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ABSTRACT 

 

Synthesis and Optimization of Cell-Permeable Contrast Agents for Magnetic Resonance Imaging 

 

Paul J. Endres 

 

Magnetic resonance imaging (MRI) is a technique widely used in both clinical and 

experimental settings to produce high-resolution images of opaque living organisms without 

utilizing ionizing radiation.  Currently, MR imaging is augmented by contrast agents; however, 

these small molecule Gd(III) chelates are confined to extracellular and vascular regions of the 

specimen, reducing their ability to provide information about cell physiology or molecular 

pathology.  However, as compared to other imaging modalities, MRI has a relatively low 

sensitivity to exogenous contrast agents.  As a result, the system has an inherent difficulty 

exploiting any newly developed contrast agent, especially if the probe shows specificity and 

selective image contrast enhancement on a molecular level.   

This thesis describes the synthesis, visualization, and optimization of several MR contrast 

agents prepared on varying scaffolds that display cell membrane permeability or elicit enhanced 

image contrast over current clinical imaging probes.  Section 1 (Chapters 2 and 3) describes the 

synthesis, cell culture, and optimization of six contrast agents that possess the capability to cross 

cell membranes in sufficient quantity for detection via MR imaging. Four agents are based on the 

conjugation of a Gd(III) chelator with an 8-amino acid polyarginine oligomer or an amphipathic 

stilbene molecule, 4-amino-4’-(N,N-dimethylamino) stilbene.  However, transport of these 

contrast agents was determined to be bidirectional, allowing them to efflux rapidly from cultured 
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cells.  Therefore, a disulfide linkage was incorporated between the transduction moiety 

(polyarginine 8-mer) and the Gd(III) chelate (either DOTA or DTPA) to create thiol sensitive 

derivatives of the cell-permeable contrast agents.  These second generation imaging agents 

successfully displayed prolonged cellular retention via synchrotron radiation X-ray fluorescence 

(SR-XRF) and MR imaging.   Section 2 (Chapters 4 and 5) describes the synthesis of MR 

contrast agents with elevated relaxivities and versatile scaffolds for potential conjugation of cell-

penetrating moieties.  These novel contrast agents hold particular promise for the development of 

multifunctional imaging probes by exploiting metal-based nanoparticles (TiO2) and ring-opening 

metathesis polymerization (ROMP).  Each scaffold allows for attachment of multiple Gd(III) 

imaging agents via increased surface area (TiO2 nanoparticles) or polymerizable functionalities 

(ROMP-accessibility) while maintaining additional synthetic handles for fluorophore or cell-

penetrating moiety conjugation.   
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Introduction 

This chapter will focus on the topics and principles needed to understand magnetic 

resonance imaging (MRI) and its applications.  After a discussion of the basic magnetic 

properties governing this imaging technique, focus will be shifted to a review of synthetically 

prepared complexes, termed contrast agents, that have been shown to enhance image contrast- 

noise ratios.  This section will then address the mechanisms that allow these complexes to 

advance MR imaging. 

MRI and Associated Principles 

 MR imaging is a technique used in clinical and experimental settings to produce high 

quality images of opaque living organisms without the need for harmful ionizing radiation.  Its 

non-invasive images are not limited by tissue depth, as those from light-based microcopy are, nor 

do they require radioactive drugs or X-ray sources as in standard X-ray, CAT scans, or heavy 

atom angiography.   Instead, MR derives its images from the local concentrations and relaxation 

rates of water protons within an applied magnetic field and takes advantage of the quantum 

mechanical property of nuclear spin.  However, it is sometimes easier to visualize this process in 

the classical sense of angular momentum vectors.
1
  Essentially, the nuclear spins of elements 

with odd mass numbers (e.g. 
1
H, 

13
C, 

17
O, 

23
Na, and 

31
P) can be combined to yield a vector that 

has a magnitude, I, defined in Equation 1.1.   

 ( 1 )  ,   / 2 πI I h= + =ℏ ℏI  Equation 1.1 

where h is Plank’s constant and I is the spin quantum number.  If placed in an external magnetic 

field (B0), nuclei with angular momentum vectors (I) will align themselves in one of two 

directions, against the magnetic field vector (down) or with the magnetic field vector (up).  They  
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Figure 1.1 A representation of hydrogen nuclei (vector arrows) before and after placement in 

an external magnetic field, B0.  Throughout the alignment, the nuclei are constantly spinning at 

the Larmor frequency, ωL.  Due to Equations 1.2 and 1.4, slightly more nuclei orient themselves 

in the ‘up’ or lower energy state, allowing the formation of a net magnetization vector, M.   
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will populate these two allowed states according to a Boltzmann distribution (Equation 1.2) 

where kB is the Boltzmann constant.  Individually these vectors are the basis of MRI, but it is 

their summation that allows facile understanding of MRI physics (Figure 1.1).   

 
0

  exp
up

down B

N

N k T

γ 
 =
 
 

ℏB

 Equation 1.2 

 Iγ=∑M  Equation 1.3 

     x y zM M M= + +M  Equation 1.4 

Shown in Equation 1.3, M is the vector sum of all the individual protons’ magnetic 

moments where γ is the gyromagnetic ratio characteristic for each spinning angular momentum 

vector.  In an unexcited or ground state sample, the distribution of individual spins comprising M 

will have collective components of Mx, My and Mz (Equation 1.4).   Due to random phase 

incoherence of these individual spins, Mx and My will go to zero, however, restrictions placed on 

Mz will make its value non-zero.  Therefore, as shown in Figure 1.1, when a nuclei such as 

hydrogen (I = ½) is placed within an external magnetic field (B0), it can effectively be depicted 

as a vector possessing a magnitude equal to Equation 1.5 in only the Mz direction (where N0 is 

the total number of spins). 

 

2 2γ ( +  1)

     

3  

0

B

z

N I I

M

k T

= =
ℏ

0
M B  Equation 1.5 

 

  A variety of radio frequency (RF) pulses, which generate magnetic fields, can be 

applied to these conglomerate spins causing M to flip away from the z axis and take on x and y 

components.  Deemed B1, this perpendicularly induced magnetic field (consequence of the RF 
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pulse) causes the spins to display a detectable rotating magnetization (Mxy).  Upon completion of 

this RF pulse, the nuclear spins will return to their ground state energy by interacting with the 

surroundings in a process called relaxation.  Broken down into two main processes, relaxation 

rates are the mathematical basis of the MR images we see.  The first process, designated spin-

lattice or T1, is the mechanism responsible for describing the return of magnitude to Mz 

(immediately following the RF pulse).  The second relaxation process, termed spin-spin or T2, is 

responsible for describing the return to zero of Mxy (immediately following the RF pulse).  Both 

of these processes are presented in detail in the following section.   

Introduction to T1 and T2 Relaxivity 

T1 relaxation is affected by several processes.  However, all of these processes are 

characterized by one underlying principle, the generation of magnetic noise which gives rise to 

fluctuating magnetic fields.  These fluctuating fields allow the RF pulsed nuclei to release energy 

and return to their ground state.  The time needed for Mz to return to the original magnitude 

recorded before the RF pulse is called T1.   

T2 relaxation is brought about by a phenomenon known as spin dephasing.  Immediately 

following the RF pulse, the individual spins compromising M will be coherent and rotating about 

B0.  The fluctuating magnetic field caused by random particle motion and the bulk B0 

inhomogeneities will result in loss of spin phase coherence and induce neighboring spin pairings, 

respectively.  Neither contributes to overall system energy loss, but both diminish signal in the xy 

plane. 

To create images from these measurable rates, MR imaging exploits magnetic time-

varying, linear magnetic field gradients.  These gradients create unique, infinitesimally small 

magnetic environments for each part of a sample placed within the magnetic field (the strength 
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of B0 and the gradient coil determine the number of unique fields).  This system allows the MR 

hardware to encode positional data about the sample that can later be used to reconstruct an 

image.  A computer can now use the relaxation rates (T1 or T2) along with calculated nuclei 

densities to determine pixel intensities via mathematical functions called continuous Fourier 

transforms (FTs).  By concurrently mapping the data set against the 3D array of frequencies 

created by the field gradients, non-invasive, cross-sectional images of most biological samples 

can be acquired.
1
   

T1 Contrast Agent Parameters 

Earlier in this chapter, inherent sample parameters and outcomes were discussed.  

However, like PET, SPECT, and CT, MR image contrast can be improved by the introduction of 

exogenous contrast agents.  In the case of MRI, such compounds decrease the T1 or T2 relaxation 

times of neighboring nuclei, causing local increases or decreases of signal intensity.  If a 

particular complex has a more pronounced effect on the T1 or T2 relaxation processes of 

hydrogen nuclei, it is deemed a T1- or T2-agent, respectively.  This thesis deals exclusively with 

Gd(III)-based T1 contrast agents, therefore, only T1 processes and Gd(III)-based agents will be 

described from this point forward.  Information regarding T2 processes can be found in reference 

1. 

The general equations governing solvent relaxation rate in the presence of paramagnetic 

ions (e.g. gadolinium) were developed by Solomon and Bloembergen and are expressed in 

Equation 1.6.
2, 3

  The observed longitudinal relaxation rate (1/T1) is the sum of the diamagnetic 

(1/T1,dia) and paramagnetic relaxation rates (1/T1,para).  However, this equation holds true for only 

very dilute solutions of paramagnets.  A more applicable relationship for systems involving a 

contrast agent, Equation 1.7, takes into account the relaxation rate enhancement (r1) and 
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concentration of gadolinium present.  In the presence of Gd(III) complexes, the 

paramagnetically-induced relaxation of water protons is a direct result of dipole-dipole 

interactions between the nuclear spins of hydrogen and the fluctuating field of the unpaired 

Gd(III) electrons.   
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This interaction is strongly dependent on distance and thus can be described by two terms 

(Equation 1.8); the direct-contact inner sphere contribution (1/T1)
IS
 and the proximity-

influenced outer sphere contribution (1/T1)
OS

.  Due to our inability to control and influence outer 

sphere contributions, this discussion will focus on inner sphere relaxivity.
1
  The inner sphere 

term can be expressed by Equation 1.9, where c is the molal concentration of Gd(III) ions, q is 

the number water molecules coordinated to the Gd(III) ion, τm is the mean residence lifetime of a 

water molecule in the inner sphere, and (1/T1m) is the longitudinal proton relaxation rate of the 

bound water molecule.  The longitudinal proton relaxation rate, (1/T1m), is governed by the 

dipole-dipole (DD) and scalar (SC) mechanisms of relaxation as shown in Equations 1.10 and 

1.11.  However, the scalar mechanism contributes little to the overall relaxation rate at field 
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strengths above 10 MHz, so they can be ignored in the case of virtually all medical scanners.
1
  

Symbols found in Equation 1.11 are defined as follows: g is the electron g-factor, µB is the Bohr 

magneton, rGdH is the electron spin-proton distance, and ωI and ωS are the nuclear and electron 

Larmor frequencies, respectively.  As shown in Equation 1.11, the dipolar term from Equation 

1.10 is dependent on several factors, one of which is the overall correlation time, τc1.  The overall 

correlation time is governed by the rotational correlation time of τR, the longitudinal electron 

spin relaxation time, T1e, and τm from Equation 1.12.  Upon closer examination of Equations 

1.9 and 1.12, the parameters q, rGdH, τm, τR, and T1e can be synthetically manipulated; hence, their 

optimization will lead to maximum relaxation rates (parameters depicted in Figure 1.2).
4
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Each of these parameters has a physical meaning that is important in the design of 

contrast agents.  Inner sphere relaxivity is directly proportional to the number of bound water 

molecules (q).   Therefore, increasing q to its highest value would result in the highest relaxivity 

for any Gd(III) contrast agent (Equation 1.9). However, due to the toxic effects of the Gd(III) 

aqua ion in physiological environments, care must be taken so as not to allow the Gd(III) ion to 

dissociate from its chelator.
4
  Generally this requires a minimum of seven to eight moieties 
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chelating the metal center, which allows for a maximum q value of 2.
5
  Another parameter of 

interest is rGdH.  It can be seen from Equation 1.11 that rGdH has a (1/r
6
) dependence.  

Theoretically, this allows sub-angstrom decreases in Gd-H distances to drastically improve 

relaxivity.  However, electron-nuclear double resonance (ENDOR) spectroscopy studies have 

shown that for several 8 and 9-coordinate Gd(III) complexes, this distance is quite stable and is 

therefore an unlikely source for increased relaxivity.
4, 6

  With an optimal value of 10 ns, the mean 

residence lifetime of protons, τm, is a parameter which requires strict optimization to achieve 

maximum relaxivities.
4
  If the τm is too short, protons of the bound water molecules cannot 

sufficiently be relaxed by the Gd(III) ion.  If τm is too long, water exchange is not happening 

efficiently, and the relaxivity values will again suffer (Figure 1.3).  Several factors influence the 

mean residence lifetime, and a detailed description of these can be found in literature reviews.
5, 7

   

The rotational correlation time, τR, also possesses an optimal value.  For most small 

molecule contrast agents at clinical field strengths, (≤ 1.5 T) decreasing τR, slowing down the 

molecular tumbling rate, will increase relaxivity.  Conversely, in higher field settings (typically > 

1.5 T), τR exhibits an optimal value, and below that, relaxivity decreases with decreasing τR.  

Therefore, τR must be appropriately optimized for the desired imaging field strength (Figure 

1.3).
5
  Unlike the previous molecular parameters and correlation times, the longitudinal 

electronic relaxation time (T1e) is a very complex and little understood parameter.  Although 

studies have shown that T1e is magnetic field dependent and, like τR, possesses a maximum value 

at a given field strength, much has yet to be learned about this attribute of Gd(III) contrast 

agents.
8, 9

  Modulation of these parameters (excluding T1e) and other advances in Gd(III) 

complexes as MRI contrast agents are presented within the proceeding sections of this chapter. 
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Figure 1.2  Parameters affecting the relaxivity of Gd(III)-based contrast agents.  

q = number of bound water molecules 

rGdH = electron spin-proton distance 

τm = mean residence lifetime of a water molecule in the inner sphere 

τR = rotational correlation time 

T1e = longitudinal electronic relaxation time 
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 B 

 

 

Figure 1.3 Inner sphere relaxivities calculated as a function of τm and τR with a static T1e (10 

ns) and q (1.0) at 20 and 60 MHz.  (A) Calculations at 20 MHz (0.5 T).  (B) Calculations at 60 

MHz (1.5 T).  Both simulations are reproduced with permission from reference 4.      
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Current Gd(III) MRI Contrast Agents 

The evolution of improved pulse sequences, magnets, gradients, and contrast agents has 

made MR imaging one of the most popular imaging modalities of the clinical diagnostic 

community.  Frequently, in clinical exams the inherent contrast between tissues is augmented by 

the use of paramagnetic, poly(amino-carboxylate) contrast agents such as Dotarem (Gd(III)-

DOTA), ProHance (Gd(III)-HP-DO3A), Magnevist (Gd(III)-DTPA), and Omniscan (Gd(III)-

DTPA-BMA), all of which consist of a Gd(III) metal ion and a small molecule chelator (Figure 

1.4).  Through the exploitation of the symmetrical electronic ground state and high magnetic 

moment created by the seven unpaired electrons of chelated Gd(III), current clinical agents 

accelerate the relaxation rate of water protons that interact with the metal ion.  Although these 

small molecule gadolinium complexes display non-specific biodistributions and are confined to 

vascular regions of the body, their high formation constants (e.g. Kf = 10
25

 for Gd(III)-DOTA) 

and favorable pharmacokinetics make them excellent candidates for clinical usage.
1, 4

  Therefore, 

a majority of the novel contrast agents described herein are derivatizations of their high stability, 

poly(amino-carboxylate) chelating scaffolds. 

Targeted T1 Contrast Agents 

Due to the non-specific biodistribution associated with many Gd(III)-DTPA and Gd(III)-

DOTA-based contrast agents, much effort has been put into developing agents with biologically 

relevant targets.  This allows the contrast agent to accumulate and create a virtual MR image 

‘hotspot’ in a specific region of interest.  One can imagine the utility of such MR active probes in 

preventative medicine.  With the ability to selectively bind pathological cells and processes, 

these agents can visualize tumor formation, vessel blockages, and scar-forming fibrin.
10
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Figure 1.4 Examples of clinically-approved MRI contrast agents and their relaxivity data at 

60 MHz and 37 °C.
4
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The most widely studied form of targeting contrast agents is those used for tumor 

visualization.
10, 11

  Initial attempts by Aime and coworkers exploited the characteristically 

increased negative charge present on brain and lung tumor cell surfaces.
12

  By electrostatically 

attaching Gd(III)-DOTA-based phosphonate complexes to positively charged peptides like 

polyornithine and polyarginine, they created one of the first clinically viable, targeted contrast 

agent candidates.    However, the drawbacks of non-covalent attachment and the difficulties 

experienced with competitive, blood plasma anion binding to the peptides led other groups to 

take a more molecular approach to tumor cell targeting.    

It is known that tumor cells overexpress certain receptors and proteins,  several of which 

have been targeted with appropriate ligand-bound Gd(III) contrast agents to create protein and 

cell receptor-targeted probes (Figure 1.5).
4, 11

   For example, the asparagine-glycine-arginine 

(NGR) peptide sequence was shown to have an increased affinity towards CD13, a protein 

needed for angiogenesis, while bisphosphonate groups are preferentially absorbed on bone 

growths.
13, 14

  Other studies have shown that monoclonal antibodies (mAbs) functionalized with 

MR contrast agents can label cell receptors.  Once bound, these contrast agents display increases 

in relaxivity due to the slower rotational correlation times of the contrast agent-receptor 

adducts.
10

  Examples include contrast agents bound to an anticarcinoembryonic antigen, an anti-

human T-cell antibody, and the αvβ3 integrin (a protein used to indirectly monitor tumor growth) 

antibody (Figure 1.5).  However, this is not an exhaustive list, and the reader is directed to two 

comprehensive reviews on the topic.
10, 11
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Figure 1.5 Examples of targeted MR contrast agents.  (A) A Gd(III)-DOTA-based, 

bisphosphonate agent that is preferentially absorbed on pathological bone growths.
14

  (B) A 

peptide (NGR) sequence functionalized Gd(III)-DTPA agent that was shown to have an 

increased affinity towards CD13, a protein involved in angiogenesis.
13
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Biochemically Active T1 Contrast Agents 

As the resolution of MR imaging approaches the cellular level, it has become 

advantageous to synthesize contrast agents that are sensitive to changes in the physiological 

environment.  Such probes could allow clinicians to monitor disease states via enzymatic activity, 

pH fluctuations, pO2 flux, and metal ion concentration.  

