labile protons on the contrast agent. 
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functions [42, 43]. Gadolinium based contrast agents can activate circulating fibrocytes 

responsible for producing collagen. This can result in overproduction of collagen and resulting skin 

induration and joint contracture in extremities. The advantages of using lanthanide based 

paramagnetic contrast agents must always be balanced against their toxic nature in patients with 

impaired renal function. 

There are constraints to CEST MRI contrast agents that prevent any molecule with a labile 

proton from being able to generate a CEST effect. Most importantly, the chemical exchange rate 

must be less than the difference between the MR frequencies of the labile proton and that of 

water [44]. This is due to the observed phenomenon of MR coalescence, where a fast exchange 

rate prevents the sufficient irradiation of labile protons. Fourier analysis of the MR signal is unable 

to resolve the two frequencies in the bulk water signal. This has led to the search for CEST MRI 

contrast agents that contain labile protons with sufficiently slow exchange rates [40, 45, 46]. 

Whereas traditional MRI contrast agents rely on paramagnetic materials, CEST MRI 

contrast agents are able to use both paramagnetic and diamagnetic materials. The incorporation 

of CEST contrast agents that contain paramagnetic metal results in contrast agents with the 

highest sensitivity. The magnetic field that is created by the lanthanide metal changes the 

saturation frequency of water molecules that are coordinated in the surrounding lattice network. 

For example, protons on water that are in the primary solvation shell of chelated gadolinium have 

a chemical shift of 50 ppm downfield of water [47]. This allows “paraCEST” contrast agents to 

have very high exchange rates and can create a much larger CEST effect. However they still have 

the same issues of toxicity as previously described for traditional paramagnetic MRI contrast 

agents.  
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Compared to paraCEST contrast agents, diamagnetic CEST (a.k.a. diaCEST) contrast agents 

do not create a magnetic field when placed in an external magnetic field. The solvation shell 

therefore does not play a role in generating CEST, compared to paraCEST contrast agents. The 

chemical shift of diaCEST contrast agent labile protons are much lower than paraCEST agents and 

requires much lower exchange rates of the labile proton. These two points lessen the sensitivity 

of diaCEST contrast agents. However they also are much less toxic as a result of not requiring 

exotic metals in their structure. Many types of diaCEST contrast agents have been discovered, 

where the exchange rate of typical hydroxyl or amide groups serve as the labile proton. 

Endogenous agents have been described that make use of amide and hydroxyl groups found in 

proteins [48], creatine [49], glucose [50], and glutamate [51].  They can also be materials or drugs 

that have already been approved by the FDA for other uses. For example, iopromide and 

iopamidol are used as a CT contrast agents, and salicylic acid is one of the key active ingredients 

of aspirin [52, 53]. Examples of other diaCEST agents include barbituric acid [54] and anthranilic 

acid [55]. As such, diaCEST MRI contrast agents warrant further investigation and development. 

 

2.4. Increasing the Sensitivity of diaCEST MRI Contrast 
Agents 

The need for improved diaCEST contrast agent sensitivity becomes more apparent during 

in vivo applications. For example, the high density of proteins and other complex molecules in 

vivo with labile protons close to the frequency of water can cause through space magnetization 

transfer as well as an endogenous CEST effect. This can overlap with diaCEST labile protons that 

were easily distinguishable in vitro such as glucose [56] or iopromide [57]. These issues with in 

vivo studies can be overcome by higher concentrations of the diaCEST contrast agent in the region 
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of interest (ROI). The most straightforward method to increase concentration in a ROI is to 

increase the dosage of a contrast agent. However this relies on raising the concentration of a 

circulating contrast agent in the vasculature to a point that creates potential toxicity issues for 

tissues and organs that are responsible for filtering the circulatory system [55, 58]. To increase 

the concentration in the ROI without increasing the dose requires delivery methods that can 

localize a greater fraction of the contrast agent at the desired area. 

Incorporating contrast agents into nanoparticles is a way to increase contrast agent 

localization. Instead of individually localizing contrast agent molecules to a region, it is an 

improvement to localize a few nanoparticles that are highly loaded with contrast agent [59-62]. 

A nanoparticle is a material that has at least one dimension measured in the order of nanometers. 

Studies of in vivo delivery of a nanoparticle to a tumor found its ideal diameter should be less than 

20 nm to take advantage of the leaky tumor vasculature [63]. This provides an upper limit to the 

nanoparticle size for targeting tumors. A way to improve the circulation time of nanoparticles is 

to modify their surface charge. Surface charges can bind proteins in vivo that can cause 

opsonization of nanoparticles and expedite their removal from circulation by the mononuclear 

phagocyte system of the liver and spleen [64]. Addition of cloaking molecules such as 

polyethylene glycol (PEG) have been shown to improve the circulation times of nanoparticles [60]. 

The improvement of localization demonstrated with nanoparticles has resulted in an explosion of 

published articles, describing different synthesis and loading techniques. 

There are a number of nanoparticle strategies that have been investigated to improve the 

sensitivity of CEST contrast agents. Using a nanoparticle to increase the concentration of a CEST 

contrast agent involves either using a nanoparticle with a molecular structure that can produce a 

CEST effect, chemically binding the contrast agent to the nanoparticle structure, or physically 

trapping the contrast agent within the nanoparticle. Nanoparticles that are synthesized from 
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peptides have been shown to have CEST properties [65]. Increasing the peptide chain length can 

result in an increased concentration of CEST contrast agent per molecule. Because proteins can 

be expressed from genes, it is possible to insert genes into the cell that use cellular machinery to 

produce the CEST contrast agent in vivo [66]. Chemically binding of a CEST agent involves creating 

the nanoparticle, and then chemically attaching the contrast agent. This allows CEST contrast 

agents that are not polymerizable to be loaded onto a polymer to increase their relative 

concentration. This technique has been accomplished with several paraCEST and diaCEST contrast 

agents. Nanoparticles consisting of a linear polymer [67], a block co-polymer [68], or a dendrimer 

[69, 70], have been used to bind a variety of CEST contrast agents.  

Methods to retain contrast agents within a nanoparticle have focused on using liposomes. 

The potential advantage of a liposome nanoparticle comes from its ability to create an internal 

water compartment that the CEST contrast agent can saturate. Exchange between the internal 

and external water pools of a liposome can further increase the CEST effect of the nanoparticle. 

DiaCEST and paraCEST contrast agents have both been demonstrated to be trapped within a 

liposome and be able to generate a CEST effect [48, 54, 71-73]. The advantages of physical 

retention techniques come from their ability to partition the molecule away from the external 

environment, as many types of contrast agents have the risk of being modified in vivo before they 

are able to accumulate at the ROI.  
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3. Research 
3.1. Characterization of Polymerized CEST MRI Contrast 

Agents 
3.1.1. Rationale for Research 

As was discussed in Section 2, using loaded nanoparticles to increase in vivo delivery to a 

tissue has been extensively researched [59-62]. The ability for a CEST contrast agent to create a 

CEST effect is dependent on the labile proton’s chemical exchange rate. When paraCEST agents 

have been incorporated into nanoparticles, it has been shown that there is not an appreciable 

change in the exchange rate of the individual contrast agent molecules [74]. There has not been 

a specific explanation for this phenomenon, but could be related to the coupling of the 

nanoparticle not appreciably interfering with the high exchange rates that are observed between 

paraCEST labile protons and bulk water. This could be due to the charge and polarity of the metal 

chelate causing the polymer to take an extended conformation.  

While the effect of nanoparticle loading has been shown for paraCEST agents, the effect 

of nanoparticle loading on diaCEST contrast agents has not been investigated. Nanoparticle 

loading techniques can increase the concentration per molecule of contrast agents, but could 

interfere with the ability of a diaCEST contrast agent to exchange labile protons with water. Since 

the exchange rates of diaCEST contrast agents must be relatively slow, any effect on the chemical 

exchange rate can have an impact on the observed CEST effect. It is important therefore to 

characterize the effects of nanoparticle loading on the CEST effect generated by a diaCEST 

contrast agent. 

Salicylic acid analogue 4-amino salicylic acid (4ASA) displays a high ppm shift of its 

hydroxyl proton. It has been theorized that the hydroxyl and carboxylic acid groups are able to 
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form a transient system where they share a proton. The MR frequency of this proton is shifted far 

downfield of water, and the transient structure is able to slow its exchange rate to a point that 

can be detected by CEST MRI. Literature has shown that the MR frequency of the CEST peak from 

4ASA to be approximately 9 ppm from the MR frequency of water [52], which can help to 

selectively saturate the agent’s proton in vivo. In this study, 4ASA was coupled to a poly(acrylic 

acid) (PAA) backbone. The effect of coupling on the exchange rate of 4ASA was determined. The 

changes in % CEST vs. pH, and change in % CEST vs. concentration were also determined.  

 

3.1.2. Methods and Materials 

Materials 

Purchased materials were as follows: Anhydrous N,N-dimethylformamide (Fisher 

Scientific 68-12-2), N,N-dimethylformamide (Fisher Scientific 68-12-2), 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 

(Fisher Scientific 148893-10-1), 1-hydroxy-7-azabenzotriazole (Fisher Scientific 39968-33-7), 

anhydrous N,N-diisopropylethylamine (Fisher Scientific 7087-68-5), methyl 4-aminosalicylate 

(Fisher Scientific  4136-97-4), poly acrylic acid(5000 MW)(Fisher Scientific 9003-01-4), 4-

aminosalicylic acid (Fisher Scientific 65-49-6), Bio-Bead S-X3 support (Bio-Rad 9052-95-3), 500 

MWCO cellulose ester dialysis tubing (Fisher Scientific), pH 7.4 10x PBS (Fisher Scientific  7558-80-

7). 

Equipment 

NMR spectra were acquired with a Bruker DRX 600 MHz NMR spectrometer. CEST MRI 

spectra were acquired with a 7T Bruker MRI scanner. An Orion Star A121 pH meter (Thermo 
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Scientific) with an InLab Micro electrode (Mettler Toledo) was used for all pH measurements. 

Weighing used a XS64 analytical balance (Mettler Toledo). 

Synthesis of PAA(5000 MW)+M4ASA 

A previously published procedure was followed for coupling methyl 4-aminosalicylate 

(M4ASA) to the PAA backbone [75]. PAA (100 mg, 1.38 mmol monomer, 0.02 mmol polymer, 1 

eq), HATU (1049 mg, 2.76 mmol, 2 eq), HOAT (375 mg, 2.76 mmol, 2eq), and DIEA (0.6 mL, 446 

mg, 3.45 mmol, 2.5 eq) were dissolved in 10mL dry DMF in dry conditions, and under inert 

atmosphere (argon). After stirring for 1 hr, M4ASA (323 mg, 1.93 mmol, 1.4 eq) was added, the 

temperature was brought to 60⁰C, and the reaction was then stirred for 24 hrs (Fig. 2). See 

Appendix A for further information about PAA+M4ASA coupling. 

The solution was added to chloroform and washed a minimum of 5x with DI water to remove 

HATU and DMF. The chloroform fraction was dried with a rotary evaporator and suspended in 5 

mL of DMF. The PAA+M4ASA was isolated with a 30x220 mm low pressure liquid chromatography 

(LPLC) size exclusion column (SEC) using DMF as the mobile phase, and S-X3 beads as the support 

(≤2000 MW limit). PAA+M4ASA was first to elute, and followed by co eluting HOAT and M4ASA. 

DMF was removed from the PAA+M4ASA fraction by rotary evaporation with a double rotary vane 

pump capable at high vacuum, and the residue was lyophilized overnight, resulting in a brown 

solid. See Appendix A for further information about the chloroform/water wash and the SEC. 
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Deprotection of PAA+4ASA 

Saponification was used to deprotect the methyl group of PAA+M4ASA. PAA+M4ASA and 

NaOH (450 mg, 11.3 mmol) was added to MeOH and stirred vigorously for 5-7 hours. (Fig. 3) NMR 

was used to confirm the deprotection was completed. MeOH was rotovapped and the solid was 

dissolved in between 5 and 10 mL of water. The resulting solution containing PAA+4ASA was 

dialyzed with a 50-500 MWCO dialysis membrane, with the DI water changed every 2 hours for 

the first 10 hours, and then changed and stirred overnight. The aqueous solution was then 

lyophilized to yield a light brown solid. See Appendix A for further information about the 

Saponification of PAA+4ASA, dialysis, and the final PAA+4ASA product. 

 

Fig. 2: Coupling of 4ASA to PAA backbone 

Fig. 3: Deprotection of M4ASA 
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Determining the CEST effect 

PAA+4ASA was dissolved in 100-200 µL of 1x PBS to achieve the desired concentration 

and adjusted to the desired pH (6.0-8.0) using 1 M HCl or 1 M NaOH. Samples were placed in a 

larger water phantom tube, and the temperature was held at 37 ± 0.2⁰C for all scans. See 

Appendix A for further information about the phantom setup. 

The same saturation parameters were used for all scans unless otherwise noted. The saturation 

period was 3 seconds and consisted of a continuous wave pulse with a bandwidth of 0.42 Hz and 

a saturation power of 6.66 µT. The water signal was recorded with a saturation frequency that 

was applied to every 0.5 ppm between 20 and -20 ppm. A Gaussian shaped pulse with a tip angle 

of 30⁰ was used to acquire images with a 2 mm slice thickness. 

CEST spectra were created from the averaged Z-spectra of the ROI for each phantom cross section.  

The two Lorentzian line shapes were fit to the experimental CEST spectra for the water peak and 

the labile proton in a custom MatLab program (ver. MatLabR2014b). The CEST effect was 

determined by the amplitude of the labile proton peak.  

Calculating chemical exchange (kex) 

kex was calculated using the reciprocal linear QUEST method (Eq. 1) [76].  

1

− ln[1−
(
𝑀𝑜−𝑀𝑠
𝑀0

)
𝑡<∞

(
𝑀𝑜−𝑀𝑠
𝑀𝑜

)
𝑡=∞

]

=
1

(𝑅1𝑤+𝑘𝑒𝑥𝜒)𝑡𝑠𝑎𝑡
  (Eq. 1) 

Where Mo = water signal without saturation, Ms = water signal with saturation, R1w = spin lattice 

relaxation rate of water, and tsat = saturation time. χ represents (Eq. 2) 

𝜒 =
𝑛𝐶𝐴[𝐶𝐴]

𝑛𝐻2𝑂[𝐻2𝑂]
  (Eq. 2) 
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Where nCA = number of exchanging protons on contrast agent, nH2O = number of exchanging 

protons on water, [CA] = concentration of contrast agent, and [H2O] = concentration of water. 

The CEST effect was recorded as the saturation time was set to 0.5, 1, 2, 3, 4, 6, 8, 10, and 15 

seconds. The CEST effect at 15 seconds was assumed to be equal to t=∞. R1w was assumed to be 

constant for all samples. 

 

3.1.3. Results 

PAA+4ASA loading 

1H NMR spectra were obtained for the PAA and M4ASA reactants. PAA displayed broad 

peaks characteristic of polymers between 1.5-2.5 ppm. M4ASA displayed a large peak at 3.78 ppm 

from the protecting methyl group on carboxylic acid. The clear separation between peaks from 

PAA and M4ASA allowed for the coupling of PAA+M4ASA to be easily confirmed (Fig. 4A, 4B and 

4C). This is due to the observed phenomenon of M4ASA peak broadening as a result of 

polymerization. The deprotection of 4ASA was confirmed by the removal of the broad CH3 peak 

in the NMR spectra (Fig. 4C and 4D).  The ratio between peak integrals could be directly related 

to the mol 4ASA/mol PAA because PAA contains 3 aliphatic protons and 4ASA contains 3 aromatic 

protons. Integration showed the loading efficiency of 4ASA to be 13% (Fig. 4D). This result was 

used to estimate that there were approximately 9 molecules of 4ASA bound to the 5000 MW PAA 

during the reaction. A modified reaction that was stirred for three days had a loading efficiency 

of 14% which indicated maximum loading was achieved for the polymer after 24 hours. The 

molecular weight of PAA+4ASA relative to 4ASA was calculated as 667.42 mg PAA+4ASA/mmol 

4ASA. The molecular weight of PAA(5000 MW)+4ASA was calculated as 6488.81 mg/mmol, 

assuming a normal distribution of PAA(5000 MW) polymer. A 13% loading efficiency on 100 mg 
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of PAA would give 127.6 mg of product. Using this as a reference, the yield of PAA+4ASA synthesis 

was 40%.  

 

% CEST vs. concentration 

At pH 7.0 the maximum % CEST of unbound 4ASA was greater than the maximum % CEST 

of bound 4ASA on a per 4ASA basis (Fig. 5A). A calculation of sensitivity for concentrations under 

50 mM 4ASA with a linear trend line found unbound 4ASA to be 0.79 % CEST/mM (R2: 0.97), and 

bound 4ASA to be 0.60 % CEST/mM (R2: 0.90). This indicates that the coupling of 4ASA to PAA 

reduces the signaling efficiency of 4ASA. This loss of sensitivity per 4ASA is overcome when 

considering sensitivity on a per PAA+4ASA macromolecule basis. The sensitivity of the PAA+4ASA 

taken as a whole was 5.82 % CEST/mM and showed a 7.3 fold improvement in sensitivity at low 

concentrations compared to unloaded 4ASA (Fig. 5B).  