Enzyme sensitive MR contrast agents are generally constructed to increase their 

relaxivity values upon interaction with the appropriate enzyme.  For instance, Bertini and 

colleagues substituted one carboxylic acid arm of Gd(III)-DTPA with an arylsulfonamide to 

create a contrast agent that acts as an inhibitor of carbonic anhydrase.
15

  When bound, the 

contrast agent exhibited a five-fold increase in relaxivity due to the slower molecule rotation 

(influence on τR) caused by the high molecular weight of the adduct.  A similar system was 

explored by Lauffer and coworkers, who synthesized a Gd(III)-DTPA based chelate with a 

phosphate group terminated-hydrophobic pendant arm.  Cleavage of the phosphate group by 

alkaline phosphotase allowed the hydrophobic arm to associate with human serum albumin 

(HSA), increasing τR and relaxivity (Figure 1.6).
16

  Later, this same group exploited the protease 

activity of human carboxypeptidase B to cleave a hydrophilic peptide masking a similar 

hydrophobic pendant arm on Gd(III)-DTPA.  Once cleaved, the agent binds to HSA.
17

  

 Unlike these systems, our group has visualized enzyme activity via modulation of the 

number of water molecules coordinated to the Gd(III) ion, q.   By arranging large, enzyme-

cleavable moieties on a Gd(III) chelate, the contrast agent is unable to efficiently interact with 

inner sphere water protons, giving the complex a q = 0 (off) state with low relaxivity.  Once the 

enzyme removes the cleavable moiety, the Gd(III) ion is able to influence water molecules (q = 1 

or on state).  Examples include an agent that detects the well-known gene reporter  
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Figure 1.6 Examples of enzyme cleavable contrast agents.  (A) An alkaline phosphatase 

sensitive MRI contrast agent developed by Lauffer and colleagues.
16

 (B) and (C) Respectively, a 

β-galactosidase and β-glucuronidase activatable contrast agent synthesized by the Meade 

group.
18, 19
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β-galactosidase via β-galactose cleavage and another that detects tumor cell expressing β-

glucuronidase via cleavage of β-glucuronic acid (Figure 1.6).
18-20

   

 Besides relying on enzyme kinetics for contrast agent activation, several groups have 

explored the ability of functionalized Gd(III) chelates to elicit relaxivity changes in response to 

pH.  Such a system has an easily justifiable clinical endpoint because of the known pH gradient 

that exists in the acidic extracellular space of tumors.
21

  Prepared by the groups of Sherry and 

Aime, several DOTA based tri- and tetraamide structures have shown pH-dependent relaxivity 

values.
22-24

  A different approach was taken by Toth and Sitharaman where they used water 

soluble Gd(III)-fullerenes and Gd(III)-nanotubes to detect changes in pH.
25-27

  These structures 

are susceptible to multiple protonation states and proton exchange rates, exhibiting increased 

relaxivities with decreased pH.  Although often governed by complex mechanisms, these 

contrast agents have proven that careful modification of a Gd(III)-chelating structure can provide 

novel pH-dependent molecular probes (Figure 1.7). 

Similar to enzyme kinetics and pH, the partial pressure of oxygen within the blood has 

been linked to several pathologies including stroke and angiogenesis.
10

  Therefore, a method for 

measuring the relative blood oxygenation levels using contrast agent enhanced MRI has been 

examined.  Shown in Figure 1.7, both contrast agents developed by Aime and coworkers show 

preferential affinity to the low oxygen binding T-form of hemoglobin.  Therefore, areas of low 

oxygen partial pressure, dominated by T-form hemoglobin, would display higher relaxivities via 

adduct formation and an increase in the contrast agent’s τR.
28, 29

 

Another important class of biochemical markers is metal ions, and much progress has 

been made towards the design of MR contrast agents that change their relaxivities in response to  
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Figure 1.7 Examples of pH and pO2 sensitive MR contrast agents.  (A) Sherry and 

coworkers’ tetraamide-DOTA-based pH sensitive contrast agent.
24

 (B) A triamide-DOTA-based, 

pH sensitive contrast agent.
23

 (C) The assumed structure of Toth’s and Sitharaman’s pH sensing 

Gadofullerene contrast agent.
27

 (D) and (E) Respectively, Aime and coworkers’ pO2 sensitive 

DOTA-phosphonate and DTPA-boronic acid-based contrast agents.
28, 29
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Figure 1.8 Examples of metal ion sensitive MR contrast agents.  (A). Livramento and 

coworkers’ Fe(II) sensitive, metallostar contrast agent.
30

  (B) A 1,2-bis(o-aminophenoxy)ethane-

N,N,N’,N’-tetraacetic acid (BAPTA)-based Ca(II) sensitive contrast agent.
31

 (C) Major and 

colleagues’ selective Zn(II) sensing agent.
32
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metal ion gradients.  Varying iron concentrations, linked to anemia and siderosis, have 

successfully been imaged, with a Gd(III)-DTPA based, self-assembling bipyridyl ligand.
30

  

Calcium, necessary for muscular contraction, neural cell communication, and hormonal secretion, 

was the target of work by Li and colleagues.
31

  By linking 1,2-bis(o-aminophenoxy)ethane-

N,N,N’,N’-tetraacetic acid (BAPTA) between two Gd(III)-DOTA-based chelates, they 

synthesized a contrast agent capable of imaging calcium at physiological concentrations.   

Another prevalent biological metal, zinc, has also been effectively imaged by both 

Nagano’s and, later, Meade’s groups.
32, 33

  Based off half of the BAPTA molecule, Major and 

coworkers’ contrast agent showed selective chelation of zinc in the presence of calcium and 

magnesium.  Shown in Figure 1.8, all three of these agents show an increase in relaxivity upon 

binding of their respective metal ions. 

Paramagnetic Chemical Exchange Saturation Transfer Contrast Agents 

Built upon the same nuclear magnetic resonance (NMR) principles of MRI, chemical 

exchange saturation transfer (CEST) is a technique that uses presaturation pulse sequences (RF 

pulses) in order to create spectroscopically induced image contrast via magnetic resonance.  All 

tissues have two pools of protons, those tightly associated with proteins, lipids, and subcellular 

structures (low pKa, -NH and -OH protons) and those considered to be the bulk water.  These 

pools of protons are in constant communication with one another, hence their net magnetization 

vectors can be dependently decreased with the introduction of RF pulses at selected 

frequencies.
34

  Initial studies showed that diamagnetic molecules could demonstrate the CEST 

effect because their -NH and -OH group protons slowly exchanged with the bulk water.
35

  

However, it was soon discovered that paramagnetic ion chelates with unusually slow water 

exchange rates (1/τm) could augment the CEST images to an even greater extent.
36

  Named  
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Figure 1.9 Examples of CEST and biochemically-active PARACEST contrast agents.   (A) 

Biologically endogenous CEST contrast agents (barbituric acid and polyarginine oligomers).  (B) 

A metal-dependant, pH and temperature sensitive PARACEST contrast agent.
37, 38

 (C) A nitric 

oxide sensing PARACEST contrast agent.
39

 (D) A glucose sensitive PARACEST contrast 

agent.
40
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PARACEST contrast agents, these paramagnetic compounds are usually built upon existing 

lanthanide chelating moieties and offer the ability to be fine tuned based upon lanthanide ion 

properties.
41

 

 Of special interest are the more recently developed PARACEST contrast agents that are 

responsive to biochemical environments.  Similar to the biochemically-active T1 contrast agents, 

these probes offer a change in PARACEST detectable intensities or frequencies upon pH 

changes, temperature variations, enzymatic cleavage, nitric oxide (NO) presence, and glucose 

concentrations.
37-40, 42

  Shown in Figure 1.9, these agents are able to report on biologically 

relevant events without the need to efficiently relax water protons like their Gd(III) chelating 

counterparts.  However, PARACEST agents do have one distinct limitation.  Due to the inherent 

decreased sensitivity of CEST, approximately 100 times the amount of contrast agent is 

necessary over the conventional Gd(III) augmented imaging to elicit the same visible contrast 

enhancement.  Therefore, this technique is in need of a more effective imaging system by which 

exogenous CEST agents can be fully utilized to aid in image contrast enhancement.
41

 

Macromolecular and Alternative High Relaxivity T1 Contrast Agents 

As discussed, Gd(III)-based T1 contrast agents are usually constructed of poly(amino-

carboxylate) chelating backbones.  However, such structures are generally limited to lower 

relaxivities due to their rapid tumbling (fast τR rates) and low values of q (Gd(III)-bound inner 

sphere water molecules).   Understanding these limitations, several strategies have been 

investigated to increase contrast agent relaxivity. 

 First reported by Xu and coworkers, the oxygen-rich moiety of hydroxypyridinone 

(HOPO) has proven to be a promising candidate as a high relaxivity, small molecule Gd(III) 

chelate.
43

  By exploiting the oxophilic nature of Gd(III), this sub-set of lanthanide chelates  
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 [Gd(III)-TREN-1-Me-3,2-HOPO] 

 r1 = 10.5 mM
-1
s
-1 

 τm = not measurable due to lack of H2O solubility 

 

 

 [Gd(III)-TREN-Me2-5,4-HOPY] 
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Figure 1.10 Examples of HOPO-based Gd(III) contrast agents and their relaxivities measured 

at 20 MHz, 25 °C, and pH 7.  (A) The original HOPO-based, Gd(III) chelating contrast agent.
43

 

(B) A HOPO agent with improved water solubility.
44
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provides acceptable complex stabilities while allowing q = 2.  This increase in q, along with the
 

near-optimal water exchange rates of 2-31 ns, gives ligand relaxivities that, on average, are 8.0 

mM
-1
s
-1
.
45

  Shown in Figure 1.10, this system has been plagued with one major drawback: its 

poor water solubility.  Given the high local concentration of Gd(III) needed to elicit image 

contrast enhancement, the first HOPO ligands were clinically unacceptable.
45

  Since that time, 

much effort has been spent functionalizing the HOPO ligand with hydrophilic pendant arms.
46

  

One agent, shown in Figure 1.10, was particularly successful, displaying markedly increased 

water solubility while retaining a near-optimal value of τm.
44

  While such work is interesting and 

novel, attachment of the necessary solubilizing groups decreases the overall chelate stability and 

has not been able to fully alleviate the issues associated with fast, small molecule tumbling 

rates.
47, 48

 

The most common approaches to combating the fast τR times of low molecular weight 

Gd(III) contrast agents have been the conjugation of functionalized chelates to polymers, 

dendrimers, and the previously described biological molecules.  Among the studies performed, 

derivatization of commercially available polylysine with DTPA-based chelating moieties has 

shown that up to 70 Gd(III) ions can be attached to a single molecule.
49

  However, these agents 

exhibited high toxicity, and were later modified with polyethylenegycol (PEG) to modulate their 

pharmacokinetic downfall.
50

  Still, the system consistently produced relaxivities per gadolinium 

that were lower than expected (based on τR measurements).  This was speculated (and later 

proven by Toth and colleagues) to be a result of the polymer’s flexible nature, creating fast local 

rotation.
51

  Attempts by Modo and coworkers to functionalize dextran, a large molecular weight 

polysaccharide of glucose, resulted in similar relaxometric properties (Figure 1.11).
52

  Therefore, 

other synthetic schemes, such as high molecular weight dendrimers, were employed.   
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In contrast to flexible linear polymers, dendrimers have a relatively rigid structure and 

their overall tumbling rate will, in most cases, contribute favorable to τR.  Gadomer-17, shown in 

Figure 1.11, is an example of such a system.  Built upon a polyamide dendrimer, the 17 kDa 

contrast agent has a relaxivity that is 65% higher per Gd(III) ion than its linear counterpart.
53

  

(The author directs the reader to the literature for more information on this topic.
1, 4, 5

) 
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Figure 1.11 Examples of macromolecular Gd(III) contrast agents.  (A) Modo and coworkers’ 

macromolecular gadolinium rhodamine dextran (GRID) contrast agent.
52

 (B) A representation of 

Gadomer-17, the dendritic agent developed by Rohrer and colleagues.
53
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Conclusions and Outlook 

 As this chapter has outlined, much work and progress has been made in the field of MRI 

and consequently on its image enhancing contrast agents.  Perhaps the most exciting of which is 

the understanding now possessed on the intrinsic parameters that influence relaxivity.  Although 

T1e and relaxivity of 2
nd

 sphere water molecules has received little attention, modulation and 

optimization of inner sphere water exchange, hydration number, and molecular rotation have 

been added to the community’s collective knowledge base.  Made possible by the collaborative 

efforts of coordination chemists, organic chemists, biophysics, and clinicians, the design and 

implementation of novel contrast agents for targeted, smart, intracellular, and molecular MRI 

promises to bring the clinical imaging community new and more efficient methods of non-

invasive, in vivo diagnosis.     

Scope of Thesis 

 This thesis focuses on the development and testing of cell-permeable contrast agents for 

molecular MR imaging.  To realize the full potential of this imaging modality, chemists and 

biologists need to focus on the interdisciplinary work of synthesizing and testing contrast agents 

that can exploit such a powerful system.   Considering the opportunities for exploratory research 

in MR imaging and the optimization accompanying contrast agents, the work presented here will 

focus on the functionalization, characterization, and optimization of several advanced imaging 

probes that enhance MR image contrast. 

 Chapter 1 will familiarize the reader with the physics that make MR imaging possible by 

discussing the principles that govern nuclear spin orientations and behaviors within a magnetic 

field.  This is followed by a background on paramagnetic contrast agents that will allow an 
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increased understanding of the compounds, chelation chemistries, and relaxometric parameters 

described throughout Chapters 2-5. 

 Chapter 2 introduces and describes cell-permeable contrast agents.  The discussion begins 

with the advantages over current clinical contrast agents and the difficulties associated with 

visualizing such systems.  This chapter includes an introduction to synchrotron radiation X-ray 

fluorescence (SR-XRF) and is the first published use of SR-XRF to identify the locations of MR 

contrast agents in cells.  Augmented with synthetic methodologies, cell uptake data, MR images, 

and a novel approach to lanthanide-fluorescence resonance energy transfer (L-FRET) probes, 

this chapter explicitly demonstrates the utility of polyarginine and 4-amino-4'-(N,N-

dimethylamino)stilbene to increase cell uptake of Gd(III)-DOTA and Gd(III)-DTPA-based MR 

contrast agents.   

 Chapter 3 is a continuation of Chapter 2.  It focuses on optimizing the cell retention of the 

polyarginine agents previously introduced.  Specifically, the long-term cell retention of the 

Gd(III)-DOTA-Arg8 and Gd(III)-DTPA-Arg8 intracellular contrast agents introduced in Chapter 

2 have been significantly increased by incorporating disulfide linkages between the Gd(III) 

chelate and the arginine transduction moiety.  The inherent disulfide reducing environment of 

mammalian cells, directly related to the intracellular concentration of glutathione (GSH), is 

hypothesized to be responsible for these findings.  Synthetic methodologies, pH stability, in vitro 

kinetics, cell studies, SR-XRF, and MR images of these agents are presented. 

 Chapter 4 explores the feasibility of a nanoparticle scaffold to selectively deliver MR 

contrast agents to subcellular organelles.  This type of multifunctional system allows for the 

attachment of multiple (approximately 20) Gd(III) contrast agents as well as targeting vectors 

and therapeutics.  The scaffold (TiO2 nanoparticles) was functionalized with a Gd(III)-DOTA-
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based contrast agent and DNA targeting vectors.  The result was the first nanoparticle system 

capable of targeting subcellular structures while being simultaneously imaged via MRI.  

Synthesis and characterization of the nanoparticles, the Gd(III) chelate, and the subsequent 

conjugation reactions are supplemented by SR-XRF and MR images of the conjugates in cell 

culture are presented.   

 Chapter 5 reviews optimization of contrast agent relaxivity by increasing the rotational 

correlation time, τR.  Synthetic methodologies and preliminary examination of Gd(III)-DOTA 

and Gd(III)-DTPA-based contrast agents susceptible to ring opening metathesis polymerization 

(ROMP) are presented.  Although several monomers were synthesized, difficulties during the 

polymerization process afforded only a small selection of polymers; however, the resulting 

increases in relaxivity are promising.    
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CHAPTER 2:  

Synthesis and Visualization of a Series of Cell-Permeable MRI Contrast Agents 
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Introduction 

 Advances in magnetic resonance imaging (MRI) have provided a new tool for the study 

of developmental biological processes such as cell lineage and fate mapping.
1, 2

  The ability to 

observe these long-term developmental events in whole animals from descendants of individual 

precursors is significantly impacting our understanding of these crucial and intricate processes.  

For example, an intact embryo can be labeled by microinjection of a stable, nontoxic MR lineage 

tracer and images acquired.
3
   As a result, a complete time series of high-resolution three-

dimensional MR images can be analyzed forward or backward in time to reconstruct cell 

divisions and movements. A principle barrier to the development of new lineage tracers and 

contrast agents is the inherent inability of these complexes to cross cell membranes.
4-8

  Upon cell 

transduction, these agents must then produce an observable effect on the MR signal.  Ideally, the 

agent has adequate synthetic versatility to allow for modification with a small-molecule (nonviral) 

delivery vehicle that does not increase toxicity and is efficient enough to deliver a detectable 

quantity of the imaging probe. 

The development of cell-permeable peptides and small molecules has led to the 

identification of numerous carrier molecules.  A number of reports have described delivery 

vehicles that direct the agent to a particular cell type, such as transferrin and folate-receptor-

targeted agents.
9-14

  Similar to receptor mediated delivery, cationic protein transduction domains 

(PTDs) such as polyarginine and HIV-1 TAT have been extensively used as translocation 

vehicles to facilitate delivery of all classes of modified contrast agents.
15-21

  In general, such 

agents have been visualized via fluorophore conjugation and light microscopy or lanthanide 

luminescence and two-photon imaging.  However, neither imaging system offers both high 

resolution and absolute quantification.  Therefore, the focus of this chapter is two fold: the 
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development of highly efficient and passive vehicles for the intracellular transport of MR 

contrast agents and the testing of new quantitative methods for evaluating uptake.  

To explore these goals, four cell permeable agents have been synthesized (Figure 2.1) 

and their translocation efficacy has been characterized by synchrotron radiation X-ray 

fluorescence (SR-XRF), inductively coupled plasma mass spectrometry (ICP-MS), and MR 

imaging.  Accompanied by the synthetic schemes that afforded cell-permeable contrast agents 1-

4, this chapter compares the cellular transduction efficiencies of two different cell-permeable 

vehicles with entirely different translocation properties and mechanisms.   