Fig. 4: 1H NMR Spectra, A: PAA displays broad peaks characteristic of polymers. B: Protected carboxylic acid of 

M4ASA displays a CH3 peak at 3.78 ppm, C: PAA+4ASA during deprotection. Note that the M4ASA peaks have 

broadened as a result of coupling to PAA. The presence of the CH3 peaks between 3.5 ppm and 4.0 ppm indicates 

that deprotection must be run longer. D: PAA+4ASA towards the end of deprotection. The CH3 peaks have almost 

disappeared. Integration of 4ASA and PAA peaks gives the loading efficiency. 
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% CEST vs pH 

The effect of polymerization resulted in the maximum % CEST being achieved at a higher 

pH of 7.63 for bound 4ASA, compared to the maximum pH of 6.83 for unbound 4ASA (Fig. 6). The 

concentrations of the solutions were 20 mM for unbound 4ASA and 29.5 mM for bound 4ASA. 

Even with the higher relative concentration, the maximum % CEST of loaded 4ASA is less than the 

% CEST of unloaded 4ASA similar to the results of concentration vs. % CEST. 

The profile of pH vs. CEST for PAA+4ASA closely resembled that observed for salicylic acid, 

based on unpublished data generated by Iman Daryaei in the CAMEL group at the University of 

Arizona (Fig. 8). The maximum % CEST for 20 mM of salicylic acid is approximately 27% which is 

similar to 4ASA. However the peak is broader and shifted into the alkaline pH range, similar to 

PAA+4ASA.  

Fig. 5: % CEST vs. concentration, A: concentration 

per equivalent 4ASA, B: concentration per contrast 

agent molecule.    : unbound 4ASA (20mM),           

●: bound 4ASA, (29.5 mM) 
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QUEST determination of kex 

The samples used for % CEST vs. pH were also used with the described RL-QUEST method 

to estimate kex for each pH value [76]. The CEST vs. saturation time was too low for calculation of 

kex of bound 4ASA at pH 6.0, 6.18, and 6.38. The profiles of kex vs. pH curves for bound and 

unbound 4ASA mirrored those found for CEST vs. pH (Fig. 7). The maximum calculated kex of 

Fig. 6: % CEST vs. pH,    : unbound 4ASA 

(20mM), ●: bound 4ASA (29.5 mM 4ASA) 

Fig. 7: kex vs. pH,   : unbound 4ASA (20 mM), 

─: bound 4ASA (29.5 mM 4ASA). Error bars 

represent the 95% confidence interval of 

QUEST fits. 

Fig. 8: % CEST vs. pH,    : salicylic acid (20mM), kindly 

provided by Iman Daryaei 
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unloaded 4ASA was 836 Hz at pH 6.8, and loaded 4ASA was 383 Hz at pH 7.6. The change in 

exchange rate was assumed to be entirely from the effect of changes in pH. 

 

3.1.4. Discussion 

% CEST vs. concentration 

The results of the % CEST vs. concentration study demonstrated that a polymerized 

diaCEST contrast agent such as PAA+4ASA can create an improved sensitivity, even though the 

signal efficiency per bound 4ASA decreases. Decreased signaling efficiency could be due to bound 

4ASA having slightly decreased access to bulk water due to the presence of the polymer backbone 

and resulting spatial hindrance of 4ASA to water. For in vivo applications, the difference between 

dose and delivery to tissue can be significant. Higher sensitivity at lower concentrations is 

preferred, with less consideration being given to signaling characteristics at extremely high 

concentrations. For context, a one-time dose of salicylic acid must be less than 150 mg/kg body 

weight to avoid toxicity [58]. Assuming that the average amount of blood in the human body is 5 

L, and that the dosage amount is completely transferred to the vasculature without any filtering, 

a dose of salicylic acid for use as a contrast agent would only reach a maximum of 16 mM in 

circulation. 

The CEST effect is linearly related to the concentration of the CEST contrast agent at lower 

concentrations from the results of the % CEST vs. concentration study (Fig. 5). This linearity 

happens when the proton pool of bulk water is large enough that each CEST agent molecule is 

able to exchange protons with unsaturated water for the duration of a saturation pulse. At higher 

concentrations, a higher amount of bulk water becomes saturated and there begins to be 

instances when a previously saturated proton in the bulk water is exchanging with the labile 
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proton of the contrast agent. This results in a steady state CEST effect being observed at high 

concentrations for all CEST MRI contrast agents. Graphically it is visualized as an asymptote where 

an increase in concentration will produce no additional increase in CEST effect in the water as can 

be seen in Fig. 5A.  

% CEST vs. pH 

The % CEST vs. concentration study was used to find the range where the CEST effect is 

linearly related to the concentration of the CEST contrast agent. The concentrations of bound and 

unbound 4ASA were chosen to be within this range to ensure that any changes in the % CEST from 

pH would be fully realized in the bulk water proton pool. Any changes in the % CEST of bound or 

unbound 4ASA were assumed to directly correspond to the changes in pH. When picturing the 

difference between the structures of salicylic acid, unbound 4ASA, and bound 4ASA, the presence 

of the free amine on 4ASA creates a change in the CEST effect, which is neutralized as the amide 

bond is formed. This is another indication that 4ASA was successfully polymerized to PAA.  

RL-QUEST determination of kex 

The results of the QUEST analysis helped to explain the results of the % CEST vs. pH and 

% CEST vs. concentration studies. Because the % CEST vs. pH was conducted at a lower 

concentration, the differences in exchange rate for each curve can be assumed to be a result of 

the pH, and the effects of changes in water concentration or T1 relaxation can be assumed to be 

negligible. Because salicylic acid is base catalyzed, the exchange rate of the labile proton will 

continue to increase as pH is increased. However the kex vs. pH curves of bound and unbound 

4ASA appear to show that the kex is decreasing after a certain point. This can be explained by 

recalling that the ability for a labile molecule to be used for CEST MRI depends on its exchange 

rate being sufficiently slow compared to the ppm shift between the labile proton and bulk water. 
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The peak of the bound and unbound 4ASA lines represents the point where the base catalyzed 

exchange rate begins to increase past the optimum rate, which results in a lower apparent kex. 

The shift of the bound 4ASA peak towards higher pH values indicates that the electron 

withdrawing nature of the amine on 4ASA at low pH increases the effect of base catalysis on the 

labile proton exchange rate, which allows the labile proton of unbound 4ASA to reach optimum 

kex at lower pH. After binding to PAA, the amide cannot be protonated thereby shifting the base 

catalyzed kex of the labile proton back to a profile that is similar to salicylic acid. The lower kex of 

bound 4ASA compared to unbound 4ASA at pH 7 would also explain the lower maximum CEST 

signal achieved by high concentrations of PAA+4ASA in the % CEST vs. concentration study.  

% CEST is highly dependent on kex of the CEST agent. The difference in kex for bound and 

unbound 4ASA in turn demonstrates that kex is highly dependent on the substituent of a diaCEST 

contrast agent analogue. A previous study comparing salicylic acid analogues found that the 

substituents added to the benzene ring would increase or decrease both the % CEST and kex [52]. 

However, the change in % CEST and kex between salicylic acid analogues were not proportional. 

This should be remembered when looking at the results in Fig. 7 to avoid drawing too many 

conclusions from comparing the curves.  

The calculated values of kex, while able to indicate relationships between different % CEST 

vs. pH for bound or unbound 4ASA, should not be taken to represent the true kex values of loaded 

and unloaded 4ASA. This is due to assumptions that were made while using the RL-QUEST 

method. Eq. 1 shows that R1W << kex*χ must be assumed to estimate accurate values for kex. The 

χ of the samples used for kex vs. pH of 20 mM unbound 4ASA is 0.00018, and 29.5 mM of bound 

4ASA is 0.00027, which means that the R1W would need to be significantly lower. This is impossible, 

as the R1W for pure water is only 0.1 Hz. Though the R1w cannot be calculated from the results we 
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can estimate what it would need to be in order to have kex found by the RL-QUEST fitting. An 

equation used to describe the % CEST observed [77] is (Eq 3): 

(
1

1−𝐶𝐸𝑆𝑇
) − 1 = 𝑘𝑒𝑥𝑇1𝑊𝜒  (Eq. 3) 

Where kex = exchange rate of labile proton, T1W = is the spin lattice relaxation time constant (note: 

T1W = 1/R1W), and the description of χ can be found in Eq. 2.  

Because the concentration of unloaded 4ASA and loaded 4ASA were constant for the 

different pH samples, it could also be assumed that the T1W would also be the same. Eq. 3 can be 

used to solve for the T1W for each % CEST vs. pH. The average T1W for unbound and bound 4ASA 

was calculated to be 2.67 sec and 2.44 sec respectively, which means the R1W is 0.37 Hz and 0.41 

Hz. We can immediately see that these values are much larger than kex*χ meaning that the kex 

values found with RL-QUEST fitting cannot to reflect the real kex. For the purpose of using QUEST 

to calculate kex, the concentration of the solutions should have been much higher.  

The unknown T1W for bound and unbound 4ASA means that, though it can be seen that 

there is a decrease in kex after binding to PAA, the actual magnitude of the change cannot be 

determined without additional RL-QUEST experiments at significantly higher concentrations. 

However, the unknown T1W will remain constant for bound or unbound 4ASA as the pH is changed, 

due to the concentration remaining constant between different pH values. This can be 

demonstrated by comparing the normalized % CEST vs. pH to the normalized kex vs. pH for 

unloaded and loaded 4ASA (Fig 9A and 9B).  
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 In the two graphs it can be seen that T1W is not changing, which means that a change in 

kex will correlate to the same change in % CEST. The ability to remove the effect of T1W by 

normalizing the kex vs. pH and % CEST vs. pH, as demonstrated by Fig. 9, allows for the results of 

the % CEST vs. pH and % CEST vs. concentration to be used for a reasonable prediction of the % 

CEST of bulk water, the pH of bulk water, or the concentration of PAA+4ASA when two of these 

three data points are known at low concentrations.  

In conclusion, we can use the results of the kex vs. pH graph to predict the change of % 

CEST for PAA(5000 MW)+4ASA between different pH values. A PAA+4ASA macromolecule 

concentration below approximately 10 mM will display a linear sensitivity and knowing two of 

either % CEST, pH of bulk water pool, or concentration of PAA+4ASA will allow the third value to 

be determined with reasonable accuracy. Though the calculated value of kex for unloaded 4ASA 

agrees with a previously published kex  value [52], the kex values themselves should not be assumed 

to represent the exact exchange rate of the molecule because of the low concentrations that were 

fitted by the RL-QUEST method can cause a systematic error. Instead it can only be said with 

certainty that the binding of 4ASA to PAA decreased the exchange rate of the labile protons, but 

not exactly by how much. 

Fig. 9: Comparison of normalized values of kex and % CEST vs. pH. A: unbound 4ASA, B: 

bound 4ASA, ○: normalized % CEST, x: normalized kex 
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3.1.5. Future Directions 

The results of this experiment show the need for further characterization of the signaling 

characteristics of PAA+4ASA. Synthesis of PAA+4ASA using higher MW polymers would result in a 

higher relative concentration of 4ASA per molecule and could increase the sensitivity of 

PAA+4ASA, but the size of large molecules might hinder access of water to the labile protons of 

salicylic acid, which would decrease the signaling efficiency of bound 4ASA for a larger polymers. 

A synthesis of PAA(240000 MW)+4ASA and PAA(2000 MW)+4ASA should be characterized for % 

CEST vs pH, and % CEST vs. concentration to confirm that larger MW polymers don’t create a 

change in the kinetics of the labile proton exchange for 4ASA. A change in the maximum CEST 

effect achieved at high concentrations, or the profile of the CEST vs. pH peak would mean that 

polymer size plays a role in signaling efficiency of a loaded diaCEST agent. In the case of 

PAA(240000 MW) the reaction may require longer reaction times to reach complete loading of 

4ASA. 

It is likely that the binding of 4ASA directly to PAA was sterically hindered by the benzene 

ring of 4ASA. A PEG linker could be used to attach 4ASA to the polymer backbone at an even 

higher efficiency. 5-amino salicylic acid (5ASA) has been shown to have a slightly increased CEST 

effect at 20 mM but with almost double the exchange rate compared to 4ASA [52]. Since the kex 

of 4ASA was shown to be reduced after coupling with PAA, substituting 5ASA for 4ASA could 

increase the kex of labile protons for a PAA+5ASA molecule compared to PAA+4ASA. The CEST 

signaling characteristics of 5ASA, or any new synthesis of a salicylic analogue used would require 

% CEST vs. pH, % CEST vs. concentration, and calculation of the kex. 
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The results of using the RL-QUEST method demonstrate its weakness for calculating the 

kex for diaCEST contrast agents at low concentrations. The low exchange rate of diaCEST agent 

labile protons means that extremely high concentrations of contrast agent must be used. 

However this would require a separate set of pH solutions to be made because the higher 

concentration would prevent the changes in kex of different pH from being fully reflected in the 

change of % CEST. An alternative method to calculate the kex of CEST MRI contrast agents is the 

Hanes-Woolf linear QUESP method [78]. It differs from the reciprocal linear QUEST method by 

recording the observed CEST for different saturation powers. While more sensitive to the Bo 

inhomogeneities present in MRI instrument, its advantage lies in not requiring the concentration 

of the sample and R1w to determine kex. Another set of PAA+4ASA samples could be made with 

similar pH values and evaluated with QUESP to determine how the QUEST-calculated kex of bound 

and unbound 4ASA differs from reality. 

 

3.2. Loading a Porous Liposome with Polymerized CEST MRI 
Contrast Agent 

3.2.1. Rationale for Research 

Studies have demonstrated the ability for paraCEST contrast agents to display increased 

sensitivity when encapsulated within a liposome [71-73]. This is due to the paramagnetic metal in 

the liposome creating a different resonance frequency for the water protons inside the liposome 

that allows the internal water pool to become saturated when selective saturation is applied at 

this different resonance frequency. This results in a larger labile proton pool for saturation per 

liposome, compared to the paraCEST agent alone. In this system, the labile protons for CEST are 

internal water molecules that can exchange with the bulk water outside the liposome.  
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There have been two studies that investigate the ability for diaCEST loaded liposomes to 

be effective contrast agents [48, 54]. The lack of a paramagnetic effect for diaCEST agents limits 

their ability to create the saturated proton pool inside the liposome. A sufficiently high kex of the 

liposome membrane that is required to create the increased sensitivity similar to paraCEST 

liposomes would also work against the ability to saturate the liposome proton pool. Thus, while 

diaCEST liposomes can serve as a way to increase the localization of contrast agent to a tissue of 

interest, they do not serve to amplify the signaling efficiency of the nanoparticle. Salicylic acid 

analogues have high exchange rates that can generate a CEST effect due to the high chemical shift 

of their labile proton and could perhaps be loaded into a liposome in sufficient concentration so 

as to saturate the internal water pool. Attachment to a hydrophilic polymer backbone could allow 

for the salicylic acid to be retained inside the liposome in sufficient quantities to generate a 

detectable CEST signal. 

DiaCEST contrast agents with 2 labile proton pools have been used to measure 

extracellular pH in a tumor in vivo [79], [57]. Currently however, the required dose to allow for 

sufficient accumulation for adequate detection in a tumor is a limit to their effectiveness in vivo. 

Liposomes are able to increase the localization efficiency, but their phospholipid bilayer can 

prevent adequate diffusion of water molecules into the liposome. Traditional methods to increase 

permeability inevitably decrease the stability of the liposome and therefore have limited the 

ability to create useful paraCEST liposome contrast agents [80].  

Aspinwall and colleagues have demonstrated the ability to synthesize a highly stable and 

porous bisSorb-PC liposome capable of retaining large molecules [81]. The capabilities of this 

liposome come from the ability of the lipid head groups to spontaneously associate into pores 

with a 2.6 nm diameter, and specially designed tail groups that can be cross-linked. This results in 

the liposomes possessing a nominal molecular weight cutoff limit of 1800 Da [82]. A study has 
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shown that the liposome membrane is sufficiently permeable to protons that the interior mimics 

the extra-liposomal space for pH responsive payloads. Loading with a paramagnetic MRI 

lanthanide has also been shown to increase its relative concentration per molecule while not 

interfering with its effect on spin-lattice relaxation rates of water [83]. 

The goal of this study was to investigate the potential for a salicylic acid loaded 

nanoparticle to be effectively retained in a liposome for use as a diaCEST contrast agent. This 

study was also meant to serve as a proof of concept for using a bis-SorbPC liposome as a carrier 

for diaCEST contrast agents.  

 

3.2.2. Methods and Materials 

Materials 

Materials used for synthesizing PAA+4ASA (5000, 240000 MW) are listed in Section 3.1.2. 