SR-XRF uses photoelectric absorption of incident hard X-rays to cause the ejection of K 

shell electrons from an atom (Figure 2.2A).  With high atomic weight elements, this electron 

vacancy creates an excited state that relaxes with emission of a photon.
22

  Owing to the 

monochromatic X-ray beam and zone plate optics available with SR-XRF, two dimensional 

images with single cell resolution (0.3 x 0.3 µm) can be recorded (Figure 2.2B).  A major 

advantage of SR-XRF over standard fluorescence microscopy is that images are obtainable 

without altering the agent by attachment of an organic fluorophore.  Although gamma counting 

augmented by emitters such as 
153

Gd and 
125

I offer the same advantage, the technique requires 

handling and preparation of radioactive compounds and the best resolution currently obtainable 

is (190 x 190 µm).
23

    

Studies aimed at the elucidation of in vivo cellular processes and in vivo fate mapping 

could improve our knowledge of key biological processes such as immune defense mechanisms 

and tumorigenesis.
24

  Therefore, modification of a contrast agent with a cellular transduction 

moiety and quantitative analysis of its translocation efficacy is a key step in the development of 

biologically compatible intracellular contrast agents.
2, 15, 16, 24-26
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Figure 2.1 Structures of the intracellular MRI contrast agents.   (1) An 8-amino acid 

polyarginine oligomer coupled to Gd(III)-DOTA. (2) An 8-amino acid polyarginine oligomer 

coupled to Gd(III)-DTPA. (3) A 4-amino-4'-(N,N-dimethylamino)stilbene coupled to Gd(III)-p-

Bn-NH2-DOTA. (4) A 4-amino-4'-(N,N-dimethylamino)stilbene coupled to Gd(III)-p-Bn-NH2-

DTPA. 
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Figure 2.1 Selected diagrams of synchrotron radiation X-ray fluorescence. (A) Diagram 

depicting X-ray absorption and subsequent electron ejection from a high Z element by SR-XRF 

(courtesy of Stefan Vogt).  (B) Reproduced schematic of experimental SR-XRF hardware.
27
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Results 

Synthesis of the Cell-Permeable Contrast Agent Series 

The four cell-permeable agents (1-4) were synthesized by the addition of either a cationic 

octamer of polyarginine or a 4 amino-4'-(N,N-dimethylamino)stilbene molecule (Figure 2.1) to 

either a DTPA or DOTA based Gd(III) chelating moiety.  The final coupling step of the stilbene 

complexes was previously outlined; however, a more cost effective route yielding products of 

higher purity has been developed (Scheme 2.1 and 2.2).
28-30

  Built from inexpensive and 

commercially available L-phenylalanine, both 1 and 2 have been produced with overall synthetic 

yields of 16 and 2%, respectively.  These low yields are a consequence of the ring-closing 

reaction needed to form the macrocycle in 1, and of aromatic nitration followed by carbonyl 

reduction in 2.  The coupling of the chelators to the arginine octamer in the case of 3 and 4 was 

done using standard fluorenyl-methoxy-carbonyl (Fmoc) protected solid phase peptide synthesis 

on Wang resin.  The overall yields for contrast agents 3 and 4 were 82% and 88%, respectively 

(Scheme 2.3).
2
   

Cellular Uptake Studies 

Following full characterization, the four model cell-permeable contrast agents were tested 

for in vivo cellular transduction efficiency in three different mammalian cell lines.  Each 

compound was solubilized in the corresponding media and the cell lines were incubated in that 

media for 4 h at several different concentrations.  To quantitatively determine the uptake trend of 

1-4 within the three cell lines, ICP-MS was utilized to determine the amount of Gd associated 

with cultures of these cell lines.  As expected, per cell Gd content is directly correlated with cell 

size: MDCK cells being the largest in volume and highest in Gd ion uptake, followed by 

NIH/3T3, and RAW 264.7 cells.  Another important attribute of uptake, cell viability, remained 
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Scheme 2.1 Synthesis of 4-isothiocyanato-4’-(N,N-dimethylamino)stilbene (5). 

 

 

 

 

 

 

 

 

(a) K2CO3, CSCl2, CHCl3, 0 ºC  
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Scheme 2.2 Synthesis of Gd(III)-p-Bn-DOTA-stilbene (3) and Gd(III)-p-Bn-DTPA-stilbene 

(4).  

 

 

 
 

 

 

(a) BH3•THF; (b) BrCH2CO2H, H2O pH 10.0, 70 °C; (c) Pd/C, H2; (d) 5, DMF, 80 ºC; (e) GdCl3, 

H2O, pH 7.0. 
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Scheme 2.3 Synthesis of Gd(III)-DTPA-Arg8 (2). 

 

 

 

(a) Piperdine; (b) DTPA-dianhydride, DIEA; (c) 95% TFA, 2.5% H2O, 2.5% TIS; (d) Gd(OH)3, 

H2O, 80 ºC. 
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 stable compared to the controls, not decreasing more than 2% (3.0 mM) or 5% (10 mM).  

Special attention should be drawn to the relative transduction efficiencies of the agents within 

each cell line (Figure 2.3).  The obtained data set shows that 1-4 are associating with the 

following cell dependent trends: NIH/3T3, 4 > 2 > 3 > 1; RAW 264.7, 2 > 4 > 1 > 3; MDCK, 4 > 

3 > 1 > 2.  These results could be a function of overall molecular charge or three dimensional 

chelator conformations, and will be addressed in detail in the discussion section of this chapter. 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis 

SR-XRF analysis was performed to determine the cellular association pattern of 1-4.  For 

each combination of cell line, contrast agent, and concentration, five randomly chosen cells were 

raster scanned at coarse resolution (2.0 µm x 2.0 µm pixel size).   From these randomly chosen 

cells, two cells per group were raster scanned at fine resolution (0.30 µm x 0.30 µm pixel size).  

All cells incubated with contrast agent and scanned revealed that Gd was present; however, we 

observed large standard deviations in the Gd content between different cells of the same 

population.  The acquired high-resolution elemental maps provide pixel by pixel data sets that 

were used to globally confirm, map, and quantify the Gd distribution within each sample (Figure 

2.4).  These X-ray fluorescence maps were integrated over all the scanned pixels in the cell area 

to yield a quantitative elemental spectrum for the corresponding cell.   The spectra of a cell 

(NIH/3T3) incubated with 4 (10 mM) and a control cell (NIH/3T3) are shown in Figure 2.5.  

Whereas fluorescence peaks corresponding to elements naturally occurring in cells are present in 

both of the samples (e.g.  Fe and Zn), the cells treated with 4 show peaks corresponding to the 

characteristic Lα1,2, Lβ1, and Lβ2 fluorescence lines for Gd, at Eα1,2 = 6,057.2, 6,025.0 eV,  Eβ1 = 

6,713.2 eV, and  Eβ2 = 7,102.8 eV. 
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Figure 2.3 Average Gd concentrations determined via ICP-MS of the NIH/3T3, RAW 264.7, 

and MDCK cells incubated with compounds 1–4 at 3.0 mM for 4 h.  The average cell count for 

RAW 264.7, NIH/3T3, and MDCK cells is 2,000,000, 750,000, and 600,000 cells, respectively.  

All samples were run in triplicate with error bars representing one standard deviation (the same 

parameters as the SR-XRF imaging study).  

 
 

*Cell culture performed by Keith W. MacRenaris 
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Figure 2.4 SR-XRF intensity weighted elemental maps of an MDCK cell incubated with 3 

(10 mM for 4 h).   Each image indicates the relative distribution of the specified element.  The P, 

S, Ca, Zn, and K images reveal cell boundaries within which the Gd distribution pattern is 

detectable.  The spectrum depicting the relative concentrations in each map are scaled to 

differing values (maximum value given within each map).   
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Figure 2.5 Comparison between the integrated X-ray fluorescence spectrums of all scanned 

pixels of an untreated NIH/3T3 cell (black spectrum) with that of an NIH/3T3 cell incubated 

with 3.0 mM of 4 for 4 h (orange spectrum).  While peaks that correspond to elements normally 

present in cells are visible in both spectra (e.g. Fe (Kα1 = 6.403 keV) and Zn (Kα1 = 8.636 keV)), 

cells treated with 4 show sharp peaks corresponding to the characteristic Lα1 (6.058 keV), Lβ1 

(6.713 keV), and Lβ2 (7.034 keV) energy levels for Gd fluorescence.   
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The Zn, Fe, and Gd columns of Figures 2.6 and 2.7 show the respective elemental 

distributions within one chosen cell of each cell type incubated with 1, 2, 3 or 4 at 3.0 or 10 mM  

for 4 h.  The colocalization (Colocal.) column combines the data from the three elemental maps 

(Zn, Fe, and Gd columns) to provide information on the areas of multi-element overlap.  Owing 

to the proximity of the Gd and Fe fluorescence energy levels (Figure 2.5), it is important to 

deconvolute potential peak overlap between Fe and Gd fluorescence.  This was accomplished 

using modified Gaussian curves that were fitted at each scan position to the acquired X-ray 

fluorescence spectra.
31

  Comparison to NIST standards allowed the extrapolation of elemental 

concentrations (Experimental Procedures).   

MR Imaging and T1 Analysis 

Spin-lattice relaxation times (T1) of unlabeled cells ranged from 2.45 to 2.87 seconds 

whereas the T1 values of cells incubated with 1-4 were 0.28 – 1.73 seconds (Figure 2.8A).   As 

shown in Figure 2.8B, the trend remains that the samples with the highest total concentration of 

Gd(III) show the shortest T1, corroborating the hypothesis that the relaxation rate is a function of 

the cellularly associated Gd(III) concentration and not an anomaly of cell packing.  These 

differences were visualized using a T1-weighted spin-echo imaging sequence of RAW 264.7 

cells incubated with 1, 2, and 4.  The results of the imaging experiment show that the control cell 

image is considerably darker than the image of the cells treated with the contrast agents (Figure 

2.9). 

 To demonstrate the T1 differences between cell lines and their corresponding media, a 

sample of each cell line incubated with 3 at 3.0 mM was allowed to gravity settle within a 

coaxial insert.  This insert was placed within a larger tube (5 mm OD) filled by the  
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Figure 2.6 SR-XRF elemental maps of RAW 264.7, NIH/3T3, and MDCK cells incubated 

with contrast agents 1-4.  (A) SR-XRF determined 3 element overlay maps (Zn = blue, Fe = red 

and Gd = green) of one cell for each specific cell line incubated with 1, 2, 3 or 4 at 3.0 mM for 4 

h.  (B) A background subtracted 3 element overlay map of one cell for each specific cell line 

incubated with an arginine (1) or stilbene (3) modified contrast agent at 10 mM for 4 h.  Scale 

bars represent 2.0 µm. 
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Figure 2.7 Control SR-XRF elemental maps of RAW 264.7, NIH/3T3, and MDCK cells 

incubated with Dotarem and Magnevist.  An SR-XRF background subtracted 3 element overlay 

map (Zn = blue, Fe = red and Gd = green) of cells incubated with Dotarem (Gd(III)-DOTA) or 

Magnevist (Gd(III)-DTPA) at 3.0 or 10 mM for 4 h.  Scale bars represent 2.0 µm.  Notice the cell 

boundaries are outlined in the Zn map, however, the Gd distribution shows no discernable 

pattern.  Note that each image is scaled to its respective maximum value; therefore, the Gd 

distribution falsely highlights the background.  
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corresponding cell media.  Images show that the media phantoms provide an internal reference 

that has a much longer T1 (darker image) than the cells treated with contrast agent (Figure 2.9). 

Discussion 

Upon successful synthesis and characterization of the cell-permeable contrast agents, in 

vitro testing of the complexes was performed.  The results indicate variable uptake of contrast 

agents 1-4 between the different cell lines.   This disparity is hypothesized to be attributed to 

three variables: transduction domain (polyarginine or stilbene), Gd(III) chelator (DOTA or 

DTPA), and cell type (NIH/3T3, RAW 264.7, or MDCK).  Of these variables, choice of 

transduction moiety has been studied most rigorously.  Polyarginine complexes have been shown 

to enter cells through a charge facilitated, endocytic pathway, whereas the uptake mechanism of 

stilbene complexes is not well understood.
15, 17, 18, 32

  Both Kung and coworkers and Skovronsky 

et el. have demonstrated that stilbene based compounds cross the blood brain barrier which may 

be an indication of a passive uptake mechanism.
33, 34

  The second variable which plays an 

important role in the cellular transduction efficiency of these contrast agents is the Gd(III) 

chelator.  Changing the Gd(III) chelate from DOTA to DTPA leads to an overall molecular 

charge decrease from n to n-1.  These variables represent two molecular properties that were 

systematically varied to determine the transduction efficiencies of a cationic polyarginine peptide 

(1, 2) and derivatives of 4-amino-4'-(N, N-dimethylamino)stilbene (3, 4) to associate DOTA and 

DTPA-based Gd(III) contrast agents with cells of differing morphologies and uptake 

mechanisms.
35-38

  However, such molecular attributes and variables are only one side of the 

system.  The physiology and inherent cell line characteristics must also be considered.   
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Figure 2.8 A T1 study and the corresponding ICP-MS calculated gadolinium concentrations 

of NIH/3T3, RAW 264.7, and MDCK cells incubated with contrast agents 1-4. (A) T1 study of 

NIH/3T3, RAW 264.7, and MDCK cells incubated with 3.0 mM of 1-4 as well as untreated cells 

and media.  Error bars represent one standard deviation of the slices taken (minimum 5 slices 

with 1 mm thickness).  (B) ICP-MS calculated amount of Gd associated with the cells from the 

T1 analysis.  Total moles of Gd is shown in order to emphasize the inverse trend demonstrating 

that the relaxation rate is a function of the cellularly associated Gd concentration and not an 

anomaly of cell packing. 
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As the data shows, MDCK cells appear to be transport molecule dependent; allowing 3 and 4 to 

accumulate with increased efficiency (Figure 2.3).  This dependency could be due to the 

differentiation of MDCK cells into columnar epithelium which may restrict active transport and 

limit the charge interaction between the cell membrane and molecules with multiple charges (1 

and 2).
39, 40

  In contrast, NIH/3T3 and RAW 264.7 transduction appears to be Gd(III) chelator 

dependent preferring DTPA (2, 4) to DOTA based contrast agents (1, 3).   

  In order to corroborate the quantitative cell studies and determine their utility as MR 

contrast agents, 1-4 (at the lowest incubated concentration, 3.0 mM) were tested for contrast 

enhancement via MRI.  Comparison of the cells incubated with 1-4 in each image with either 

control cells or media (Figure 2.9) reveals increased signal intensity.  Examination of Figure 2.8 

provides transduction efficiencies (given by T1 values) that are identical to those outlined in the 

ICP-MS cell study (Figure 2.3).   

The weak fluorescence quantum yield of Gd(III) and the current inability to directly 

visualize its in vitro location with sub-micron resolution required the use of SR-XRF to validate 

cellular uptake of the modified agents.  Currently, hard, high-brilliance SR-XRF microprobes 

that employ Fresnel zone plates to focus incident X-rays can achieve sub-micron spatial 

resolution on comparatively thick (e.g., 10-20 µm) samples.
41, 42

  The calculated attenuation 

length of similar organic material to the examined cells is 18.1 mm, therefore, only 0.06% of 

incident X-rays are absorbed by a 10 µm thick target cell.
43

  This high elemental sensitivity and 

spatial resolution of SR-XRF microprobes make them well-suited for studying the interactions of 

Gd(III)-based contrast agents and single cells in vitro.  By mapping individual cells, SR-XRF 

microprobe analyses complement bulk measurements performed by ICP-MS and MR imaging.   



72 

  

 A 

  

 B 

 

 

Figure 2.9 T1-weighted, spin-echo MR images of NIH/3T3, RAW 264.7, and MDCK cells 

incubated with 1-4 at 9.4 T.  (A) Incubations were performed on RAW 264.7 cells at 3.0 mM for 

4 h.  (1) Untreated cells; (2) cells incubated with 1; (3) cells incubated with 2; (4) cells incubated 

with 4.  (B) Samples (2–4) were incubated with 3 at 3.0 mM for 4 h.  (1) Deionized water in 5 

mm OD NMR tube; (2) NIH/3T3 cells (center) with an external phantom of NIH/3T3 media 

(outer ring); (3) RAW 264.7 cells (center) with an external phantom of RAW 264.7 media (outer 

ring); (4) MDCK cells (center) with an external phantom of MDCK media (outer ring).  The dark 

spots throughout the cell images are due to air pockets created during cell packing. Images were 

obtained using a spin echo pulse sequence of TR = 300 ms and TE = 15 ms (FOV = 22 mm and 

slice thickness = 0.5 mm).  The scale bars represent 1.5 mm.  
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Importantly, SR-XRF allows elemental mapping of the agents (1-4) without the use of organic 

fluorophores that may alter the transport properties of the agents. 

As shown in Figure 2.6, each scanned cell incubated with complexes 1-4 dispalys 

substantial Gd fluorescence as compared with the control cells incubated with Gd(III)-DOTA, 

Gd(III)-DTPA, or in the absence of contrast agent (Figure 2.7).  As expected, when the 

incubation concentration was increased to 10 mM, the Gd distribution patterns associated with 

the cells became more pronounced (Figure 2.6B).  Complex 1 (arginine moiety) has a more 

diffuse pattern inside the cell whereas complex 3 (stilbene moiety) exhibits a more punctate 

pattern.  This distribution may be explained by the amphipathic nature of the stilbene agents and 

their affinity to aggregate in aqueous media, or it may be due to cell specific uptake 

mechanisms.
26

    However, the mechanism of uptake cannot be determined based on the data 

presented in this work as it focuses on the uptake efficiency of cell-permeable contrast agents 

and the quantification of the Gd associated with the cells.    

As previously stated, SR-XRF can map and quantify elemental concentrations at 

femtogram levels.
31

  However, due to the size of the cells (22 x 22 µm for MDCK cells), the 

resolution of the acquired elemental maps (raster scanned at 0.3 x 0.3 µm with a dwell time of 

1.0 s/pixel), sample focusing (~ 1 h/cell), and total scan time per cell (~ 2.5 h/cell) made rigorous 

quantification of associated Gd by this technique feasible for only a small numbers of samples 

(see the Experimental Procedures Section).  As expected, the ability to sample only a small 

number of cells gave rise to large variances in Gd concentration within a population.  

Nonetheless, these large standard deviations are simply an indication that contrast agent uptake is 

not homogenous within a given cell line even at a constant concentration and time.
44
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Conclusions 

The data obtained from testing 1-4 with ICP-MS, SR-XRF, T1 analyses, and MR imaging 

each provide unique information while corroborating the same transduction efficacy of the 

transport moieties.  For example, the SR-XRF images demonstrate association of the agents with 

single cells and the ICP-MS data is quantitative evidence that the T1 values and SR-XRF maps 

are a consequence of the Gd(III) contrast agents.  The MRI and T1 analyses prove that 1-4 are 

viable agents for MRI at the tested concentrations, and the images from Figure 2.9 demonstrate 

the utility of ICP-MS and SR-XRF in prediction of relevant MR image enhancement 

In conclusion, this investigation shows the ability of a polyarginine and stilbene 

functionalized MR contrast agent set to label three cell lines effectively enough to be visualized 

via MRI. The data obtained from ICP-MS, T1 analyses, and acquired MR images covalidates the 

transduction efficiency of 1-4 within each cell line.  SR-XRF was used to supplement these 

quantitative measurements by visualizing contrast agent association with single cells.  The 

transduction efficiencies are not consistent across cells lines, therefore, selection of transduction 

moiety and Gd(III) chelator is an important consideration when developing intracellular MRI 

contrast agents. 

Future Directions 

 Although SR-XRF is a powerful technique for assessing the feasibility and visualizing 

the location of cell-permeable MRI contrast agents, it requires equipment and personnel that are 

found in limited locations.  Therefore, it would be advantageous to develop an agent that could 

be detected with greater ease.  Given that the stilbene complexes of 3 and 4 have broad, long 

wavelength UV excitation spectra, an alternative to SR-XRF visualization, could be lanthanide 

resonance energy transfer (LRET).  Based on possible luminescence sensitization by aromatic  
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    calculated 

triplet excited state  

is 13,380.75 cm
-1
 

 

 

 

Figure 2.10 Proposed lanthanide resonance energy transfer (LRET) probe.  (A) Proposed 

structure of a cell-permeable LRET and MRI tunable contrast agent.  (B) The truncated version 

of the stilbene moiety submitted to ab initio calculations. 

880 nm 
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antennas and the long-lived luminescent lifetimes of lanthanide ions,LRET systems involving 

DOTA and DTPA chelates have been the focus of many reports.
45-49

   

In theory, each lanthanide-organic antenna couple emits a photon via a three-step process: 

antenna excitation, antenna to lanthanide energy transfer, and lanthanide luminescence.  

Optimally, the energy of the triplet excited state of the antenna needs to lie around 1500-1700 

cm
-1
 above the emissive energy level of the accepting lanthanide.

46
  If the energy gap is lower 

than 1500 cm
-1
, then competing back-energy transfer occurs, if the gap is much higher than 1700 

cm
-1
, then efficiency of the energy transfer step is compromised.  In addition to optimized energy 

states, the antenna should also be as spatially close to the lanthanide as possible.
50

  Considering 

these parameters, cell-permeable contrast agent 3 was synthetically modified to decrease the 

lanthanide-stilbene distance, and the triplet excited state of a truncated version of the new 

complex was determined using ab initio calculations with a STO-3G basis set (Figure 2.10).
51, 52

  

Comparison of the calculated triplet state (13,380.75 cm
-1
) to the lanthanide emissive levels of 

Figure 2.11 highlighted one lanthanide that should be excited by the stilbene antenna, 

neodymium (emissive energy level at 11,460 cm
-1
).  In view of these results, the synthesis of a 

cell-permeable LRET contrast agent is proposed in Scheme 2.4.  When metalated with Nd(III), 

this complex should have the ability to transduce cell membranes and be visualized with time-

gated fluorescence microscopy at 880 nm.  Now, if Gd(III) is used to metalate the complex, it 

will not only maintain identical cell membrane permeability, but it will be viable as a live-animal 

MR imaging probe.  In summary, this agent will hypothetically be tunable to near-IR detection 

or non-invasive imaging (via MRI) while displaying identical cell uptake characteristics.   
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Figure 2.11 Chart of emissive lanthanide energy levels.
49, 53-56

  The gray bar indicates the 

calculated triplet energy state of the truncated stilbene contrast agent (13,380.75 cm
-1
) and an 

accompanying 1500 cm
-1
.  Neodymium’s emissive energy state lies slightly below the optimal 

value for antenna-lanthanide transfer; therefore, LRET should be possible in this system. 
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Scheme 2.4 Proposed synthesis of tunable LRET and MRI contrast agent. 

 

 

 

(a) N-boc-1,4-phenylenediamine, HATU, DIEA, DMF; (b) 95% TFA, 2.5% H2O, 2.5% TIS; (c) 

5, DMF, 80 ºC; (d) NdCl3, H2O, pH 7.0  
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Experimental Procedures 

All reagents and solvents were of the highest purity attainable from Aldrich (Milwaukee, 

WI) and TCI America (Portland, OR) unless otherwise noted.  Modified Wang resin and amino 

acids were purchased from Novabiochem (San Diego, CA).  NIH/3T3 cells, MDCK cells, and 

RAW 264.7 cells were purchased from ATCC (Manassas, VA).  Also purchased from ATCC 

were Dulbecco’s modified Eagle’s medium (DMEM, with 4 mM L-glutamine modified to 

contain 4.5 g/L glucose and 1.5 g/L sodium carbonate) and Eagle’s minimum essential medium 

(EMEM, with Earle’s BSS and 2 mM L-glutamine modified to contain 1.0 mM sodium pyruvate, 

0.1 mM nonessential amino acids, and 1.5 g/L sodium bicarbonate).  Fetal bovine serum (FBS), 

calf bovine serum (CBS), and 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) solution 

were purchased from ATCC.  Trypan blue, vent-cap flasks, multiwell plates, cell scrapers, and 

Dulbecco’s phosphate buffered saline (DPBS) w/o calcium and magnesium were purchased from 

Fisher Scientific.  200 mesh London finder gold grids coated with a polymer backing (formvar) 

were purchased from Electron Microscopy Sciences (Hatfield, PA).  Stem coaxial inserts with a 

reference capacity of 60 µL and 2 mm OD were obtained from Wilmad LabGlass (Buena, NJ, 

Catalog # WGS-5BL).   

1
H and 

13
C NMR spectra were obtained on a Varian Inova spectrometer at 400 and 100 

MHz, respectively.  Compounds were run in either CDCl3 (7.27 and 77.23 ppm used as internal 

references for 
1
H and 

13
C NMR spectra, respectively) or due to solubility issues, D2O with 

MeOH (4.80 and 49.00 ppm for 
1
H and 

13
C NMR spectra, respectively).   Mass spectrometry 

samples were analyzed using electrospray ionization (ESI), single quadrupole mass spectrometry 

on a Varian 1200L spectrometer.  Results reported for m/z are for [M+H
+
]
+
 or [M-H

+
]
-
.  

Elemental Analyses were performed at Desert Analytics Laboratory (Tuscon, AZ).   
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MR measurements were performed on a General Electric/Bruker Omega 400WB 9.4 T 

imaging spectrometer fitted with Accustar shielded gradient coils at 20 °C.  Spin lattice 

relaxation times (T1) were measured using a saturation recovery pulse sequence.  Images were 

acquired using a T1-weighted spin-echo pulse sequence on freshly harvested cells.  ICP-MS was 

performed on a computer controlled PQ ExCell Inductively Coupled Plasma Mass Spectrometer.  

Cells were counted using a Bright-Line hemacytometer.   

Complex 1 and 5 were synthesized following previously published procedures.  

Compound 7 was converted to 8 by following previously published procedures. 
26, 28, 30

 

Computational Parameters 

Hyperchem 7.0 (Hypercube, Inc.; Gainesville, FL) was used to carry out all reported 

calculations. The triplet and singlet energies states were determined using a single-determinant 

self-consistent field (SCF) calculation with a STO-3G basis set and MP2 correlation energy.
51, 52

 

Additionally, an RMS gradient of 0.01 and SCF convergence of 0.0001 were set.   

HPLC-MS 

Analytical HPLC-MS was performed on a computer controlled Varian Prostar system 

consisting of a 410 autosampler equipped with a 100 µL sample loop, two 210 pumps with 5 

mL/min heads, a 363 fluorescence detector, a 330 photodiode array (PDA) detector, and a 1200L 

single quadrupole ESI-MS. All separations were executed with a 1.0 mL/min flow rate using a 

Waters 4.6 x 250 mm 5 µm Atlantis C18 column, with a 3.1:1 split directing one part to the MS 

and 3.1 parts to the series-connected light and fluorescence detectors. Mobile phases consisted of 

Millipore Synthesis grade water (solvent A) and HPLC-grade acetonitrile (MeCN) (solvent B). 

Preparative HPLC was accomplished using a Varian Prostar system. Two Prostar 210 pumps 

with 25 mL/min heads fed a 5 mL manual inject sample loop. Detection was performed after a 
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20:1 split by a two-channel Prostar 325 UV-visible detector and, on the low-flow side, a HP 

1046A fluorescence detector. The mobile phases were the same as in the HPLC-MS instrument. 

Preparative runs were on a Waters 19 x 250 mm 10 µm Atlantis C18 column. 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis 

 Each of the three cell lines (NIH/3T3, MDCK, and RAW 264.7) was incubated with 1-4 

at 3.0 mM or 10 mM concentrations.  A matrix of varying contrast agents, cell lines, and 

incubation concentrations produced 24 unique samples. Mouse fibroblast cells (NIH/3T3) were 

grown in modified DMEM containing 10% CBS.  Canine kidney epithelial cells (MDCK) were 

grown in modified EMEM containing 10% FBS.  Mouse monocyte macrophage cells (RAW 

264.7) were grown in modified DMEM containing 10% FBS.  The NIH/3T3, MDCK, and RAW 

264.7 cells were plated at 250,000, 150,000, and 500,000 cells/mL, respectively, in tissue culture 

treated Costar 12 well plates for 48 h.  Compounds 1-4 were solubilized in the corresponding cell 

media for each cell line (described previously in this section) at a concentration of 3.0 and 10 

mM (corroborated by ICP-MS; data not shown), filtered through a 0.2 µm syringe filter, and 

added to the cells.  Following media addition, the cells were incubated at 37 °C in a 5% CO2 

atmosphere for 4 h.  The media was removed, and the cells were rinsed in triplicate with room 

temperature DPBS.  NIH/3T3 cells and MDCK cells were incubated with 250 µL of 0.25% 

trypsin/EDTA and collected.  RAW 264.7 cells were harvested by cell scraping in 250 µL of 

RAW 264.7 media.  The cells were counted with a hemacytometer and checked for viability 

using a trypan blue assay.
57

  Cell suspensions were centrifuged (at 1,000 G) and the supernatant 

was removed leaving ~50 µL.  Approximately 15 µL of this suspension was applied to formvar 

coated gold grids with a sterile glass Pasteur pipette for 1 min and the excess supernatant 

removed.  The grids were then treated with ~15 µL of room temperature ethanol, followed by 
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removal of the ethanol, and drying at ambient temperature for 15 h.  The cell coverage was 

approximately 15-30 cells/grid.  The rest of the cell suspension was exposed to 500 µL of neat 

nitric acid at 70 °C for 4 h.  The dissolved cells were diluted to 10 mL in a solution of 3% nitric 

acid and 5 ppb of indium as an internal standard.  The samples were analyzed by ICP-MS.  EM 

grids with cells were mounted onto a kinematic specimen mount for both visible light and X-ray 

fluorescence microscopy.  The samples were examined on a light microscope (Leica DMXRE) 

and the cells to be scanned with SR-XRF were located on the grid relative to a reference point 

using a high spatial resolution motorized x/y stage (Ludl Bioprecision).   

Synchrotron based scanning X-ray fluorescence microscopy was carried out at the 2-ID-E 

beamline of the Advanced Photon Source at Argonne National Laboratory (IL, USA).  Hard X-

rays (10 keV) from an undulator source were monochromatized using a single bounce Si <111> 

monochromator.  The energy was selected to allow for efficient excitation of the Gd L lines, and 

also to enable the detection of the Zn K lines. A Fresnel zone plate (320 µm diameter, focal 

length f = 250 mm, X-radia, Concord, CA) was used to focus the monochromatic X-ray beam to 

a spot size of ~0.3 x 0.3 µm2
 on the specimen.  The sample was raster scanned through the beam 

at room temperature under a helium atmosphere.  At each scan position, a full fluorescence 

spectrum was acquired using an energy dispersive germanium detector (Ultra-LEGe detector, 

Canberra, Meriden, CT).  Elemental content was determined by comparison of fitted sample 

spectra with NBS thin film standards 1832 and 1833 (NIST, Gaithersburg, MD) using MAPS 

software  supplemented with fitting of fluorescence spectra at every pixel.
31

 

MR Imaging and T1 Analysis 

 NIH/3T3 cells, MDCK cells, and RAW 264.7 cells were grown in Corning brand tissue 

culture flasks (75 cm
2
 with vent cap) and incubated in a 5% carbon dioxide incubator at 37 °C.  
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Cells were incubated with no contrast agent (incubated with corresponding media as controls) or 

3.0 mM of compound 1, 2, 3 or 4 for 4 h at 37 °C in a 5% CO2 atmosphere.  Cells were rinsed in 

triplicate with room temperature DPBS.  NIH/3T3 and MDCK cells were collected after 

exposure to 1 mL of 0.25% trypsin/EDTA and RAW 264.7 cells were harvested by exposure to 1 

mL of RAW 264.7 media followed by cell scraping.  Viable cells were then counted using a 

hemacytometer and a trypan blue stain.  An average of 5,000,000 NIH/3T3 cells, 2,000,000 

MDCK cells, and 12,000,000 RAW 264.7 cells were loaded into NMR tube coaxial inserts after 

centrifugation of the cell suspensions and removal of the supernatant there was approximately 

100 µL of total volume left to add to the coaxial inserts.  The cells were allowed to settle for 18 h 

into the 2 mm OD stem (60 µL reference capacity) of the insert.  All MR data were collected at 

ambient temperature in a General Electric/Bruker Omega 400WB 9.4 T magnet (83 mm bore 

size) fitted with Accustar shielded gradient coils.  Spin lattice relaxation times (T1) were 

measured using a saturation recovery pulse sequence.  Images were acquired using a T1-weighted 

spin-echo pulse sequence with a repetition time (TR) of 300.8 ms and an echo time (TE) of 15.0 

ms.  After the T1 measurements and spin echo images were acquired, the cell suspensions (100 

µL) were removed from the coaxial inserts using a 20 gauge stainless steel needle.  These 

suspensions were diluted to 1 mL with H2O.  Cell count and viability was then determined.  

After cell counting, the cell suspensions were digested at 70 °C for 4 h in 1 mL of concentrated 

nitric acid.  The dissolved cells were diluted to 10 mL in a final solution of 3% nitric acid and 5 

ppb of indium as an internal standard.  The samples were analyzed by ICP-MS.   

Synthesis of Gd(III)-DTPA-(Arg)8  (2) 

Polystyrene-based Wang resin containing a Fmoc protected arginine residue (3.0 g, 0.58 

mmol/g) was swelled in CH2Cl2 (3 x 10 min) and washed with peptide synthesis grade 
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dimethylformamide (DMF) (4 x 10 min).  The resin was treated three times with a solution of 

20% piperdine in DMF (10 min) and the deprotected resin was washed with DMF (4 x 10 min).  

In a separate vial, Fmoc protected Pbf-arginine (2.82 g 4.35 mmol), o-(7-Azabenzotriazol-1-yl)-

N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) (1.32 g, 3.48 mmol), and N,N'-

diisopropylethylamine (DIEA) (1.12 g, 8.70 mmol) were dissolved in approximately 3 mL of 

DMF.  The resulting solution was added to the deprotected resin and nitrogen was bubbled 

through the mixture for 6-8 h.  The peptide solution was removed from the resin which was 

subsequently rinsed with DMF (4 x 10 min).  This procedure was repeated a total of seven times 

in order to achieve the synthesis of an 8 amino acid polyarginine oligomer bound to the Wang 

resin.   

The resin (1.0 g, 0.58 mmol/g) was deprotected with the piperdine solution and washed 

with DMF as described above.  In a separate vial, diethylenetriamine-N,N,N',N',N''-pentaacetic 

dianhydride (DTPA-dianhydride) (0.720 g, 2.00 mmol) and DIEA (0.369 g, 2.90 mmol) were 

dissolved in a minimal amount of anhydrous DMF.  The resulting solution was added to the 

deprotected resin and nitrogen was bubbled through the mixture for 6-8 h.  The peptide solution 

was removed and the resin was washed with DMF, CH2Cl2, and MeOH (4 x 10 min each).  

Following the methanol washes, the resin was dried under vacuum.  A solution of 95% 

trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS), and 2.5% H2O (50 mL) was added to 

the resin and nitrogen was bubbled through the mixture for 1 h.  The resin was filtered and to the 

filtrate was added methyl tert-butyl ether (MTBE) (40 mL) to precipitate a white solid that was 

subsequently washed with MTBE (3 x).  The solid was dissolved in 30 mL of water and freeze-

dried to yield white flaky crystals of the chelate-peptide conjugate, DTPA-Arg8 (0.42 g 44%) 

with ESI-MS (m/z): 1643.02; calc. for C62H119N35O18+H
+
: 1642.83. 
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 To a solution of DTPA-Arg8 (0.289 g, 0.176 mmol) in water, was added Gd(OH)3 

(0.0410 g, 0.176 mmol).  The reaction mixture was heated to 80 ºC and stirred for 16 h.  The 

mixture was allowed to cool to room temperature and the pH was adjusted to 11.0 with 

concentrated NH4OH.  The resulting suspension was filtered using a 0.2 µm syringe filter and 

purified using preparatory HPLC with the Waters Atlantis column.   An elution profile of a 

linearly increasing MeCN gradient from 0-98% over 45 min was used.  The desired fraction 

(retention time: 8.43 min by UV at 220 nm with Gd fluorescence at Ex. λ = 274 and Em. λ = 315) 

was collected and freeze-dried to yield a white powder which was found to be 2 (0.275 g, 87%) 

by ESI-MS (m/z): 1797.00 with Gd(III) isotope pattern; calc. for C62H115GdN35O18+H
+
: 1796.84.   

Synthesis of 4-isothiocyanato-4’-(N,N-dimethylamino)stilbene (5) 

 To a stirring solution of 4-amino-4'-(N,N-dimethylamino)stilbene (1.00 g, 8.39 mmol) in 

CHCl3 (50 mL) at 0 ºC were added simultaneously a solution of K2CO3 (1.16 g, 8.39 mmol) in 

H2O (30 mL) and a solution of thiophosgene (0.640 mL, 8.39 mmol) in CHCl3 (30 mL).  The 

reaction was allowed to warm to ambient temperature over 5 h.  The organic layer was separated, 

washed with H2O, dried over MgSO4, filtered through celite, and concentrated in vacuo to yield 

an orange solid (1.04 g, 93%). 
1
H NMR (CDCl3): δ = 2.99 (s, 6H), 6.70 (d, J = 8.0 Hz, 2H), 6.84 

(d, J = 15.6 Hz, 1H), 7.04 (d, J = 15.6 Hz, 1H), 7.17 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0, 2H), 

7.44 (d, J = 8.0 Hz, 2H); 
13

C NMR (CDCl3): δ = 40.59, 112.53, 122.83, 125.42, 126.22, 127.03, 

127.99, 128.79, 130.49, 134.84, 137.71, 150.40; ESI-MS (m/z): 281.00;  calc. for C17H16N2S+H
+
: 

281.10.  Anal. Calcd for C17H16N2S: C, 72.82; H, 5.75; N, 9.99.  Found: C, 73.12; H, 5.72; N, 

9.80. 
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Synthesis of 2-(4-nitrobenzyl)- 1,4,7,10-tetraazacyclododecane tetrahydrochloride (7) 

 Using a modified literature procedure, macrocycle 6 (1.61 g, 4.79 mmol) was dissolved 

in 140 mL of anhydrous THF at 0 ºC and treated with dropwise addition of a solution of BH3-

THF (1.0 M, 33.5 mL, 33.5 mmol) under a nitrogen atmosphere.
28, 30

  After addition was 

complete, the reaction mixture was heated to reflux for 24 h and concentrated in vacuo.  The 

resulting residue was dissolved in 200 mL of MeOH and refluxed for 12 h.  This mixture was 

dried in vacuo, dissolved in MeOH (100 mL) and refluxed for 12 h.  This procedure was 

repeated with 100 mL of EtOH, and the remaining residue was dissolved in 90 mL of EtOH.  

HCl gas was continuously bubbled through the EtOH solution at 0 ºC until the temperature 

stopped rising.  Upon complete addition of HCl, the resulting chalky white mixture was brought 

to reflux for 12 h and concentrated in vacuo to approximately 30 mL.  This reaction mixture was 

cooled to 0 ºC and the resulting white precipitate was filtered under nitrogen, washed with cold 

diethyl ether (Et2O), and dried under vacuum.  Recrystallization of 7 was accomplished from 

boiling MeOH to yield white crystals (1.06 g, 65%).  
1
H NMR (D2O): δ = 2.90-3.22 (m, 20H), 

3.42 (m, 1H), 7.50 (d, J = 8.5 Hz, 2H), 8.20 (d, J = 8.5 Hz, 2H);  
13

C NMR (D2O with MeOH 

reference): δ = 38.06, 42.20, 43.88, 44.36, 45.35, 45.58, 46.00, 49.12, 55.64, 125.44, 131.90, 

146.32, 148.07; ESI-MS (m/z): 308.18;  calc. for C15H25N5O2+H
+
: 308.20.   