DOPC lipid (Avanti Polar Lipids, 4235-95-4). The following materials for synthesis of the liposomes 

were generously provided by Prof. Craig Aspinwall’s laboratory. AIBN (78-67-1), Bis-SorbPC lipid 

(synthesized in house, 786 mg/mmol), 19 mm 0.2 µm membrane filters (Whatman 800281), 19 

mm filter support (Avanti Polar Lipids 610014), and Sepharose CL-4B support (GE Healthcare 

Biosciences). 

Equipment 

PAA+4ASA synthesis, CEST MRI measurements, and pH measurements used the same 

equipment as Section 3.1.2. In addition, an Avanti Mini Extruder kit was used for all liposome 

extrusions (Avanti Polar Lipids 610000), and characterization of liposome sizes was with a 

Zetasizer Nano ZS Dynamic Light Scattering system (Malvern Instruments Ltd.). 
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Synthesis of PAA(5000, 240000 MW)+4ASA  

The synthesis of PAA+4ASA followed the same procedure as previously described in section 3.1.2. 

Synthesis of DOPC Liposomes 

The synthesis of DOPC liposomes followed a previously reported procedure [81]. 

PAA+4ASA was dissolved in 1x PBS (pH 7.0) to create a 50 mg/mL solution. 2 mg of DOPC lipid in 

chloroform was evaporated under argon and then lyophilized for 4 hours to remove any 

remaining chloroform solvent. The lipid was then resuspended in 0.2 mL of PAA+4ASA solution to 

create 10 mg/mL DOPC solution. The solution was briefly vortexed, frozen in a dry ice/isopropanol 

bath for 1 minute, and thawed in a 42⁰C water bath for 1 minute. This cycle was repeated 10 

times. The solution was then extruded through 0.2 µm membranes 21 times using the Avanti Mini 

Extruder kit. The extruded solution, now containing the liposomes and unencapsulated 

PAA+4ASA, was passed through a LPLC column containing Sepharose CL-4B support with degassed 

1x PBS as the mobile phase. The eluted liposomes were collected in a 1 mL micro centrifuge tube. 

Synthesis of bis-SorbPC Liposomes 

The procedure for synthesis of bis-SorbPC liposomes was the similar to that previously 

described for DOPC liposomes, with added steps for heat activated crosslinking of the lipid tails 

via AIBN [84]. All PBS solutions used in this synthesis were degassed with argon. PAA+4ASA was 

dissolved in 1x PBS (pH 7.0) to create a 100 mg/mL solution. A benzene solution containing bis-

SorbPC lipid (2 mg, 786 MW, 2.54x10-3 mmol, 2.5 eq) and AIBN (0.168 mg, 1.02x10-3 mmol, 1 eq) 

was evaporated under argon and then lyophilized for 4 hours to remove any remaining 

chloroform solvent. The lipid was then resuspended in 0.2 mL of PAA+4ASA solution to create 10 

mg/mL bis-SorbPC solution and the container was flushed with argon. The solution was briefly 

vortexed, frozen in a dry ice/isopropanol bath for 1 minute, and thawed in a 42⁰C water bath for 
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1 minute. This cycle was repeated 10 times. The solution was then extruded through 0.2 µm 

membranes 21 times using the Avanti Mini Extruder kit. The extruded solution was then heated 

for 12 hours at 65⁰C to crosslink the lipid tails of bis-SorbPC. The solution was run through a LPLC 

column containing Sepharose CL-4B support with degassed 1x PBS as the mobile phase. The 

eluted liposomes were collected in a 1 mL micro centrifuge tube. See Appendix A for more 

information about purifying liposomes. 

Determining CEST effect 

CEST MRI scans were conducted on liposome fractions immediately after being collected. 

Scanning, and analysis followed the procedures as described in Section 3.1.2.  

AIBN interaction with PAA+4ASA 

A 0.2 mL solution containing 10 mg PAA+4ASA and 0.2 mg AIBN was heated overnight at 

65⁰C. CEST MRI scans were recorded pre and post heating.  

Loading Determination of DOPC Liposomes 

Following CEST MRI scans, the DOPC liposomes were lyophilized, and the remaining solid 

dissolved in chloroform. The solution was centrifuged and the solution removed 2 times. The 

micro centrifuge tubes were then weighed to determine the amount of PAA+4ASA that was 

retained in the liposomes during synthesis. 
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3.2.3. Results 

Synthesis of DOPC Liposomes and CEST Effect 

Four loaded DOPC liposome formulations were made. The liposome fraction collected 

from LPLC was immediately characterized by DLS. The volumes of the fractions were ~0.75 mL. 

The first loading attempt was with PAA(240000 MW)+4ASA. DLS of the DOPC liposomes measured 

a 161 nm Z average diameter, with 0.068 PDI at 25⁰C. CEST spectra generated for the liposome 

fraction did not display a CEST effect.  

The second loading attempt was with PAA(5000 MW)+4ASA, using the same conditions 

as the previous extrusion. The Z average diameter was assumed to be similar to the previous 

extrusion. The CEST spectrum generated for the liposome fraction did not display a CEST effect. 

The solution was concentrated from ~0.75 mL to ~0.25 mL by blowing a low pressure stream of 

air over the solution for approximately 3 hours. A second CEST spectrum was generated that also 

did not display a CEST effect. 

The third loading attempt used PAA(5000 MW)+4ASA. The original synthesis plan was 

changed to use 4 mg of DOPC and 100 mg/mL of PAA(5000 MW)+4ASA. DLS found the liposome 

solution to have a 133 nm Z average diameter, with 0.072 PDI at 25⁰C. The solution was 

concentrated from ~0.75 mL to ~0.25 mL by blowing a low pressure stream of air over the solution 

for approximately 3 hours. A second CEST spectrum was generated that also did not display a CEST 

effect. 

The fourth loading attempt used PAA(5000 MW)+4ASA. The original synthesis plan was 

changed to use 4 mg of DOPC and 130 mg/mL of PAA(5000 MW)+4ASA, and PBS at pH 7.4. The Z 

average diameter was assumed to be similar to the previous extrusion. The CEST spectrum 

generated for the liposome fraction did not display a CEST effect. The solution was concentrated 
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from ~0.75mL to ~0.2mL, and a second CEST spectrum was generated that also did not display a 

CEST effect. 

 

Synthesis of Bis-SorbPC Liposomes and CEST Effect 

The % CEST recorded for 0.2mL PAA+4ASA solution pre and post heating were both 15% 

indicating that the AIBN mediated polymerization reaction wasn’t affecting the signaling 

efficiency of PAA+4ASA. 

One bis-SorbPC loaded liposome was extruded. The liposome fraction collected from LPLC 

was immediately characterized by DLS. Cross linked Bis-SorbPC liposomes had a 182 nm Z Average 

diameter, with 0.109 PDI at 25⁰C. The CEST spectrum generated for the liposome fraction did not 

display a CEST effect. The solution was concentrated from ~0.75mL to ~0.25mL, and a second 

CEST spectrum was generated that also didn’t display a CEST effect. This indicates that there 

wasn’t a sufficient amount of PAA+4ASA being loaded in a liposome, or that the concentration of 

the solution was too high to allow adequate saturation of the solution. 

Loading Determination of DOPC Liposomes 

There was not a detectable difference in weight of the micro centrifuge tubes before and 

after removal of DOPC lipids. This could indicate that the sensitivity of the weighing scale was 

insufficient, or that there wasn’t a sufficient amount of PAA+4ASA being retained within the 

liposomes. 
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3.2.4. Discussion 

Heating of AIBN and PAA+4ASA 

The consistency of the CEST effect before and after heating indicates that the 2-

cyanoprop-2-yl radicals generated by heating AIBN for the bis-SorbPC crosslinking did not 

interfere with the exchange rate of labile protons of PAA+4ASA. Other analysis methods would be 

needed determine with certainty that there is not an effect of the radicals on the PAA backbones. 

However, because free radical polymerizations usually require vinyl, aldehyde, or ketone groups, 

it is not unreasonable to assume that there is no crosslinking of the PAA+4ASA molecules during 

bis-SorbPC liposome synthesis. It has also been described that radicals generated from AIBN are 

hydrophobic, and therefore will be partitioned within the phospholipid bilayer during crosslinking 

reactions of bis-SorbPC [84]. 

Characterization of DOPC and Bis-SorbPC Liposome structures 

The size of the liposomes characterized with DLS are smaller than the size of the extrusion 

pore diameter. This is commonly seen when extruding liposomes and the degree of decrease in 

size is due to the flow rate of the liposome solution during extrusion through the membrane. An 

increased flow rate increases the depth of the liquid lubricating layer within a pore, effectively 

decreasing the pore size experienced by the liposome [85]. It was assumed that the differences in 

Z averages for all DLS experiments were due to differences in flow rate during extrusion, since the 

Avanti kit uses hand powered syringes. The larger PDI of the Bis-SorbPC liposomes was attributed 

to the longer duration between synthesis and characterization with DLS, due to the overnight 

crosslinking at elevated temperatures.  

The extrusion pore size is also important for creating unilamellar liposomes. Previously it 

has been demonstrated that with the addition of freeze thaw cycles to the extrusion process, 90% 
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of liposomes formed from extruding through a 200 nm pore size filter are unilamellar, with the 

percentage of unilamellar liposomes increasing to almost 100% at 100 nm extrusion pore size 

[86]. A unilamellar liposome can encapsulate a larger aqueous volume than a multilamellar 

volume which results in a greater encapsulation efficiency when loading liposomes. Based on the 

DLS results it was assumed that the synthesized DOPC and bis-SorbPC liposomes were primarily 

unilamellar for all extrusions.  

Synthesis of liposomes and a lack of a CEST effect 

The lack of a CEST effect in the liposomes could be from many reasons. Changes in the 

liposome synthesis plan were meant to take these possibilities into account. If the concentration 

of diaCEST agent is to low, the bulk water pool is not able to be saturated to a degree that would 

allow detection.  

 A lack of CEST effect could be due to the large difference between intra-liposomal volume 

and the extra-liposomal volume during CEST scans. Because 4ASA is a diaCEST contrast agent, it 

is not able to create a different chemical shift for the bulk water inside a liposome compared to 

the external bulk water. For the purposes of CEST MRI, this means that the ability to generate a 

CEST effect depends on having a sufficiently high intra-liposomal volume compared to the extra-

liposomal volume. Evaporation of the bulk solution before the second CEST MRI scan for 

extrusions 2, 3, and 4 was an attempt to decrease the ratio of bulk water to intra-liposomal water 

to improve the amplitude of the CEST signal. Still, no CEST signal with significant amplitude was 

observed. 

There is a linear relationship between increasing the concentration of lipid used during 

extrusion and the increase of encapsulation efficiency for unilamellar liposomes [86]. Increasing 

the lipid concentration during extrusion will increase the number of liposomes made, the total 
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volume of solution encapsulated, and hence the total amount of material loaded into the 

liposome. The encapsulation efficiency of liposomes is very low at low concentrations of lipid. The 

increase of DOPC lipid concentration in the third and fourth extrusions was an attempt to increase 

the encapsulation efficiency of the PAA+4ASA solution. 

For DOPC liposomes, the switch from PAA(240000MW)+4ASA to PAA(5000MW)+4ASA 

was meant to decrease the MW per contrast agent macromolecule. It has been shown that 

liposomes display lower encapsulation efficiency for high MW molecules over 120000 MW [87]. 

The MW of PAA(240000 MW)+4ASA loaded at 13% efficiency would be 306359 MW, whereas 

PAA(5000 MW)+4ASA would be only 6489 MW. 

Protonated salicylic acid is able to diffuse across liposome membranes. As a result of this, 

salicylic acid in a low pH solution has been shown to diffuse into liposomes with an intraliposomal 

high pH until the internal pH is the same as the external pH [76]. For this reason 4ASA was coupled 

to a hydrophilic PAA polymer. The increase of PBS to pH 7.4 for the fourth extrusion was meant 

to limit possible diffusion of the 4ASA groups into the hydrophobic layer of the liposome lipid bi-

layers. 

None of the changes to the extrusion method resulted in a detectable CEST effect. In 

hindsight, the results of the % CEST vs. concentration found in Section 3.1.3, and the % trapping 

efficiency chart found in reference [86] helps to explain this lack of detectable CEST. The maximum 

CEST effect that can be generated as a result of increasing the concentration of PAA(5000 

MW)+4ASA is ~43%. When the polymer is encapsulated in a nonporous liposome, the intra-

liposomal saturation will not be able to exceed ~43%. If the detection threshold of a CEST effect 

is assumed to be at 3% saturation of the bulk water protons (a reasonable threshold for in vivo 

studies) then a liposomal solution would need to encapsulate 7% of the bulk water in any solution. 
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If the volume of a liposomal solution is assumed to be 0.2 mL then the liposomes would need to 

encapsulate at least 0.014 mL. Considering that DOPC lipids were suspended in 0.2 mL loading 

solutions during extrusion, the amount of lipid required to encapsulate 0.014 mL of water (7% 

trapping efficiency) would be approximately 38 mg/mL of DOPC (using linear interpolation 

between trapping efficiency of 400 nm and 100 nm extrusion membranes displayed in reference 

[86]). The required concentration of the PAA(5000 MW)+4ASA loading solution would also need 

to be over 125 mg/mL (assuming even distribution of PAA+4ASA during extrusion between intra- 

and extra-liposomal regions). When reviewing the extrusion methods used for this experiment, 

where only a maximum of 20 mg/mL of DOPC and 130 mg/mL PAA+4ASA concentrations were 

used, it becomes clear that the increases in concentration of the lipid and PAA+4ASA solutions 

during extrusion, and the increasing the liposomal concentration before the second CEST scans, 

would not be able to result in a detectable diaCEST liposomal solution. 

When the bis-SorbPC liposome was used, it was thought that the free kex of the liposomes 

would allow for loading of PAA+4ASA to be based on saturating the bulk water instead of also 

requiring a sufficient intra-liposomal water pool as well. To create 3% saturation of the bulk water 

protons would require a 0.73 mM concentration of PAA(5000 MW)+4ASA polymer 

macromolecule. A 0.25 mL bis-SorbPC liposome solution would require 1.83x10-4 mmol of 

PAA(5000 MW)+4ASA. Assuming that 2 mg of bis-Sorb would have a 1% encapsulation efficiency 

(an optimistic assumption) and an even distribution of PAA+4ASA between the intra- and extra-

liposomal space, the concentration of the 0.2 mL PAA(5000 MW)+4ASA solution for extrusion 

would need to be 592 mg/mL.  Reviewing the bis-SorbPC extrusion used in this experiment, the 

density of PAA(5000 MW)+4ASA was not nearly large enough to create a CEST effect in the 

solution. 
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The low encapsulation efficiencies of the samples meant that a theoretical maximum of 

0.416 mg of PAA(5000 MW)+4ASA could be encapsulated for 4 mg/mL of DOPC extrusion with 

130 mg/mL PAA(5000 MW)+4ASA (assuming 1.6% loading efficiency of the fourth DOPC 

extrusion). However there is also the issue of salicylic acid associating into the lipid bi-layer of the 

liposome, this could have resulted in the weighing procedure used not being a true reflection of 

liposome loading. It can be concluded that the lack of change in weight of liposome samples 

before and after washing with chloroform cannot give any indication of their loading with 

PAA+4ASA, or if changing the pH of the PBS solution has an effect. 

 

3.2.5. Future Directions 

The calculations of required concentrations of lipid and PAA+4ASA can provide an idea of 

a theoretical boundary requirement for loading and detecting diaCEST signals in a 200 nm 

extruded liposome. However, the observed ability of salicylic acid to diffuse across liposome 

membranes means that the loading requirements could be much higher, and the imaging lifetime 

of a loaded liposome could be much shorter. The weighing method used for this experiment was 

inadequate for determining contrast agent loading into the liposomes. Information about the 

ability of polymerized 4ASA based diaCEST contrast agents to be retained in the liposome is 

necessary before moving on to other studies. In the future, 1H NMR spectra should be acquired 

for every extruded lipid formulation after CEST MR imaging. An integration of the peaks from the 

lipid compared to downfield shifted 4ASA peaks from the benzene ring will provide much more 

accurate data about liposome loading and would have allowed for better analysis of this 

experiment. 
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The concentrations of lipid and loading solution will have to be increased for this 

experiment to have a chance for success in the future. It was found that purification through LPLC 

would always result in approximately 0.75 mL solution. Since DOPC liposomes will begin to 

aggregate and fuse over time, it would be ideal to create a sufficient concentration of loaded lipid 

to create a CEST effect without first needing to be concentrated by evaporation. A minimum 

starting point of concentrations to attempt 3% CEST with a 0.75 mL PAA(5000 MW)+4ASA loaded 

DOPC liposome solution (assuming complete retention of 4ASA) is 150 mg/mL PAA(5000 

MW)+4ASA solution with 142 mg of DOPC. 