Synthesis of Gd(III) {4,7,1-triscarboxymethyl-6-[4-(3-{4-[2-(4-dimethylaminophenyl)-

vinyl]phenyl}-thioureido)benzyl]-1,4,7,10-tetraazacyclododec-1-yl}-acetic acid  (3) 

Compound 7 (0.497 g, 0.758 mmol) was added to a stirring solution of 4-isothiocyanato-

4’-(N,N-dimethylamino)stilbene  (0.233 g, 0.834 mmol) in anhydrous DMF (10 mL).  This 

solution was brought to 80 ºC for 12 h.  The crude mixture was concentrated to dryness and 

dissolved in 10 mL of H2O.  GdCl3·6H2O (0.282 g, 0.758 mmol) was added, and the pH of the 
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solution was adjusted to 7.0 with 1 M NaOH.  This solution was allowed to stir for 12 h at which 

the pH was adjusted to 11.0 with 1 M NaOH.  The resulting yellow solution was filtered with a 

0.2 µm syringe filter and freeze-dried to yield a crude yellow/brown solid.  This solid was 

purified via a Sephadex G-25 size exclusion column in H2O.  The fractions containing pure 

product were combined and freeze-dried to yield a light yellow solid (0.645 g, 77%).  ESI-MS 

(m/z): 942.30 with Gd(III) isotope pattern; calc. for C40H47GdN7O8S-H
+
: 942.24.  Anal. Calcd 

for C40H47GdN7O8S • Na • 2 H2O: C, 47.94; H, 5.13; N, 9.78.  Found: C, 47.76; H, 4.92; N, 9.61. 

Synthesis of Gd(III) -thioureido)phenyl]propyl}-carboxymethylamino)ethyl]-carboxymethyl-

amino}-acetic acid  (4) 

 p-Aminobenzyl diethylenetriaminepentaacetic acid (0.560 g, 1.12 mmol) was prepared 

via a literature procedure and was added to a stirring solution of 5 (0.410 g, 1.46 mmol) in 

anhydrous DMF (10 mL).
30

  The resulting solution was brought to 80 ºC for 12 h.  The crude 

mixture was concentrated to dryness and dissolved in 10 mL of H2O.  GdCl3·6H2O (0.417 g, 1.12 

mmol) was added, and the pH of the solution was adjusted to 7.0 with 1 M NaOH.  This 

suspension was allowed to stir for 12 h after which the pH was adjusted to 11.0 with 1 M NaOH.  

This solution was filtered with a 0.2 µm syringe filter and freeze-dried to yield a brown solid that 

was purified via a Sephadex G-25 size exclusion column in H2O.  The fractions containing pure 

product were combined and freeze-dried to yield a light orange solid (0.647 g, 56%).    ESI-MS 

(m/z): 930.30 with Gd(III) isotope pattern; calc. for C38H41GdN6O10S -H
+
: 930.18.  Anal. Calcd 

for C38H41GdN6O10S • 3 Na • 2 H2O: C, 44.05; H, 4.38; N, 8.11.  Found: C, 43.87; H, 4.50; N, 

8.22.  
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CHAPTER 3:  

Cell-Permeable MRI Contrast Agents with Increased Cell Retention 
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Introduction 

With the advent of wide-bore, high field magnets and improved pulse sequences, the 

technique of magnetic resonance imaging (MRI) is revolutionizing the field of molecular 

imaging.
1-3

  This versatile, non-invasive technique is now capable of producing images with 

submicron resolution using routine conditions on commercially available instruments.
4
  These 

exciting advances have been supplemented with an array of Gd(III) contrast agents, some 

conjugated to scaffolds (nanoparticles, antibodies, and proteins), others sensitive to biochemical 

markers (metal ion concentration, enzyme kinetics, or pH), and some with the ability to permeate 

cellular membranes (via cell penetrating peptides or active surface receptor uptake).
5-11

  The 

focus of this work is upon this latter group of cell-permeable contrast agents, specifically the 

optimization of MR signal contrast longevity via disulfide bond incorporation. 

 The biological role of thiol-containing molecules has been actively explored and 

described in the literature, therefore, much is known about the major active species and their 

relative concentrations.
12

  The pseudo-tripeptide of glutathione (GSH) is generally recognized as 

the most abundant and subsequently most active thiol species in biological environments.  

Previous work has shown that due to the drastically higher intracellular GSH concentration (~ 1-

10 mM) of living cells compared to the extracellular blood plasma (~ 2 µM), thiol levels can be 

exploited to create a chemical release switch for selective intracellular cargo delivery.
13-15

  

Similar chemistry has been applied to the previously reported intracellular MR contrast agents 

(Chapter 2) in order to combat the recently observed cellular leaching.
16

  This has produced a set 

of imaging probes that retain their cell permeability while displaying significantly longer 

intracellular lifetimes.  Such an agent could passively label and non-invasively track the fate of 
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transplanted tissues and cells as well as lead to the design of other novel MR contrast agents with 

the ability to penetrate and be retained beyond vascular spaces.   

Based on previous work by our group and others, an octamer of arginine residues allows 

cell membrane transduction of various cargo molecules, including fluorophores and contrast 

agents (e.g. fluorescein and Gd(III)-DOTA, respectively).
17-19

  However, as will be shown, the 

ability of these current compounds to cross cell membranes is not unidirectional.  Once inside the 

cell, the arginine-modified agents begin to leach out of the cell, forming a decay curve of 

intracellular contrast agent concentration, consequently decreasing the MR signal over time.    

Therefore, novel contrast agents containing a disulfide bond between the Gd(III) chelating 

moiety (either a DOTA or DTPA based molecule) and the transduction moiety (octamer of 

arginine residues) were synthesized and tested for improved cell-associated retention (Figure 

3.1).  By exploiting the inherent disulfide reducing environment of mammalian cells, these new 

contrast agents will be cleaved from their cellular transduction domains upon passage across the 

cellular membrane.  This separation shows prolonged cellular lifetime of the Gd(III) by leaving 

the chelated metal with no method of cellular exit.     

Results 

Synthesis of the Thiol-Reactive Contrast Agents 

 The synthesis of the pyridyl-activated Gd(III) chelators was accomplished by coupling 

the amine terminated AETP to an activated form of either the DTPA or DOTA chelate (Scheme 

1).  The commercially available diethylenetriaminepentaacetic acid-dianhydride (DTPA-

dianhydride) is inherently activated to amide bond formation, and the 1,4,7-tris(acetic acid-tert-

butyl ester)-10-acetic acid-1,4,7,10-tetraazacyclododecane (DOTA-tris-TB) was activated in situ  

by the commonly used aminium salt, HATU.    Both reactions required an excess of the base 
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Figure 3.1 Structures of the first generation arginine-modified, cell-permeable contrast 

agents and second generation disulfide functionalized, cell-permeable contrast agents.  (1) 

Gd(III)-DOTA-Arg8; (2) Gd(III)-DTPA-Arg8; (3) Gd(III)-DOTA-SS-Arg8; and (4) Gd(III)-

DTPA-SS-Arg8. 
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DIEA, in order to deprotonate the hydrochloride salt starting material (AETP) and to aid in 

amide bond formation.  Upon purification via preparative RP-HPLC, compounds 4 and 5 were 

afforded with acceptable yields (68 and 63%, respectively).  The peptide RRRRRRRRC was 

synthesized without automation using standard Fmoc solid-phase synthesis methodology on pre-

loaded Wang resin.
16, 17

  After the addition of the cysteine residue, the resin was treated with 

acetic anhydride to end-cap the peptide’s terminal amine.  Due to the envisioned proximity of 

this terminal free amine to the later conjugated Gd(III) ion and to create peptide sequences with 

minimal structural differences as compared to the previously published Arg8-MRI contrast 

agents, (e.g. charge and no terminal amine) this end-capping step was performed prior to 

cleavage and deprotection from the resin.
16, 17

 

In order to optimize the thiol exchange reaction needed to produce 8 and 9, the pyridyl-

activated chelates (6 or 7) were added quickly to stirring solutions of the end-capped Arg8-Cys 

oligomer under a nitrogen atmosphere in degassed phosphate buffer at pH 8.0 (Scheme 3.2).  

The optimal synthetic yields for these reactions were achieved when 6 and 7 were added in 

equimolar quantities to the thiol-containing peptide (5).  It was found that adding higher amounts 

of the free thiol (5) actually lowered overall yield by facilitating increased disulfide oxidation 

and disulfide exchange of the desired product.  This effect was also seen in previous disulfide 

exchange reactions.
20

  Metalation of the cell-permeable contrast agents was achieved by adding 

Gd(OH)3 to the phosphate buffered solutions of 8 and 9.  To ensure that Gd(III) chelation was 

maximized, the buffered solutions were lowered to pH 6.0 and allowed to stir for 7 days under a 

nitrogen atmosphere.  The structures of the peptide conjugates 5, 8, and 9 were confirmed by 

NMR, ESI-MS, and HPLC, while the small molecule chelates were characterized by NMR, ESI-

MS, HPLC and EA. 
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Scheme 3.1 Synthesis of the pyridyl-activated Gd(III) chelators. 

 

  

 

 

(a) AETP, HATU, DIEA, DMF; (b) 95% TFA, 2.5% H2O, 2.5% TIS; (c) AETP, DMSO, and 

H2O. 
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Scheme 3.2 Synthesis of the disulfide functionalized, intracellular contrast agents (3) Gd(III)-

DOTA-SS-Arg8 and (4) Gd(III)-DTPA-SS-Arg8.   

 

 

 

 

(a) stirring for 3 days under N2 atmosphere in 10 mM phosphate buffer at pH 8.0; (b) Gd(OH)3,  

5 days, pH 6.0. 
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Contrast Agent Relaxivity, q, and ττττm  

The relaxivity measurements (r1, mM
-1
s
-1
) provided in Table 3.1 show the relative 

enhancement of water proton relaxation rates per Gd(III) ion for complexes 1-4.  These rates 

were measured at 1.5 and 14.1 T in order to provide data at both clinical and research-oriented 

field strengths.  As expected, the r1 rates are strongly field dependant; however, 1-4 maintain 

higher relaxation rates than the currently available contrast agents Gd(III)-DOTA and Gd(III)-

DTPA at both measured field strengths.  The relaxation rates of 1-4 were then tested over a wide 

pH range (1.0-12.5) in order to determine the feasibility of these agents to relax water molecules 

at almost any biologically relevant pH (Figure 3.2).  At very low pH (~ 1-4), the relaxivity for 

contrast agents 1-4 is consistent with Gd(III) disassociation from the chelating cage.  Conversely, 

at high pH (~ 9-13), the relaxivity shows a decrease that is most likely attributable to a slightly 

open structure (more so in the case of 1 and 2 than in 3 and 4) which allows carbonate ion 

binding or association of the metal center to the slowly exchanging hydroxyl ions.
15, 21, 22

  

However, in the applicable biological range of pH 4-8, all four of the cell-permeable agents 

display relatively constant relaxivity values.    

The Tb(III) analogs of complexes 1-4 (complexes 10-13) were subjected to fluorescence 

measurements so that the number of complex-associated water molecules could be determined.  

These measurements provided the following data (ms
-1
):  10: kH2O = 0.566, kD2O = 0.315; 11: 

kH2O = 0.635, kD2O = 0.331; 12: kH2O = 0.644, kD2O = 0.397; 13: kH2O = 0.671, kD2O = 0.390.  

These values were applied to an equation listed in the Experimental Procedures section, resulting 

in the q values provided in Table 3.1.  As with most small molecule DOTA and DTPA-based 

contrast agents where one carboxylic acid arm has been replaced with an amide, these values all 

reflect one bound water molecule within the acceptable experimental error of ±0.5.
2, 23
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Table 3.1 Relaxometric properties of the Arg8-conjugated complexes 1-4 at pH 7.4 and 37 

°C. 

 

 Relaxivity (mM
-1
s
-1
)
a
 q τm (ns)

c
 

 60 MHz (1.5 T) 600 MHz (14.1 T)
b
   

(Gd(III)-DOTA-Arg8) 1 6.8 3.50 1.0 916 

(Gd(III)-DTPA-Arg8) 2 7.8 3.45 1.2 1105 

(Gd(III)-DOTA-SS-Arg8) 3 6.9 3.52 0.9 840 

(Gd(III)-DTPA-SS-Arg8) 4 7.4 3.46 1.1 1327 

Gd(III)-DOTA 3.2 2.12 1.2
d
 243

e
 

Gd(III)-DTPA 3.8 2.09 1.2
d
 303

e
 

 

a 
Measured in 100 mM phosphate buffer, 

b
 measured at ambient temperature (~ 25 °C), 

c 

calculated at 25 °C, 
d
 data from ref 24, 

e 
data from ref 25. 
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Figure 3.2 The millimolar relaxivities (r1, mM
-1
s
-1
) of contrast agents 1-4 plotted against 

pH.Values were measured at 60 MHz and 37 °C.  The contrast agents are represented as: 1 

(closed triangles), 2 (open triangles), 3 (closed circles), and 4 (open circles).  Comparison of 

closed data point markers allows facile correlation of the two DOTA-based ligands as does open 

data point markers for the two DTPA-based ligands.  
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To evaluate the mean residence lifetime (τm) of the water molecule coordinated to the 

metal center of complexes 1-4, temperature dependent 
17

O-NMR was performed.  Plotting only 

the paramagnetic contribution of the observed 
17

O-NMR transverse relaxation rate of water gave 

the expected bell-shaped curves for each complex (Figure 3.3).  This data was then subjected to 

the fitting parameters outlined in the Experimental Procedures section.
26-28

  The fitted 
17

O vs. 

temperature (T) profiles revealed the τm values displayed in Table 3.1.   Notice that the values 

for 1-4 are relatively close to each other, and decidedly higher than the previously reported 

optimal value for Gd(III) MR contrast agents of 10 ns.
23

   

Although these times are substantially slower than DOTA and DTPA, such a discrepancy 

can be explained.  Substitution of an acetate arm to an amide linkage (as in the case of 1-4) 

lessens the normal steric crowding around the metal center and decreases the overall molecular 

charge of the metalated complexes.
29, 30

  Both factors negatively affect τm, and such values are 

similar to those obtained for other amidated DOTA and DTPA structures.
31-33

  Normally 

deviation from optimal τm values would cause concern, but in this case, small molecule chelates 

at high fields (> 20 MHz), the relaxivity value is dominated by another parameter, the rotational 

correlation motion (τR).
34

  Consequently, the dependence on τR in this system is so dominant that 

it nearly alleviates any decrease in relaxivity that could have resulted from the less-than-optimal 

τm.
30

   

In Vitro Disulfide Cleavage Assay    

To assess thiol-mediated release of the chelated Gd(III) from the disulfide-linked arginine 

oligomer, varying equivalents of GSH were added to a solution of 4 and the cleavage product 

was quantified via HPLC-MS.  The samples were made by adding increasing amounts of GSH, 

from 0.25:1 to 4:1 (GSH : 4), to a stock solution of 4 (1.0 mM in DPBS).  These samples 
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A B 

 
 

 

C D 

 

Figure 3.3 Determination of τm by 
17

O transverse relaxation rate measurements of disulfide 

functionalized MRI contrast agents 1-4 at 25 °C.  (A) Raw 
17

O data and τm fitting of compound 1, 

(B) compound 2, (C) compound 3, and (D) compound 4.  The relaxation data were fit to these 

four parameters: τm (water exchange rate), ∆H‡
 (activation enthalpy), T1e (electronic relaxation 

rate), and ∆ET1e (activation energy of T1e).  Black is used to highlight DOTA chelates, while red 

is used to highlight DTPA chelates.   
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were made on a staggered timeline so that each sample could be incubated in a 37 °C waterbath 

for 4 h, mimicking the conditions present in the later described cell culture environment, prior to 

LC-MS analysis.  Separation was accomplished by a gradient ramp starting with 0% MeCN 

which reached 60% MeCN at 40 min before returning to 0% MeCN.  The speculated cleavage 

reaction (Figure 3.4) was tracked by plotting the total ion count (TIC) of the desired product 

(Gd(III)-DTPA-GSH, m/z = 912
+
 amu) and the multiply-charged starting material (4, m/z = 3, 

673
+
 amu) as their concentrations changed in response to GSH addition (Figure 3.5).   The 

molecular ions chromatograms (912
+
 and 673

+
) were then integrated so that the total area under 

the curve could be calculated (Table 3.2).  

Cellular Retention 

To elucidate uptake and retention of complexes 1-4, confluent cultures of NIH/3T3 cells 

were incubated with 0.10 mM of 1-4 for 4 h.  After a 4 h incubation, the cells were washed three 

times with DPBS (time = 0, Initial Amt.), placed in fresh media, and allowed to equilibrate for 1 

h.  Three cell samples and aliquots of the corresponding cell media were then removed for 

analysis.  This procedure was repeated 4 more times for a total of 5 washes, where the last wash 

was allowed to leach for 24 h.  To provide an accurate representation of contrast agent location, 

each cell culture well was treated as a single system consisting of two Gd(III)-containing phases: 

(i.) the cells and (ii.) the external media.   After each sample was quantified via ICP-MS, this 

method allowed for the overall assessment of accumulated, retained, and leached Gd(III) for the 

cells at five consecutive time points.  This data shows that prior to any leaching, non-disulfide 

complexes 1 and 2 show increased uptake efficacy over 3 and 4 (Table 3.3).  However, closer 

examination of Table 3.3 shows that after the washes, cells treated with 1 and 2 lose a significant 

amount of Gd(III), more than those treated with 3 and 4.  These absolute quantities were then 
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Figure 3.4 Reduction of Gd(III)-DTPA-SS-Arg8 (4) by GSH 
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. 

 

 
 

 

 

Figure 3.5 HPLC-MS visualized cleavage of contrast agent 4 with a free thiol.  Treatment of 

4 with increasing concentrations of GSH leads to disulfide exchange and subsequent product 

formation (Gd(III)-DTPA-GSH, m/z = 912
+
). 
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Table 3.2 Quantified cleavage of Gd(III)-DTPA-SS-Arg8 (4) via disulfide exchange with 

GSH. 

 

 

 Starting Material  Product 

 4  (Gd(III)-DTPA-SS-Arg8)  Gd(III)-DTPA-GSH 

[4] : [GSH] (TIC*10
8
 of m/z = 3; 673

+
)  (TIC*10

8
 of m/z = 1; 912

+
) 

1 : 4.0 0.414  5.94 

1 : 2.0 0.687  2.37 

1 : 1.0 1.60  0.719 

1 : 0.75 1.90  0.739 

1 : 0.50 2.06  0.469 

1 : 0.25 2.14  0.210 

4 2.68  NA
a
 

GSH NA  NA 

 

a 
NA = not applicable, no discernable peak to integrate 
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 divided by their respective initial concentrations (those collected at time = 0) in order to 

elucidate the relative amount of each agent retained within the system (Figure 3.6).  As can be 

readily seen in Figure 3.6, the incorporation of a disulfide linkage between the transduction 

moiety and Gd(III) chelate of these cell-permeable contrast agents drastically improves cellular 

retention (e.g. from 15 →  40% in the case of 1 vs. 3 in the NIH/3T3 cell line). 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis 

Synchrotron based XRF analysis was performed to determine the cellular association of 

complexes 1-4.  For each sample, three to five randomly chosen areas (100 x 100 µm) were 

raster-scanned at high speed (10 ms dwell time) to determine cell density within that region.  

From these randomly chosen areas, the one with the greatest cell coverage was raster scanned 

with longer dwell times to acquire a multi-cell containing image with high resolution (60 x 60 

µm with 0.25 µm
2
 pixel size). This image acquisition procedure was followed for all the 

collected and displayed elemental maps.  Following our previous report, these high-resolution 

elemental maps provide pixel by pixel data sets that globally confirm, map, and quantify the Gd 

distribution within each sampled area.  An example of this data is displayed in Figure 3.7 where 

the leaching and non-leaching data of 2 and 4 in the NIH/3T3 cell line is compared.  

Fluorescence maps of inherent biological elements (e.g., P and S) accompany each Gd image to 

prove cellular existence and provide boundaries.  The overlay column combines the data from 

the three elemental maps (P, S, and Gd columns) to provide information on the areas of multi-

element overlap. Owing to the proximity of the Gd and Fe fluorescence energy levels, it is 

important to deconvolute potential peak overlap between Fe and Gd fluorescence. This was 

accomplished using modified gaussian curves that were fitted at each scan position to the 
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Table 3.3 Total quantities of 1-4 associated with NIH/3T3 cells in culture after a 1.0 mM 

incubation for 4 h. 

 

 NIH/3T3 Cell Line
 a
 

Complex 1 2 3 4 

Initial Amt. 13.6 ±0.36 15.3 ±1.0 2.45 ±0.22 2.23 ±0.04 

Wash 1 (1 h) 3.39 ±0.03 3.87 ±0.15 1.18 ±0.09 1.12 ±0.16 

Wash 2  (2 h) 3.04 ±0.21 3.58 ±0.03 1.16 ±0.02 1.07 ±0.02 

Wash 3  (3 h) 2.77 ±0.26 3.27 ±0.10 1.05 ±0.02 0.97 ±0.07 

Wash 4  (4 h) 2.37 ±0.22 3.26 ±0.24 1.03 ±0.05 0.94 ±0.04 

Wash 5  (24 h) 2.04 ±0.08 2.59 ±0.06 0.97 ±0.06 0.92 ±0.03 

 

a
 Units are in moles*10

-11
 and error is given as one standard deviation of its respective value.  

 

 

 

* Cell culture was performed by Keith MacRenaris. 
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Figure 3.6 The percentage of Gd(III) associated with the NIH/3T3 cells as a function of the 

initial uptake concentration.  DPBS washes were done on the hour leaching time points displayed.  

The contrast agents are represented as: 1 (closed triangles), 2 (open triangles), 3 (closed circles), 

and 4 (open circles).  Comparison of closed data point markers allows facile correlation of the 

two DOTA-based ligands as does open data point markers for the two DTPA-based ligands.   
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 acquired X-ray fluorescence spectra.
35

  Images of complexes 1 and 3 are displayed in Figure 3.8.  

The top two rows of images displayed in Figures 3.7 and 3.8 clearly show the extent to which 

leaching has depleted the NIH/3T3 cells of associated gadolinium when treated with the non-

disulfide contrast agents (1 or 2).   Conversely, when the cells are treated with disulfide linked 

contrast agents (3 or 4), they retain a large amount of gadolinium post-leach (bottom 2 rows of 

each figure).   

MR Imaging and T1 Analysis 

In order to assess the feasibility of the disulfide linkage to increase cell retention and 

maintain MR image contrast over an extended time period, NIH/3T3 cells were again incubated 

with 1.0 mM of 1-4.  After the cells were harvested and placed in glass capillary tubes, they were 

imaged via MRI.  Shown in Figure 3.9A, the cells incubated with complexes 1 and 2 exhibit a 

significantly brighter signal than the control cells.  However, after following the washing 

procedure outlined for the SR-XRF and ICP-MS data (4 h, with washes at the hours) the cells 

incubated with 1 and 2 have a drastically lower intensity in the MR image.  This loss of intensity, 

due to leaching of the contrast agent, is much less in the case of the cells incubated with 

complexes 3 and 4.   Shown in Figure 3.9B, these cells display intensities that when compared to 

their respective non-leached samples, are visually similar and show almost no loss of signal 

intensity. 

Discussion 

Arginine- bound cell-permeable contrast agents 3 and 4 were prepared via thiol-activated 

pyridyl intermediates to create cell-permeable MR-active conjugates that are linked to cell 

transduction moieties via a disulfide bond.  These agents are structurally similar to 1 and 2, 

however, unlike their non-disulfide counterparts (1 and 2), contrast agents 3 and 4 must be  
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Figure 3.7 XRF images of NIH/3T3 cells treated with contrast agents 2 and 4.  Images are 

shown for time = 0 (No leach) and after 4 h (of leaching).    Phosphorus is mapped in red, sulfur 

in blue, and gadolinium in green.  The scale bars represent 20 µm. Note that each column of 

images is scaled to its respective maximum value (displayed at the upper right corner and given 

in µg/cm
2
). 
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Figure 3.8 XRF images of NIH/3T3 cells treated with contrast agents 1 and 3.  Images are 

shown for time = 0 (No leach) and after 4 h (of leaching).    Phosphorus is mapped in red, sulfur 

in blue, and gadolinium in green.  The scale bars represent 20 µm. Note that each column of 

images is scaled to its respective maximum value (displayed at the upper right corner and given 

in µg/cm
2
). 
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Figure 3.9  T1-weighted MR images of NIH/3T3 cells incubated with complexes 1-4.  The 

‘Leach’ rows are the cell populations that were allowed to leach for 4 h with washes of DPBS at 

the hours.  The control cells were not incubated with contrast agent but were harvested and 

packed following the same procedure.  (A) Image of the cell-permeable contrast agents, 1 and 2. 

(B) Image of the disulfide-cleavable cell-permeable contrast agents, 3 and 4.   Images were 

acquired at 14.1 T within a FOV of 10 x 10 mm (matrix size 256 x 256) and a slice thickness of 

1.0 mm.  The scale bar represents 1.0 mm. T1 values and student t-tests confirming statistically 

significant differences are given on the following page.   
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Sample 

name 

Avg. T1 

time (ms) 

Std. Dev.         

(ms) 

 t test comparison 

(value x to value y) 

Meets 95% confidence 

level? 

Fig. 3.9A: 1   

No Leach 

1847 94  contrast agent  1    

No Leach to Leach  

Yes 

Fig. 3.9A: 1 

Leach 

2773 123  contrast agent  2    

No Leach to Leach 

Yes 

Fig. 3.9A: 2   

No Leach  

2415 99  contrast agent  3    

No Leach to Leach 

No 

Fig. 3.9A: 2  

Leach 

2824 138  contrast agent  4    

No Leach to Leach 

No 

Fig. 3.9A: 

control 

3017 111    

Fig. 3.9B: 3    

No Leach 

1687 63  contrast agent  1 

Leach to Control 

Yes 

Fig. 3.9B: 3  

Leach 

1899 78  contrast agent  2 

Leach to Control 

Yes 

Fig. 3.9B: 4    

No Leach  

1671 35  contrast agent  3 

Leach to Control 

Yes 

Fig. 3.9B: 4 

Leach 

1834 59  contrast agent  4 

Leach to Control 

Yes 

Fig. 3.9B: 

control 

2912 72    

 

 

Fig. 3.9-cont. T1 values and student t-tests confirming statistically significant differences. 

Student’s t-tests were calculated in Origin 7 SR2 (Origin Lab, Northampton, MA) at a 95% 

confidence level with 8 degrees of freedom, independent testing, and a null hypothesis value 

(minimum acceptable time difference) of 100 ms.  At least 5 slices per sample were averaged.   
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coupled to their respective Gd(III) chelating moieties off-resin and under strict pH and 

equivalents control.  Although such procedures do negatively impact the overall synthetic time 

frame, yields remain acceptable.  Once conjugated to the end-capped Arg8-Cys, compounds 8 

and 9 are metaled with Gd(OH)3 to provide a set of cell-permeable MR contrast agents with anti-

leaching properties.   

The small, yet possibly significant changes made to 1 and 2 in order to incorporate the 

disulfide bond were then tested to determine their affect on relaxometric properties.  As can be 

seen from Table 3.1, the coordination environment around the Gd(III) ion, expressed by the q, 

τm, and relaxivity measurements, has not been significantly changed in spite of the synthetic 

differences between non-disulfide (1 and 2) and disulfide (3 and 4) agents.  Even under large pH 

variations, relaxivity still remains relatively constant (Figure 3.2).  Such characterization and 

stability makes all four contrast agents excellent choices for exploitation as cell labeling 

compounds in a non-leaching environment (Table 3.3, Initial Amount). 

Before subjecting the disulfide functionalized agents to cell culture models, time was 

taken to explore their cleavage tendencies in vitro.  As is seen in Figure 3.4, each disulfide 

functionalized agent should undergo exchange or reduction with endogenous thiols, especially 

GSH.
12

  Such mechanisms should cleave the Gd(III) chelate from its cell-penetrating 

polyarginine oligomer and leave the chelated Gd(III) with no mode of cellular exit.  The 

longevity of the disulfide linkage was tested by incubating agent 4 at 37 °C in the presence of 

increasing quantities of GSH.   Table 3.2 shows the full quantification of this cleavage assay; 

however, Figure 3.5 provides a qualitative picture of the results.  As the amount of GSH 

increases, so does the amount of cleaved product (Gd(III)DTPA-GSH) detected via HPLC-MS, 

whereas the amount of detected starting material (4) decreases.  This trend continues through 
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ratios of [GSH] : [4] that reach 4:1.  This data tells us that although disulfide cleavage begins at 

very low GSH concentrations, only 0.25 equivalents, complete cleavage is not obtained even at 

GSH concentrations that are 4 times that of the contrast agent.  Such kinetics, although not 

optimal, do allow some insight into the cell retention properties experienced when these agents 

were tested in NIH/3T3 cell culture. 

Shown in Table 3.3, the cellular uptake of 1-4, when incubated with a standardized initial 

concentration, demonstrates that 1 and 2 accumulate within the NIH/3T3 cells with greater 

efficiency than 3 and 4 (Initial Amt., Table 3.3).  This observation is most likely attributed to the 

inherent nature of the cell line, and possible hydrogen bonding of the Gd(III) ion to the 

guanidinium groups of the arginine oligomer when the Gd(III) chelate is conjugated via the 

cysteine’s side chain (3 and 4) instead of the peptide’s semi-rigid backbone (1 and 2).
16

  The 

latter hypothesis of metal to arginine back-binding would decrease the number of surface-

displayed guanidinium groups available to facilitate membrane translocation, which has been 

shown to negatively impact cell uptake.
19, 36

   

Closer examination of the initial uptake values of 1 vs. 2 shows that the NIH/3T3 cell line 

prefers the negatively charged DTPA over the neutral DOTA chelate when the structure of the 

transduction moiety is held constant.  Conversely, in the case of 3 vs. 4, the neutral DOTA 

chelate is preferred over the charged DTPA.  However, the uptake discrepancies between 

arginine-bound DOTA and DTPA were expected and have been previously reported.
16

  In 

contrast to the lower initial uptake amounts, the percentage of gadolinium retained in the cells 

post-leaching, last row in Table 3.3, implies that incorporation of the disulfide bond into 3 and 4 

has a significant positive effect on long term contrast agent retention.  Represented in Figure 3.6, 

the role of the disulfide moiety as it pertains to retention of the cell-permeable contrast agents is 
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made obvious: addition of the reactive disulfide linkage (3 and 4) increases the cell retention of 

the Gd(III) chelate 3.5 and 2.5 fold over the non-disulfide counterparts (1 and 2), respectively.    

To supplement and co-validate the bulk ICP-MS measurements, cells incubated with 1-4 

were evaluated by SR-XRF.  Due to the forbidden transitions of lanthanide fluorescence and the 

difficulties associated with mapping intracellular metals without the use of cell transport property 

altering organic fluorophores, SR-XRF mapping was used.  SR-XRF microprobes offer 

submicron resolution and quantifiable elemental data on desired subcellular regions of interest 

that are easily displayed in a two-dimensional, intensity weighted image.
37

    As shown in Figure 

3.7, the cells labeled with 2 and 4 and fixed at time = 0 (No leach, figure rows 1 and 3), show a 

significant amount of associated gadolinium.  In contrast, row 2 and 4 of the figure (4 h leach for 

2 and 4, respectively) have quite drastic differences in their amounts of gadolinium fluorescence.  

The 4 h leach images for complex 2 show only trace amounts of gadolinium, whereas, the 

corresponding images of cells treated with 4 display a relatively large amount of gadolinium, 

comparable to the distribution acquired in the cases of no leaching.   This visualized signal 

longevity is in agreement with the ICP-MS measurements, and can only be attributed to the 

incorporation of the disulfide linkage between the Gd(III) chelate and the arginine moiety.   

With the data provided, it is obvious that incorporation of the disulfide linkage has a 

positive effect on the cell retention of contrast agents 3 and 4.  However, due to the decreased 

sensitivity of MRI (versus ICP-MS and SR-XRF) towards Gd(III) concentration, the utility of 1-

4 to increase MR image intensity after the leaching process was tested.   This assessment was 

done by incubating 1-4 (1.0 mM) on 2 populations of NIH/3T3 cells.  One population was not 

allowed to leach, while the second was subjected to the leaching protocol outlined in the 

Experimental Procedures.  Comparison of the images in Figure 3.9A to those in 3.9B clearly 



115 

shows that cells incubated with 3 and 4 hold their image contrast enhancement to a much greater 

extent than those incubated with 1 and 2 (over the leaching period).  These images augment the 

SR-XRF data by visualizing the extent to which increased cell retention of the Gd(III)-based 

contrast agents increases the resulting image contrast longevity via MRI.  However, the Gd(III) 

amounts obtained from the cell studies (Table 3.3) predicts that the MR image enhancement 

should not have been as drastic.   

Therefore, it is hypothesized that 1 and 2 have significantly different intracellular fates 

than 3 and 4.  Further speculation is that 1 and 2 have been degraded or processed by cell cycles 

that leave the Gd(III) ion non-specifically bound to the recycling membrane (either endosomal or 

lysosomal) and difficult to remove unless subjected to harsh conditions (i.e. the formaldehyde 

fixation and dehydration procedure followed for the SR-XRF samples).   This would also explain 

the high T1 values and reduced MR image intensity in Figure 3.9A (leach) despite the Gd(III) 

measurements displayed in Table 3.3.  If 1 and 2 are non-specifically bound to the internal 

membrane or likewise sequestered in lysosomes, the image intensity and resultant T1 values will 

decrease due to reduced Gd(III) access to the bulk water.  Such encapsulation creates a 

membrane shielding effect where the contrast agent has access to only a small number of rapidly 

exchanging inner sphere water molecules.  This phenomenon has been previously observed 

within artificial systems such as those involving LIPOCEST contrast agents, and more 

importantly, within certain subcellular compartments.
38, 39

     

Conclusions 

In conclusion, DOTA and DTPA-based cell-permeable contrasts that show increased cell 

retention and longevity via disulfide bond incorporation and exploitation of intracellular thiol 

concentrations have been synthesized.  The agents’ relaxometric properties, pH stability, in vitro 
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cleavage kinetics, and cell retention have been explored via multiple complementary techniques, 

and those results have been highlighted.  As expected, 3 and 4 show increased cell retention 

(ICP-MS), single cell association (SR-XRF), and viability as MRI contrast agents (MR images).  

As a result, these agents could be used to ectopically label cell populations and provide long-

term contrast enhancement for cell tracking and lineage analysis using MRI.  

Future Directions 

Due to the substantial decrease in contrast agent uptake when the arginine oligomer was 

conjugated to the chelate via a disulfide bond, various other cell penetrating peptides that are 

perhaps more tolerant to structural modifications can be synthesized and tested for cell uptake.  

Similar to the arginine modified contrast agents described in this chapter, the penetratin, human 

immunodeficiency virus (HIV-1-TAT), and chimeric (e.g. transportan) cell penetrating peptide 

families can be built on the solid phase and could offer a MR contrast agent that is more efficient 

at transducing cell memebranes.
40-43

  However, if the previously discussed hydrogen bonding 

scenario between the Gd(III) ion and the guanidinium groups is the cause of decreased cell 

uptake, then synthesis of a longer arginine oligomer (i.e. 12-mer) may alleviate the problem.   

 In a more biological approach, the cells could be grown in a sulfur-free environment 

(commercially available sulfur- and serum-free media) before incubation with the disulfide 

contrast agents.
44

  Such precautions should reduce the concentration of free, extracellular thiols 

that could cleave the arginine oligomer from the conjugated contrast agent.  Although the sulfur 

and serum starved cell cultures might experience adverse downstream effects of the limited 

culture conditions, such a study would explain the modest uptake values of 3 and 4.   

 

 



117 

Experimental Procedures 

All reagents and solvents were of the highest purity attainable from Sigma-Aldrich 

(Milwaukee, WI) and Fluka (Sigma-Aldrich Chemie GmbH, Switzerland) unless otherwise noted.  

Modified Wang resin and amino acids were purchased from Novabiochem (San Diego, CA).  

NIH/3T3 cells were purchased from the American Type Culture Collection (ATCC; Manassas, 

VA).  Also purchased from ATCC were DMEM, with 4 mM L-glutamine modified to contain 

4.5 g/L glucose and 1.5 g/L sodium carbonate and EMEM, with Earle’s BSS and 2 mM L-

glutamine modified to contain 1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 

1.5 g/L sodium bicarbonate.  FBS and CBS, and 0.25% trypsin/EDTA solution were purchased 

from ATCC.  Vent-cap flasks, multiwell plates, cell scrapers, and DPBS w/o calcium and 

magnesium were purchased from Fisher Scientific.   

1
H and 

13
C NMR spectra were obtained on a Varian Inova spectrometer at 500 and 125 

MHz, respectively.  Compounds were dissolved in D2O (4.80 ppm used as internal references for 

NMR spectra).   Due to solubility issues associated with the peptide-chelate conjugates, 
13

C 

NMR spectra were collected in D2O and a relative reference was used for each sample (first 

carbon resonance is always given a value of 24.42 ppm).  Mass spectrometry samples were 

analyzed using electrospray ionization (ESI), single quadrupole mass spectrometry on a Varian 

1200L spectrometer or matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) 

mass spectrometry on an Applied Biosystems Voyager-DE Pro.  Results reported for m/z are for 

[M+H
+
]
+
 or [M-H

+
]
- 
unless stated otherwise.  Elemental Analyses were performed at Desert 

Analytics Laboratory, Tuscon, AZ.   

ICP-MS was performed on a computer-controlled Thermo Elemental (Waltham, MA) PQ 

ExCell Inductively Coupled Plasma Mass Spectrometer.  All standards and samples contain 5 
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ng/mL of a multi-element internal standard (Spex CertiPrep, Metuchen, NJ) consisting of Bi, Ho, 

In, Li, Sc, Tb, Y and 3% nitric acid (v/v).  Gadolinium standards were prepared in concentrations 

of 0.05, 0.10, 0.25, 0.50, 1.0, 5.0, 10, 25, and 50 ng/mL.  Analysis was accomplished running 1 

survey run and 3 main runs (peak jumping, 100 sweeps per run) using 
156

Gd and 
157

Gd isotopes 

and interpolating through 
209

Bi and 
115

In internal standards. 

Complex Gd(III)-DOTA-Arg8 (1), Gd(III)-DTPA-Arg8 (2), and S-(2-Aminoethylthio)-2-

thiopyridine hydrochloride (AETP) were synthesized following previously published procedures 

and 1,4,7-tris(acetic acid-tert-butyl ester)-10-acetic acid-1,4,7,10-tetraazacyclododecane 

(DOTA-tris-TB) was purchased from Macrocyclics (Dallas, TX).
16, 45, 46

    

HPLC-MS  

Analytical reverse phase HPLC-MS was performed on a computer controlled Varian 

Prostar system consisting of a 410 autosampler equipped with a 100 µL sample loop, two 210 

pumps with 5 mL/min heads, a 363 fluorescence detector, a 330 photodiode array (PDA) 

detector, and a 1200L single quadrupole ESI-MS. All separations were executed with a 1.0 

mL/min flow rate using a Waters 4.6 x 250 mm 5 µm Atlantis C18 column, with a 3.1:1 split 

directing one part to the MS and 3.1 parts to the series-connected light and fluorescence detectors. 