It is important to determine the kex of the bis-SorbPC membrane to better predict if it has 

potential as a diaCEST contrast agent carrier. A HW-QUESP method has been shown to be an 

excellent way to calculate the kex values of contrast agent by measuring the CEST effect vs. 

changes in the saturation power of a paraCEST or diaCEST contrast agent [78]. As of now, the 

exact exchange rate of water across the bis-SorbPC membrane is unknown, however the 

previously referenced study by Aspinwall has already loaded the liposome with a paramagnetic 

gadolinium lanthanide ion and demonstrated that they are able to create a spin-lattice relaxation 

effect in the bulk water [83]. Repeating the loading and extrusion as described, and then using 

the HW-QUESP analysis method of % CEST vs. saturation power for the paramagnetic lanthanide 

ion will be able to determine the kex of water across the membrane. In the experiment described 

in Section 3.2.3, the kex value was assumed to be high enough, that the consideration of internal 

vs. external water pools used for calculations in DOPC liposomes could be ignored. If this is true 

then the requirement of encapsulating sufficient intra-liposomal water can be ignored, and a 

lower concentration of bis-SorbPC lipid is required for extrusion with diaCEST agents. Since bis-

SorbPC is not commercially available and requires an intensive synthesis process, efficient 

encapsulation of diaCEST contrast agents is necessary for making it a viable option for in vivo use. 
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3.3. Targeting the Folate Receptor with a Polymerized CEST 
MRI Contrast Agent 

3.3.1. Rationale for Research 

Loading of a nanoparticle with contrast agent improves the concentration of contrast 

agent on a per nanoparticle basis. Though an improvement over small molecule contrast agents 

due to longer circulation, loaded nanoparticles are still inefficient at localizing to a tissue of 

interest. The attachment of a targeting molecule to the nanoparticle can improve the tissue 

localization efficiency for a loaded nanoparticle [88]. Developing a targeted diaCEST MRI 

nanoparticle can give diaCEST MRI contrast agents better sensitivity and serve as a potential 

alternative to paraCEST and traditional MRI contrast agents. Targeting diaCEST contrast agents in 

vivo could also allow diaCEST MRI to gather information at the molecular level, where the 

localization of contrast agents can be used to infer information about the presence or absence of 

molecular imaging targets.  

 Salicylic acid analogues can be useful as a diaCEST contrast agent due to the high chemical 

shift of their labile proton from water. Their toxicity from prolonged exposure requires more 

efficient localization to a tissue in vivo. In this study, a nanoparticle loaded with 4-amino-salicylic 

acid was targeted to the folate receptor in vitro. This study was to serve as a proof of concept for 

in vivo studies of targeted delivery of a diaCEST contrast agent to detect cell receptors. 

 

3.3.2. Methods and Materials 

Materials 
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Materials used in addition to those in Section 3.1.2 are as follows: KB (ATCC CCL-17) cells 

(American Type Culture Collection), RPMI 1640 folic acid free medium (Life Technologies), folic 

acid (Sigma Aldrich 59-30-3), polyethylene glycol bis(amine) 1000 MW (Fisher Scientific 24991-53-

5), N-hydroxysuccinimide (Fisher Scientific 6066-82-6), N,N'-dicyclohexylcarbodiimide (Fisher 

Scientific 538-75-0), trimethylamine (Fisher Scientific 121-44-8), dimethyl sulfoxide (Fisher 

Scientific 67-68-5). 

Equipment 

PAA+4ASA synthesis, CEST MRI scans, and pH measurements used the same equipment as Section 

3.1.2. 

Synthesis of Folate-PEG amine 

A previously published paper describing the synthesis of folate-PEG-amine was followed 

with modifications [89]. PEG bis-amine (200 mg, 0.2 mmol, 1 eq), folate (88.2 mg, 0.2 mmol, 1 eq), 

NHS (50.6 mg, 0.44 mmol, 2.2 eq), DCC (45.4 mg, 0.22 mmol, 1.1 eq), and TEA (catalytic amount, 

50 µL) were dissolved in 10 mL of DMSO and stirred in the dark for 48 hrs. The solution was filtered 

to remove precipitated dicyclohexylurea, and concentrated by rotary evaporation under high 

vacuum. The solution was diluted by 1:1 vol/vol addition of DMF, and purified through a LPLC 

column with DMF as the mobile phase and S-X3 (≤2000 MW limit) as the support. The solution 

was dried with rotary evaporation under low vacuum, and then resuspended in a minimal amount 

of water and lyophilized. See Appendix A for further information about using the LPLC column. 

Synthesis of PAA(5000 MW)+4ASA  

The synthesis of PAA+4ASA followed the same procedure as described in section 3.1.2. 

Synthesis of PAA(5000 MW)+4ASA+(PEG+Folate) 
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The synthesis of the targeted nanoparticle followed the same procedure as described for 

PAA+M4ASA in Section 3.1.2 with minor modifications. The same amounts of materials were used, 

with folate PEG-amine (57.6 mg, 0.04 mmol, 2 eq to PAA polymer) being added at the same time 

as M4ASA. The reaction was stirred for 24 hours at 60⁰C, concentrated with low pressure rotary 

evaporation, and passed through a LPLC column containing S-X3 support with DMF as the mobile 

phase. 

Cell Culture and Incubation 

The cell culture was grown  in accordance with a previously published method [90]. When 

received, the cells tested negative for mycoplasma. The KB cells were grown in isolated conditions 

to prevent HeLa contamination of other cell lines. Cells were cultured in folate free Eagles 

Minimum Essential Medium, with 10% fetal bovine serum, 2 mM glutamine, 50 units/mL 

penicillin, and 50 µg/mL streptomycin. Cells were passed with calcium and magnesium free PBS 

containing 0.05% trypsin and 0.02% EDTA. 

KB cells were grown to 1x106 cell density per plate. The cells were released with trypsin/EDTA, as 

previously described, and transferred to a 2 ml micro centrifuge tube. They were then pelleted 

and washed 3 times with folate free RPMI medium (7 min 500 g centrifuge). Incubation was 

performed for 30 minutes with 1 mL of the incubation solution. The cells were then pelleted and 

washed 3 times with 1 mL of PBS (pH 7.4) before being resuspended in 1 mL and scanned with 

CEST MRI. 

The incubation procedure was repeated with 20 mM solutions of 4ASA, PAA+4ASA, and 

PAA+4ASA+(PEG+Folate) (for loaded polymers, the concentration was based on the calculated 

equivalent concentration of 4ASA loaded onto polymers using the process as described in Section 
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3.1.3) in 1x PBS (pH 7.4). The incubation procedure was duplicated for each solution without cells 

as a negative control. 

Determining CEST Effect 

Phantom preparation, scanning, and analysis followed the procedures as described in Section 

3.1.2.  

 

3.3.3. Results and Discussion 

CEST effects of negative controls 

The CEST spectra acquired for all negative control solutions did not display a CEST effect 

from PAA+4ASA. This indicates that none of the formulations would give a false positive result 

from sticking to the wall of the micro centrifuge tube. A previous study has shown that folate will 

associate extracellularly to products shed from cell monolayers in a culture dish [90]. For this 

reason cells were trypsinized and transferred to a micro centrifuge tube. The micro centrifuge 

tubes were polypropylene which prevents hydrogen bonding and association to the hydrophilic 

diaCEST polymer used in this study. 

CEST effects post incubation 

The CEST spectra for all solutions did not display a CEST effect from PAA+4ASA. 

Immediately following the scan the phantoms were pelleted and resuspended in 0.1 mL of PBS 

solution and rescanned with CEST MRI, but no CEST effect was detected. Different parts of the 

design were considered to see if they might have an effect on the binding of PAA(5000 

MW)+4ASA+(PEG+Folate) to the KB cells. The previously mentioned paper [88] also had a study 

that showed trypsin treatment has no effect on folate or cell folate receptors, so the transfer of 



- 61 - 
 

cells to a new micro centrifuge tube and washes before incubation would not have had an effect 

on the outcome. It also demonstrated that incubating suspended cells vs. incubating a cell 

monolayer does not have a significant effect on the amount of bound folate. 

In hindsight the lack CEST effect is clearly from an insufficient incubation time, and 

insufficient concentration of cells in the bulk solution. KB cells grown in folate free media have 

been shown to be able to associate  a maximum of 1.3x105 folate-PEG-liposomes to their surface 

after 4 hours of incubation [91]. Since folate receptors serve to endocytose bound folate, KB cells 

grown in folate free media will endocytose bound folate until an equilibrium is reached. For this 

reason the 30 minute incubation period used for the experiment was insufficient to ensure 

maximum loading of PAA(5000 MW)+4ASA+(PEG+Folate) onto the surface of the KB cells. 

Assuming that only a maximum of 1.3x105 folate molecules are able to be bound to the surface 

of a cell, a cell culture of 106 cells will only have 1.3x1011 available folate receptors to be bound. 

However, assuming a 3% CEST signal detection threshold, at least 0.73 mM of PAA(5000 

MW)+4ASA+(PEG+Folate) would be required to be bound to the folate receptors on the outside 

of the cells. Even a solution of only 0.1 mL would still require 4.4x1016 molecules of 

PAA+4ASA+(PEG+Folate). The lack of sufficient incubation time and cell number prevented this 

experiment from having a chance to be successful. 