Mobile phases consisted of Millipore Synthesis grade water (solvent A) and HPLC-grade MeCN 

(solvent B). Preparative HPLC was accomplished using a Varian Prostar system. Two Prostar 

210 pumps with 25 mL/min heads fed a 5 mL manual inject sample loop. Detection was 

performed after a 20:1 split by a two-channel Prostar 325 UV-visible detector and, on the low-

flow side, a HP 1046A fluorescence detector. The mobile phases were the same as in the HPLC-

MS instrument. Preparative runs were on a Waters 19 x 250 mm 10 µm Atlantis C18 column. 

Relaxivity (r1)   
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A 2 mM stock solution of 1-4, Gd(III)-DTPA, or Gd(III)-DOTA in 100 mM PBS buffer 

at pH 7.41 were serially diluted to give 500 µL of each of the five approximate concentrations 

for each compound: 0.15, 0.3, 0.5, 1.0, and 2.0 mM.  The T1 of each sample was determined at 

60 MHz (1.5 T) and 37 °C using an inversion recovery pulse sequence on a Bruker mq60 

Minispec (Bruker Canada; Milton, Ontario, Canada) and at 600 MHz (14.1 T) and ambient 

temperature using a saturation recovery pulse sequence on a Bruker Omega 600WB spectrometer 

(Bruker BioSpin; Billerica, MA).  Reproducibility of the T1 data was ± 0.3%. Ten microliters of 

each sample was then analyzed for exact gadolinium concentration using ICP-MS. The inverse 

of the longitudinal relaxation time (T1) was plotted against the concentration obtained from ICP-

MS and fit to a straight line. All lines were fit with R
2
 > 0.998. This was performed for each 

sample in duplicate.   

Determination of q by Luminescence Lifetime Measurements 

Terbium(III) complexes (10-13) were dissolved in H2O and D2O. The emission was 

monitored at 544 nm with excitation at 229 nm on a Hitachi F4500 Fluorescence 

Spectrophotometer operating in phosphorescence lifetime mode. Twenty-five scans were 

averaged and fit to a monoexponential decay (R
2
 > 0.98) to give the phosphorescent lifetimes 

which were entered into this equation (corrected for one amide oscillator, where k is given in ms
-

1
):  q = 5.0 (kH2O - kD2O - 0.06).

47, 48
 

Determination of τm by 17O Transverse Relaxation Rate Measurements 

Samples of 1-4 were prepared at 15-20 mM concentrations in 1% 
17

O enriched water 

(Medical Isotopes, Inc.; Pelham, NH) adjusted to pH 7.40.  Lock was achieved by means of an 

external D2O standard.  
17

O spectra were obtained at 54 MHz (number of averaged transients was 

160 – 320 and relaxation delay was 400 ms) at temperatures ranging from 1 °C to 85 °C in 5 °C 
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increments. The 
17

O transverse relaxation rate was determined by obtaining the line width (in Hz) 

at half of the peak height, ∆ν1/2, of the 
17

O water signal and later fitting the data.
26-28

  Using the 

known sample concentrations and q values, the relaxation data were fit to these four parameters 

at 25 °C: τm (water exchange rate), ∆H‡
 (activation enthalpy), T1e (electronic relaxation rate), and 

∆ET1e (activation energy of T1e).
49

   

Cell Culture Conditions  

All cell lines, media, sera, buffers, and dissociation reagents were purchased from the 

ATCC as previously stated.  NIH/3T3 cells (CRL-1658) were grown in DMEM (with 4 mM L-

glutamine, 4,5 g/L glucose, 1 mM sodium pyruvate, 1.5 g/L sodium carbonate, and phenol red 

supplemented with 10% CBS).  Cells were grown in a humidified incubator at 37 °C and 5% 

CO2.  Cells were washed with DPBS (without calcium and magnesium) and dissociated with a 

0.25% trypsin-EDTA solution.  All flasks and multi-well plates were Corning brand, tissue 

culture treated, and sterile.  The studies for each contrast agent and time point were performed at 

least in triplicate 

Cells were counted and viability was assessed using a Guava EasyCite Mini Personal 

Cell Analyzer (Guava Technologies; Hayward, CA).  Cell samples were diluted 10 fold with 

Guava ViaCount reagent (total volume is 200 µL) and allowed to stain at room temperature for 

at least 5 minutes (no longer than 20 minutes) vortexed and measured.  Each sample was 

measured using the Guava ViaCount software module using 1000 counts per run doing 2 

separate runs per sample.  Instrument reproducibility was assessed daily following the 

manufacturer’s suggested protocol using GuavaCheck reagent and the corresponding software 

module.   
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ICP-MS assessment of the cell associated gadolinium was determined by collecting and 

processing all cell and media samples via this procedure: addition of 70% (v/v) nitric acid in 

water, vortexing (~ 5 min), and digestion at 65 °C for at least four hours.  Samples were then 

added to a 15 mL conical tube along with internal standard and water to give a final nitric acid 

concentration (v/v) of 3%. 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis   

NIH/3T3 cells were grown to 65% confluency on silicon nitride windows (membrane 

thickness: 500 nm and frame size: 5.0 mm x 5.0 mm, Silson Ltd.; Northampton, England) in 

Corning brand 24 well cell culture treated plates.  Each well had 2 silicon nitride windows (one 

incubation sample and one leach sample).  Cells were incubated with 3.0 mM of compounds 1-4 

(post 0.2 µm syringe filtration) for 4 hours.  Samples were then rinsed three times with DPBS 

and one window was removed for processing (incubation sample) while one window was 

allowed to incubate with fresh media for 4 more hours followed by processing (leached sample).  

Windows were processed by cell fixation in 3.7% formalin for 5 minutes at room temperature, 

rinsing with DPBS (1x), rinsing with Millipore water (1x), rinsing in 100% ethanol (1x), and 

drying overnight (18 h, room temp.).  The silicon nitride windows were then mounted onto a 

kinematic specimen mount for both visible light and X-ray fluorescence microscopy.  The 

samples were examined on a light microscope (Leica DMXRE), and the cells to be scanned with 

SR-XRF were located on the window relative to a reference point (one of the four window 

corners) using a high spatial resolution motorized x/y stage (Ludl Bioprecision). 

Scanning SR-XRF microscopy was carried out at the 2-ID-E beamline of the Advanced 

Photon Source at Argonne National Laboratory (IL, USA).  Hard X-rays from an undulator 

source were monochromatized using a single bounce Si <111> monochromator.  The energy was 
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selected to allow for efficient excitation of the Gd L-lines, and also to enable the detection of the 

P, S, Fe, and Zn K-lines. A Fresnel zone plate (320 µm diameter, focal length f = 250 mm, X-

radia; Concord, CA) was used to focus the monochromatic X-ray beam to a spot size of ~ 0.4 x 

0.3 µm
2
 on the specimen.  The sample was raster scanned through the beam at room temperature 

under a helium atmosphere.  At each scan position, a full fluorescence spectrum was acquired 

using an energy dispersive germanium detector (Ultra-LEGe detector, Canberra; Meriden, CT).  

Elemental content was determined by comparison of fitted sample spectra with NBS thin film 

standards 1832 and 1833 (NIST; Gaithersburg, MD) using MAPS software  supplemented with 

fitting of fluorescence spectra at every pixel.
35

 

MR Imaging and T1 Analysis 

MR measurements were performed on a General Electric/Bruker Omega 600WB 14.1 T 

imaging spectrometer fitted with Accustar shielded gradient coils at ambient temperature (~ 25 

°C).  Spin lattice relaxation times (T1) were measured using a saturation recovery pulse sequence 

with static TE (10.18 ms) and variable TR (127.5, 165, 200, 300, 500, 1000, 2000, 5000, 7500, 

10000 ms) values.  Two independent trials were run per sample and at least 5 slices were 

quantified per trial.  Student’s t-tests were calculated in Origin 7 SR2 (Origin Lab; Northampton, 

MA) at a 95% confidence level with 8 degrees of freedom and a null hypothesis value (minimum 

acceptable time difference) of 100 ms.  Images were acquired using a T1-weighted, spin-echo 

pulse sequence (TE = 10.18, TR = 750 ms) on freshly harvested cells that were spun down (at 

250g) within glass capillary tubes for 5 min prior to image acquisition.  Total time from harvest 

to image acquisition was 1-2 h.   
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Synthesis of end-modified Arg8-Cys (5) 

Polystyrene-based Wang resin containing a fluorenyl-methoxy-carbonyl (Fmoc) 

protected arginine residue (2.00 g, 0.580 mmol/g) was swelled in CH2Cl2 for 10 min (x 3) and 

washed with peptide synthesis grade N,N-dimethylformamide (DMF) (4 x 10 min).  The resin 

was treated three times with a solution of 20% piperdine in DMF (10 min) and the deprotected 

resin was washed with DMF (4 x 10 min).  In a separate vial, Fmoc protected 

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf)-arginine (1.505 g 2.320 mmol), N,N,N',N'-

tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate (HATU) (0.881 g, 2.32 

mmol), and N,N-diisopropylethylamine (DIEA) (0.748 g, 5.80 mmol) were dissolved in 

approximately 3 mL of DMF.  The resulting solution was added to the deprotected resin and 

nitrogen was bubbled through the mixture for 6-8 h.  The peptide solution was removed from the 

resin which was subsequently rinsed with DMF (4 x 10 min).  This procedure was repeated a 

total of seven times in order to achieve the synthesis of an 8 amino acid polyarginine oligomer 

bound to the Wang resin (3.96 g).   

The Arg8 functionalized resin (2.00 g, 0.29 mmol/g, 0.58 mmol) was deprotected with the 

piperdine solution and washed with DMF as described above.  In a separate vial, Fmoc protected 

trityl (Trt)-cysteine (0.725 g, 1.16 mmol) and 2, 4, 6-trimethylpyridine (0.154 g, 1.27 mmol) 

were dissolved in a minimal amount of DMF.  The resulting solution was added to the 

deprotected resin and nitrogen was bubbled through the mixture for 6-8 h.  The peptide solution 

was removed and the resin was washed with DMF (4 x 10 min each).  The resin bound Arg8-Cys 

oligomer was deprotected with the piperdine solution, and washed with DMF.  The resin was 

resuspended in a solution of acetic anhydride (0.118 g, 1.160 mmol), DIEA (0.374 g, 2.90 mmol) 

and DMF (3 mL).  Bubbling nitrogen through this mixture for 4 h effectively capped the 
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peptide’s N-terminus.  Upon removal of the capping solution, the resin was washed with DMF, 

CH2Cl2, and MeOH (4 x 10 min each).  Following the methanol washes, the resin was dried 

under vacuum.  A solution of 95% trifluoroacetic acid (TFA), 2.5% ethane dithiol (EDT), 1.5% 

H2O, and 1.0% triisopropylsilane (TIS) (50 mL) was added to the resin and nitrogen was bubbled 

through the mixture for 1 h.  The resin was filtered and to the filtrate was added methyl tert-butyl 

ether (MTBE) (40 mL) to precipitate a white solid that was subsequently washed with MTBE (3 

x).  The solid was dissolved in 30 mL of water and freeze-dried to yield white flaky crystals of 

the end modified peptide, Arg8-Cys (0.692 g, 84%).  
1
H NMR (D2O @ pH 1.0): δ = 1.22-1.40 (m, 

16H), 1.50 (dd, J = 8.5, 5.5 Hz, 16H), 1.59-1.69 (m, 2H), 1.74 (d, J = 6.0 Hz, 3H), 2.89 (m, 16H), 

3.95-4.10 (m, 8H); 
13

C NMR (D2O @ pH 1.0): δ = 24.42, 27.50, 28.03, 39.36, 40.52, 52.26, 

53.25, 156.57, 172.61, 173.44, 174.84;  with ESI-MS (m/z): 1413.58; calc. for 

C53H105N33O11S+H
+
: 1413.68. 

Synthesis of 1,4,7-Tris(carboxymethyl)-10-(N-[2-(pyridin-2-yldithio)ethyl]acetamide)-1,4,7,10-

tetraazacyclododecane (6) 

DOTA-tris-TB (0.600 g, 1.05 mmol), HATU (1.197 g, 3.150 mmol), and anhydrous 

DIEA (0.683 g, 5.25 mmol) were dissolved in 4.0 mL of anhydrous DMF and allowed to stir for 

10 min under a nitrogen atmosphere while AETP (0.466 g, 2.10 mmol) was dissolved in 2.0 mL 

of anhydrous DMF.  After the 10 min activation time, the AETP solution was added via syringe 

and the mixture was allowed to stir for 5 h while being monitored by TLC [KNO3─H2O─MeCN 

(1:9:90)].  Upon reaction completion the solution was evaporated in vacuo.  The resulting yellow 

residue was stirred overnight in 95% TFA, 2.5% TIS, and 2.5% H2O (30 mL).  The reaction 

mixture was concentrated to approx. 10 mL by application of a steady stream of dry nitrogen 

across the top of the vessel.  The crude product was precipitated by addition of MTBE (40 mL) 
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and was subsequently washed with MTBE (3 x).  The yellow solid was dried in vacuo to yield 

1.12 g of crude product.   

The crude mixture was submitted to preparatory HPLC with the Waters Atlantis column.   

The solid was brought up in H2O and purified using the following method: begin at 0% B, ramp 

to 3% B over 1 min, hold at 3% B for 15 min, then ramp to 20% B over 7 min and hold for 8 min, 

followed by a wash to 100% B before returning to 0% B. The desired fractions (retention time: 

32.20 min by UV at 235, 280 nm) were collected and freeze-dried to yield the product as a white 

solid (0.410 g, 68%).  
1
H NMR (D2O ): δ = 2.96-3.10 (m, 11H), 3.41-3.51 (m, 13H), 3.79 (q, J = 

16.5 Hz, 4H), 7.33 (t, J = 4.5 Hz, 1H), 7.88 (d, J = 3.5 Hz, 2H), 8.40 (d, J = 4.5 Hz, 1H); 
13

C 

NMR (D2O): δ = 37.05, 38.13, 48.22, 48.46, 50.94, 51.64, 53.73, 55.51, 56.59, 121.92, 122.26, 

139.56, 148.50, 158.48, 170.02, 171.96, 175.07;  ESI-MS (m/z): 573.26; calc. for C23H36N6O7S2 

+H
+
: 573.70; with Anal. Calcd for C23H36N6O7S2 • Na • 1.5 H2O: C, 44.36; H, 6.31; N, 13.50; S, 

10.30.  Found: C, 44.20; H, 6.17; N, 13.38; S, 10.98. 

Synthesis of [(2-{carboxymethyl-[2-(carboxymethyl-{[2-(pyridin-2-yldisulfanyl)-

ethylcarbamoyl]-methyl}-amino)-ethyl]-amino}-ethyl)-amino]-acetic acid (7) 

DTPA dianhydride (2.00 g, 5.60 mmol) was dissolved in 100 mL of anhydrous DMSO 

and allowed to stir under a nitrogen atmosphere while AETP (0.672 g, 3.040 mmol) was 

dissolved in a stirring solution of anhydrous DMSO (25 mL) and anhydrous DIEA (1.067 g, 

8.210 mmol).  The AETP solution was slowly added to the DTPA dianhydride solution via 

syringe pump over 5 h.  Upon complete addition, the resulting solution was stirred for an 

additional hour before being quenched with H2O (100 mL) and concentrated in vacuo.  The 

resulting residue was brought up in H2O and submitted to preparatory HPLC with the Waters 

Atlantis column using the following method: begin at 0% B, ramp to 100% B over 35 min 
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followed by a wash at 100% B for 5 min before returning to 0% B. The desired fractions 

(retention time: 10.28 min by UV at 235, 280 nm) were collected and freeze-dried to yield the 

product as a white solid (1.07 g, 63%).  
1
H NMR (D2O ): δ = 3.04 (t, J = 5.5 Hz, 2H), 3.24-3.35 

(m, 6H), 3.54 (t, J = 6.0 Hz, 2H), 3.59 (t, J = 6.0 Hz, 2H), 3.69 (s, 2H), 3.75-3.90 (m, 8H), 7.57 (t, 

J = 6.5 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 8.15 (t, J = 8.5 Hz, 1H), 8.53 (d, J = 5.5 Hz, 1H); 
13
C 

NMR (D2O): δ = 37.45, 37.94, 50.30, 51.24, 52.52, 52.09, 54.48, 56.52, 57.04, 57.21, 123.29, 

123.95, 142.71, 145.62, 157.07, 168.74, 170.56, 172.17, 172.78;  ESI-MS (m/z): 560.19; calc. for 

C21H31N5O9S2-H
+
: 560.63; with Anal. Calcd for C21H31N5O9S2 • Na: C, 43.14; H, 5.34; N, 11.98; 

S, 10.97.  Found: C, 42.70; H, 5.21; N, 12.02; S, 11.29. 

Synthesis of DO3A-SS-Arg8 (8) 

Compound 6 (0.160 g, 0.306 mmol) was added to end-modified Arg8-Cys (5) (0.432 g, 

0.306 mmol) dissolved in 30 mL of degassed phosphate buffer (10 mM, pH 8.0).  The solution 

was stirred under nitrogen atmosphere at room temperature.  The reaction was monitored by 

analytical HPLC and found to be complete after 72 h.  An aliquot (2.5 mL) of the solution was 

removed for characterization while the remaining material (27.5 mL) was carried onto the 

synthesis of Gd(III)-DOTA-SS-Arg8 (3).  Dialysis (Mwt cut-off  1,000) against Millipore H2O (4 

L x 4 days), yielded 3 mL of a translucent liquid that was 0.2 µm syringe filtered and freeze-

dried to yield a white solid (0.389 g, 74%).    
1
H NMR (D2O) shows the disappearance of all 

aromatic protons.  
13

C NMR (D2O): δ = 24.42, 28.16, 28.88, 37.11, 38.17, 40.65, 40.79, 48.44, 

50.71, 51.90, 53.59, 54.91, 55.52, 56.66, 156.86, 170.04, 172.19, 172.80, 173.75, 175.41; ESI-

MS (m/z): 1875.31; calc. for C70H136N38O18S2+H
+
: 1875.21.   
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Synthesis of DTPA-SS-Arg8 (9) 

Compound 7 (0.175 g, 0.312 mmol) was added to end-modified Arg8-Cys (3) (0.440 g, 

0.312 mmol) dissolved in 30 mL of degassed phosphate buffer (10 mM, pH 8.0).  The solution 

was stirred under nitrogen atmosphere at room temperature.  The reaction was monitored by 

analytical HPLC and found to be complete after 72 h.  An aliquot (2.5 mL) of the solution was 

removed for characterization while the remaining material (27.5 mL) was carried onto the 

synthesis of Gd(III)-DTPA-SS-Arg8 (4).  Dialysis (Mwt cut-off  1,000) against Millipore H2O (4 

L x 4 days), yielded 4 mL of a translucent liquid that was 0.2 µm syringe filtered and freeze-

dried to yield a white solid (0.351 g, 66%).    
1
H NMR (D2O) shows the disappearance of all 

aromatic protons.  
13

C NMR (D2O): δ = 24.42, 28.20, 38.79, 40.66, 50.53, 52.19, 53.44, 53.53, 

54.94, 55.19, 57.88, 58.91, 156.84, 172.70, 172.97, 173.60, 174.32, 178.33; ESI-MS (m/z): 

1864.21; calc. for C69H131N37O20S2+H
+
: 1864.14.   