 

3.3.4. Future Directions 

If another attempt to target PAA+4ASA to the folate receptor is done, the number of cells 

and the incubation time must be increased. From the previously mentioned literature, increasing 

the incubation time to 4 hours would be sufficient to ensure an equilibrium is reached for folate 

bound to the outside of the cell. The volume of PBS that the cells are resuspended in for CEST MRI 
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following incubation should only be 0.1 mL instead of 1 mL. Using the assumed number of 

PAA(5000 MW)+4ASA+(PEG+Folate) molecules required for a 3% CEST signal in 0.1 mL of PBS, and 

100% binding efficiency to the folate receptors, the amount of cells for in the incubation solution 

should be no less than 4.27x1011 cells. An alternative to requiring such a high cell population 

would be to use higher MW PAA backbones for loading 4ASA. Even switching to 240000 MW PAA 

would reduce the required cells to 8.88x109. 
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Appendix A 
 

The purpose of this appendix is to provide further information about the methods used. 

My hope is that it can save time for anyone who is wanting to use the techniques for another 

purpose. 

Phantoms used in CEST scans 

I found that the Bruker 7T MRI scanner needs to have a sufficient water signal to optimize 

shift and excitation power. I didn’t have sufficient water in my PCR tubes, so I started adding a 50 

mL centrifuge tube of water and taping my samples around the outside. I was able to acquire CEST 

spectra, however the spectrum would always have a lot of noise. I was able to reduce the noise 

by running more averages for each CEST MRI scan, however this took too long when I had to image 

at long saturation times for the QUEST analysis. 

Through consultation with lab members I discovered that taping my samples to the 

outside of the 50 mL tube was causing the noise for a couple of reasons. First, a change from 

water to air will create noise around the boundary between the two phases due to Bo 

inhomogeneities. Secondly, there is a “sweet spot” in the MRI magnet that extends from the 

isocenter to a few centimeters deeper into the magnet bore. By taping my samples to the outside 

of the 50 mL tube I was placing them well outside the sweet spot, and creating an air/water 

boundary that ended up creating very noisy CEST spectra. To fix these problems, I started taping 

my samples together into a bundle, putting them inside the water filled 50 mL tube, and shifting 

the phantom so that the samples were a little bit deeper into the bore of the machine (Fig. 10). 

An example of the improvement this offered to the CEST spectra can be seen in Fig. 11. 
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PAA and M4ASA coupling 

I’ve found that conducting the reaction in dry conditions is necessary to achieve maximum 

loading.  When I tried to do it without dry conditions, the polymer didn’t display maximum loading 

even after it was carried out for a full week. Some of the chemistry students in the lab said this 

Isocenter 

Fig 10: Phantom setup and placement in relation to isocenter of MRI 
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Fig. 11: A CEST spectra collected before (with 5 averaged scans), and a CEST spectra 

collected after (with only 1 scan) changing the phantom design. 
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was due to water interfering with the intermediate HOAt-PAA structure and decoupling the HOAt 

from the PAA backbone. 

I found that the reaction wouldn’t proceed at a reasonable rate unless I heated it to 60⁰C. 

For example, conducting the reaction for a full week at room temperature didn’t result in 4ASA 

being detected in the product. I think this is due to the amine being directly attached to the 

benzene ring of 4ASA, which makes it difficult for it to replace HOAt on the PAA backbone at room 

temperature. 

PAA+4ASA product 

An extremely important lesson I learned was that polymerization will ALWAYS broaden 

peaks in a 1H NMR spectrum. When looking at the NMR of the product, make sure that the peaks 

are broad. In some instances the PAA+4ASA might not have been purified sufficiently, and there 

is still unreacted 4ASA left in the solution. These peaks are clearly visible as sharp peaks on top of 

the broader polymer peaks. I also found that the coupling will shift the 4ASA peaks downfield 

from their unpolymerized position. So just remember that any peak that is sharp in the NMR 

spectrum isn’t coming from the loaded polymer. 

I observed a decrease in the CEST signal for PAA+4ASA when I imaged the same solution 

over the course of a few days. I didn’t characterize the decrease in the signal over time, but it 

appears that there is some loss of signal when PAA+4ASA is stored as a solution. On the other 

hand, dried PAA+4ASA that I stored at room temperature gave a consistent CEST effect as I made 

samples from it over the course of a month. I would recommend to wait to dissolve the PAA+4ASA 

until right before imaging. 
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Chloroform/water wash 

The chloroform/water wash was an important step in order to help with LPLC SEC 

purification. When monitoring the PAA+M4ASA reaction with TLC spotting, it was found that PAA, 

PAA+4ASA, and HATU would remain on the baseline. This caused difficulties when trying to 

distinguish between fractions following SEC. It was found that, after the PAA+M4ASA reaction, 

HATU would be stained by ninhydrin. I determined that PAA is insoluble in chloroform, M4ASA is 

insoluble in water and HATU is soluble in water and chloroform. By using a chloroform/water 

wash, I could remove insufficiently loaded PAA, and progressively remove HATU from the 

chloroform fraction. I was able to use ninhydrin staining of the baseline spot on the chloroform 

fraction to ensure that HATU had been completely removed from the chloroform fraction. 

Another important reason to use the chloroform/water wash was to remove HOAt from 

the polymer backbone. The coupling reaction involves forming an intermediate structure where 

HOAt is coupled to the carboxylic acid, which is then displaced by the 4ASA. At the end of the 

PAA+M4ASA reaction, there will be HOAt remaining on the PAA backbone. The water/chloroform 

wash uses wet chloroform which is able to decouple HOAt from the polymer and ensure that all 

HOAt is removed from the product during SEC. 

LPLC SEC 

PAA+M4ASA 

I found that the SEC column was very straightforward to use and the same support could 

be reused for all of the purifications. There was a limit to how much sample could be added to 

the support at one time for purification. This is because SEC uses swelled beads for the support. 

If the concentration of the sample is too high when added to the column, the beads would shrink 

and create cracks in the support which would limit the ability for the column to separate different 
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MW molecules. As the column was run, the beads would eventually re-expand and the cracks 

would seem to disappear. However the cracks would reform for every subsequent purification, so 

I always would need to repack the column when a sample caused cracking. 

Loading too much sample into the column would prevent sufficient separation of the 

elution bands. Visually, the bands were indistinguishable while in the column due to there being 

unreacted M4ASA, as well as M4ASA on the PAA.. The eluting fractions would be a brown that 

gradually lightened to a pale yellow. PAA+M4ASA would always elute first, followed by a coelution 

of M4ASA and HOAt. TLC spotting with 1:1 ethyl acetate/hexane allowed for the fractions to be 

easily distinguished since only PAA+M4ASA would remain on the baseline. 

PEG+Folate 

Folate is less soluble in DMF than DMSO. When purifying the product, the mixture was 

added to DMF, and DMSO was added dropwise until everything dissolved. Compared to the 

purification of PAA+M4ASA, only a small amount of the solution could be added to the column at 

a time. Otherwise the folate would form a tacky layer near the top of the support which would 

gum up the column and prevent DMF from flowing through the column easily. When this 

happened I had to resuspend the column support in 1:1 DMF/DMSO and clean it by running 

several columns volumes of 3:1 DMF/DMSO until the support was clean. The nice thing about 

using the S-X3 support is that if I messed it up, I could always repack it and try again. 

Liposomes 

One of Craig Aspinwall’s students showed me a really neat trick for collecting the liposome 

fraction during purification.  The liposomes themselves can’t be tracked in the column because 

they are almost colorless. However, they will scatter light and make a solution appear hazy when 

present. When purifying liposomes, I would run the column in a dark room and shine a bright led 
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light on the eluting drops. The water drops would normally be clear except when they contained 

liposomes, at which point they would appear hazy. After all of the liposomes had eluted the drops 

would become clear again. Using this method, it was easy to collect only the liposome fraction. 

Dialysis 

The standard procedure is to change the dialysis twice every two hours, and then leave 

the third solution overnight. However when I did this there would still be impurities present In 

the NMR spectra. By changing my sample every two hours for the entire day, and then leaving it 

overnight, I could get all of the impurity out in one day.  

It important to remember that CE membranes don’t hold up well to a lot of solvents. If I 

was going to dialyze a sample containing DMF, I found that a 50:50 DMF/water (vol/vol) wouldn’t 

melt the membrane. Methanol and basic solutions will also cause the cause cellulose ester 

membranes to dissolve, so be sure to evaporate all of the methanol before dissolving in a 

sufficient amount of water after saponification. 
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