Synthesis of Gd(III)-DOTA-SS-Arg8 (3) 

 To the remaining aliquot of DO3A-SS-Arg8 (8) (27.5 mL, 0.285 mmol), was added 

Gd(OH)3 (0.064 g, 0.314 mmol).  The reaction mixture was brought to pH 6.0 with 1.0 M NaOH 

and allowed to stir for 7 d at room temperature under a nitrogen atmosphere.  Dialysis (Mwt cut-

off 1,000) against Millipore H2O (4 L x 4 days), yielded 30 mL of a translucent liquid that was 

brought to pH 11.0 with concentrated NH4OH.  This suspension was 0.2 µm syringe filtered and 

freeze-dried to yield a white powder which was found to be (3) (0.453 g, 78%) by ESI-MS (m/z): 

2029.44 (m/1), 1014.70 (m/2), 677.43 (m/3) 508.26 (m/4) with Gd isotope pattern; calc. for 

C71H133GdN38O18S2+H
+
: 2029.44.   
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Synthesis of Gd(III)-DTPA-SS-Arg8 (4) 

To the remaining aliquot of DTPA-SS-Arg8 (9) (27.5 mL, 0.286 mmol), was added 

Gd(OH)3 (0.064 g, 0.315 mmol).  The reaction mixture was brought to pH 6.0 with 1.0 M NaOH 

and allowed to stir for 7 d at room temperature under a nitrogen atmosphere.  Dialysis (Mwt cut-

off 1,000) against Millipore H2O (4 L x 4 days), yielded 30 mL of a translucent liquid that was 

brought to pH 11.0 with concentrated NH4OH.  This suspension was 0.2 µm syringe filtered and 

freeze-dried to yield a white powder which was found to be (4) (0.484 g, 84%) by ESI-MS (m/z): 

2017.30 (m/1), 1008.55 (m/2), 672.99 (m/3), 505.12 (m/4), 404.38 (m/5) with Gd isotope pattern; 

calc. for C69H127GdN37O20S2+H
+
: 2017.36.   

Synthesis of Tb(III)-DOTA-Arg8 (10) 

The terbium analogue of 1 was synthesized using previously outlined metalation 

procedures and substituting Tb(OH)3 for Gd(OH)3.
45

  The resulting white solid was found to be 

10 (45.7 mg, 42%) by ESI-MS (m/z): 1810.85 (m/1), 906.07 (m/2), 604.24 (m/3), 453.47 (m/4); 

calc. for C64H121N36O16Tb+H
+
: 1810.80.   

Synthesis of Tb(III)-DTPA-Arg8 (11) 

The terbium analogue of 2 was synthesized using previously outlined metalation 

procedures and substituting Tb(OH)3 for Gd(OH)3.
16

  The resulting white solid was found to be 

11 (42.0 mg, 52%) by ESI-MS (m/z): 1798.63 (m/1), 899.91 (m/2), 600.26 (m/3), 450.47 (m/4); 

calc. for C62H115N35O18Tb+H
+
: 1798.73.   

Synthesis of Tb(III)-DOTA-SS-Arg8 (12) 

The terbium analogue of 3 was synthesized using compound 8 (10.0 mg, 0.005 mmol), 

Tb(OH)3 (1.23 mg, 0.006 mmol), and the same metalation procedure previously described for 3 
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(6.0 mg, 60%).  ESI-MS (m/z): 2031.01 (m/1), 1016.00 (m/2), 677.73 (m/3) 508.54 (m/4), 407.12 

(m/5); calc. for C71H133N38O18S2Tb+H
+
: 2031.12.   

Synthesis of Tb(III)-DTPA-SS-Arg8 (13) 

The terbium analogue of 4 was synthesized using compound 9 (10.0 mg, 0.005 mmol), 

Tb(OH)3 (1.23 mg, 0.006 mmol), and the same metalation procedure previously described for 4 

(5.9 mg, 55%).  ESI-MS (m/z): 2019.02 (m/1), 1010.01 (m/2), 673.64 (m/3) 505.43 (m/4), 404.65 

(m/5); calc. for C69H127N37O20S2Tb+H
+
: 2019.04.   

 

 



130 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4:  

Targeted Intracellular Delivery of a Nanoparticle Contrast Agent for MRI 
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Introduction 

 Recent efforts to develop nano-scale materials for use as biocompatible delivery scaffolds 

of drugs and imaging agents have produced significant advances in the area of multifunctional 

probes.
1-5

  These new materials provide the means to chaperone and concentrate both drugs and 

contrast agents in specific organs, tissues and cells.
6, 7

  Primarily, superparamagnetic iron oxide 

(SPIO) nanoparticles, known for their ability to enhance signal contrast in T2-weighted magnetic 

resonance (MR) images, have dominated reports employing this approach.
8-17

  These agents 

typically result in negative contrast enhancement, and occasionally their inherent magnetic 

susceptibility leads to background artifacts.
18

  Conversely, T1 contrast agents do not suffer from 

this phenomenon; however,  there are very few examples of paramagnetic (T1) labeled 

nanoparticles that combine therapeutics with an MR reporter.
19, 20

   

In conjunction, recent work from our collaborators shows that TiO2 nanoparticles 

decorated with modified DNA oligonucleotides function in a targeted and therapeutic capacity.
21, 

22
  Targeting is accomplished via oligonucleotide hybridization to an intracellular organelle’s 

matching DNA sequence, and therapeutic activity is elicited by light-induced scission of the 

semi-conducting, nanoparticle-bound DNA.  Considering these properties, attachment of a T1-

contrast agent to such a targeted nanoparticle would allow the visualization of certain genomic 

sequences in cells and tissues via MRI.  Knowing that cancer is a result of DNA mutations, one 

can envision that a therapeutic MR probe targeting only mutant, oncogene sequences would have 

a significant impact on the therapeutic and diagnostic communities.  To investigate this, DNA 

labeled nanoconjugates have been functionalized with a Gd(III)-based contrast agent to produce 

a biocompatible, therapeutically active delivery scaffold that is detectable by routine T1-weighted 

MR imaging (Scheme 4.1).
22
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Scheme 4.1 Functionalization of TiO2 nanoparticles with a dopamine-bound MRI contrast 

agent (1). 

 

 

 

 

(A) Synthetic route to a dopamine-modified MR contrast agent (1); (a) dopamine, DIEA, DMF; 

(b) GdCl3, H2O pH 4.5, 45 °C.  (B) Functionalization of TiO2 nanoparticles with 1. 
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Results 

Synthesis of the Nanoparticle-based Contrast Agent 

The synthesis of a dopamine-modified contrast agent (DOPA-DO3A, 1) was 

accomplished by coupling the commercially available succinimidyl ester activated-1,4,7,10-

tetraazacyclododecane- 1,4,7-tetraacetic acid (DOTA-mono-NHS) to dopamine hydrochloride.  

Metalation with GdCl3 and purification were carried out under strict pH control as the catechol in 

the metalated complex (1) is easily oxidized at pH values above 5. 

Preparation of the TiO2 nanoparticles (3-5 nm) was performed following previously 

published procedures.
21, 23, 24

  Nanoconjugates were prepared so that, on the surface of each 

nanoparticle, 1-5 dopamine-modified DNA oligonucleotides could be attached (Scheme 4.2).  A 

glycidyl isopropyl ether coating was used to reduce the surface reactivity of the nanoconjugates, 

rendering them non-reactive with the vast majority of biological molecules.  The DNA-TiO2 

nanoconjugates were analyzed by ICP-MS to determine the total amount of Ti.  The Ti 

concentration was used to calculate the concentration of nanoconjugates, and subsequently, the 

concentration of active sites available for dopamine binding.
23, 24 

 

TiO2 Nanoparticle Functionalization and Characterization 

Following characterization (HPLC, ESI-MS, and EA), varying amounts of the dopamine 

modified contrast agent (1) were reacted with TiO2 nanoparticles in the presence and absence of 

surface conjugated oligonucleotides (Table 4.1).  Coupling 1 to the nanoparticle was initially 

detected by a distinct color change resulting from a red shift in nanoparticle absorption between 

the white, unmodified nanoparticles to the orange/brown, modified nanoparticles.
23

  In addition, 

formation of the DOPA-DO3A- nanoparticles was confirmed by UV and IR spectroscopy.  The 

modified nanoparticles revealed a characteristic rise in UV light absorption towards 
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Scheme 4.2 Synthesis of control DNA-TiO2 nanoconjugates and DNA-DOPA-DO3A-TiO2 

nanoconjugates. 

 

A 

 

 

B 

 

 

(A) Preparation of the DNA-TiO2 nanoconjugates (3-5 nm) following previously published 

procedures.
21-23

 (B) Preparation of the DNA-DOPA-DO3A-TiO2 nanoconjugates.    
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Table 4.1 Table of binding efficiencies: TiO2 nanoparticle active sites to 1.
a
  

 

Equiv. Ratio [Ti binding sites]:[1] % NP Active Sites Functionalized 

1:0.2 3.0±0.2 

1:0.6 3.2±0.1 

1:1.0 4.6±0.2 

1:1.4 4.0±0.5 

1:5.0 4.2±0.2 

 

 
a 
All functionalization reactions were carried out in triplicate. 

 



136 

 higher energies (200-360 nm) that is attributable to formation of dopamine-TiO2, semi-

conducting nanocomposites (Figure 4.1).
23, 24

  Similarly, the modified nanoconjugates showed a 

20% increase in IR absorption over control nanoparticles in the carbon-carbon double bond and 

aromatic stretching frequencies of 1540-1680 cm
-1
 (Figure 4.2). 

 To determine the relaxivity of the DOPA-DO3A-TiO2 nanoconjugates, the slope of the 

line generated by plotting the inverse of the T1 relaxation time versus Gd(III) concentration was 

measured.  The resulting graph yielded a relaxivity per Gd(III) ion of 3.5±0.1 mM
-1
s
-1
.  

Therefore, based on the Ti:Gd ratio acquired from ICP-MS, each individual nanoparticle has an 

average relaxivity of 61.0±1.7 mM
-1
s
-1
. 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis 

 The cellular distribution and single cell association of the DNA-DOPA-DO3A-TiO2 

nanoconjugates was evaluated by SR-XRF.
25

    As stated in Chapter 2, the acquired high-

resolution elemental maps provided pixel by pixel data sets that were used to globally confirm, 

map, and quantify the Gd and Ti distributions within each sample.  In addition, a DNA 

oligonucleotide targeted to the mitochondrial genome was used to functionalize the nanoparticles.  

This targeting sequence was specific for the sense strand of a NADH dehydrogenase 2 (ND2) 

mitochondrial gene present in the rat PC12 cell line: 5’ carboxy dT-cacgacaccttagcaccaacttac 

(ND2s).
22

  The results display colocalized Ti and Gd fluorescence signals in the cytoplasm, but 

not in the nuclei of the nanoparticle-incubated cells (Figure 4.3). 
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Figure 4.1 UV-Visible spectra of 1 and DNA-DOPA-DO3A-TiO2 nanoconjugates.  (A) UV-

Visible traces of the TiO2 nanoconjugates were taken in H2O to confirm that 1 was binding to the 

nanoparticles in a semi-conducting fashion (DOPA-DO3A-TiO2 NP – 1.25 mM; TiO2 NP – 1.25 

mM; 1 – 0.10 mM; dopamine – 0.10 mM).  The spectra and sample concentrations are shown 

below the spectra.  (B) The extinction coefficients of 1 were calculated by plotting the 

concentration of the compound vs. the total absorbance and fitting the data to a linear function.  

Five concentrations were used to construct the trend line, giving an R
2
 value of >0.99 for the 

fitting.   
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Figure 4.2 IR spectra of 1 and DNA-DOPA-DO3A-TiO2 nanoconjugates.  FT-IR was used to 

verify and confirm the presence of 1 on the surface of the TiO2 nanoconjugates.  The samples 

were prepared as a 5-10% weight mixture in KBr powder, and the spectra were collected by 

DRIFT spectroscopy.   
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MR Imaging and T1 Analysis   

 To assess the viability of 1 to enhance the MR image contrast of the TiO2 nanoparticles, 

DOPA-DO3A-TiO2 nanoconjugates at varying [1]:[TiO2 active site] ratios were gravity packed 

in glass capillary tubes and imaged using a T1-weighted spin-echo imaging sequence (Figure 

4.4).  As expected, the TiO2 nanoconjugates functionalized with 1 display a brighter signal and 

lower T1 values than the control nanoparticles.  Subsequently, cultures of human prostate cells 

(PC3M) were incubated with 1.0 µM of the nanoconjugates and imaged via MRI (Figure 4.5).  

Comparison of the images and data from Figure 4.5 reveals that although Gd(III) loading of the 

nanoconjugates does not elicit a statistically significant change in T1 values or image intensity, 

the cells incubated with the DNA-DOPA-DO3A nanoconjugates display contrast enhancement 

over the control cells.   

Discussion 

 The TiO2 nanoparticles were surface modified by exploiting their selective reactivity to 

ortho-substituted enediol ligands (such as ascorbic acid, alizarin, and dopamine).
23

  These 

reactions form semi-conducting, photocatalytically cleavable bonds between the Ti atoms of the 

nanoparticles and the oxygen atoms of the binding ligands, allowing for the surface conjugation 

of dopamine-modified DNA.   This nanoparticle-bound DNA retains its subcellular targeting 

capabilities, while remaining stable enough to allow in vivo compartmental accumulation before 

photocatalytic cleavage is induced.
22

  Therefore, addition of other dopamine-bound moieties, e.g. 

the described MR-active agent, allows this scaffold to become multi-functional.  

As reported in Table 4.1, conjugation of 1 to the DNA-modified nanoconjugates occurs 

in a linear relationship to the equivalents added. The success of the conjugation reaction  
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Figure 4.3 Selected SR-XRF images of PC12 cells incubated with the DNA-DOPA-DO3A-

TiO2 nanoconjugates.  (A) PC12 cells transfected with DNA-DOPA-DO3A modified 

nanoconjugates; (B) control, non-transfected PC12 cells.  Phosphorus is red, titanium is green, 

and gadolinium is blue. The scale bars represent 10 µm.  Note that each image is scaled to its 

respective maximum value (displayed at the upper right corner and given in µg/cm
2
). 
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Figure 4.4 T1-weighted MR images of the DNA-DOPA-DO3A-TiO2 nanoconjugates.  (A) 

DNA-modified TiO2 nanoconjugates (T1 = 3386±98 ms); (B) DNA-nanoconjugates with 3.4% 

DOPA-DO3A coverage (T1 = 502±25 ms); (C) DNA-nanoconjugates with 4.8% DOPA-DO3A 

coverage (T1 = 235±8 ms).  The outer rings are DI water and were used as an external phantom 

(T1 = 3547±60 ms).   The scale bar represents 2.0 mm (within a field of view of 20 mm and a 

slice thickness of 1.0 mm).  One trial was run per sample and 5 slices were quantified per trial.  

Student’s t-tests were calculated with 4 degrees of freedom and a null hypothesis value 

(minimum acceptable time difference) of 100 ms. 

 

Sample name Avg. T1 

time (ms) 

Std. Dev. 

(ms) 

 t test 

comparison 

t test 

results 

Meets 95% 

confidence level? 

Fig. 4.4: A 3386 98  A to B 47.677 Yes 

Fig. 4.4: B 502 25  A to C 53.744 Yes 

Fig. 4.4: C 235 8  B to C 11.019 Yes 
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Figure 4.5 T1-weighted MR images of PC3M cells incubated with the DNA-DOPA-DO3A-

TiO2 nanoconjugates.  (A) Control PC3M cells (T1 = 3527±48 ms); (B) PC3M cells incubated 

with 1.0 µM DNA-DOPA-DO3A-nanoconjugates with 1.8% 1:TiO2 active site coverage (T1 = 

2178±88 ms); (C) PC3M cells incubated with 1.0 µM DNA-DOPA-DO3A-nanoconjugates with 

4.4% 1:TiO2 active site coverage (T1 = 2356±100 ms).  The scale bar represents 0.5 mm (at 14.1 

T within a FOV of 20 mm and a slice thickness of 0.5 mm).  T1 values were confirmed to be 

statistically different via student t-tests with 7 degrees of freedom and a null hypothesis value 

(minimum acceptable time difference) of 100 ms. 

 
Sample name Avg. T1 

time (ms) 

Std. Dev. 

(ms) 

 t test 

comparison 

t test 

results 

Meets 95% 

confidence level? 

Fig. 4.5: A 3527 48  A to B 30.987 Yes 

Fig. 4.5: B 2178 88  A to C 48.679 Yes 

Fig. 4.5: C 2356 100  B to C 3.194 Yes 

.   
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 (assessed by the ICP-MS of Ti and Gd in purified trials of varying [1]:[TiO2 active site] 

equivalents) increases linearly  until the ratio of [1]:[TiO2 active sites] reaches 1.0.  At a 1:1 

equivalence ratio, the conjugation reaction plateaus, giving a value of 4.6±0.2% of functionalized 

TiO2 active sites at ratios extending to 5:1.  This is most likely due to steric effects as the 

available TiO2 active sites may be blocked by the DNA oligonucleotides and the freely rotating, 

surface-conjugated DOPA-DO3A contrast agents.
26

   

 Similar to other small molecule clinical contrast agents, the  per Gd(III) relaxivity of the 

nanoconjugates is 3.5±0.1 mM
-1
s
-1
.
27

  However, the maximum overall calculated relaxivity of 

61.0±1.7 mM
-1
s
-1
 for each nanoconjugate is a significant increase in relaxivity.  Such an increase 

allows for quantitative gradient detection of various DOPA-DO3A-nanoparticle loadings via 

MRI (Figure 4.4).   

 The cellular distribution and single cell association of the DOPA-DO3A-TiO2 

nanoconjugates was evaluated by X-ray fluorescence.
25

  SR-XRF data, when deconvulated and 

standardized, provides high resolution (0.3 x 0.3 µm), two-dimensional images  that can be 

employed to map locations and total elemental concentrations in a desired subcellular region of 

interest.
21

  Therefore, this imaging modality allows direct visualization of the optically 

undetectable nanoconjugates while simultaneously providing cellular outlines and contrast agent 

location (phosphorus and gadolinium, respectively).
25, 28

 

 Presence of nanoconjugates in the cytoplasmic but not the nuclear regions suggests 

localization in either the targeted organelle, mitochondria, or possibly endosomes (this 

oligonucleotide has previously shown sequence specificity in this cell line).
7
  Colocalization of 

the Ti and Gd fluorescence signals reveals that the DOPA-DO3A-TiO2 nanoconjugates are 
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biologically stable and that their presence inside cells is responsible for the increase in MR 

image intensity versus control untreated cells (Figure 4.3).
25

 

 To assess the biocompatibility and MR image contrast of the modified nanoparticles in 

vitro, PC3M cells were imaged after incubation with the nanoconjugates (Figure 4.5).  

Comparison of the images reveals that the cells incubated with the DOPA-DO3A nanoconjugates 

display contrast enhancement over control cells.  Corroborating the nanoconjugate phantom 

images and XRF images, the PC3M cell images in Figure 4.5 demonstrate the utility of 

quantitative T1 analysis and SR-XRF to predict viable contrast enhancement via MR imaging.   

Conclusions and Future Directions 

 In conclusion, Gd(III)-modified DNA-TiO2 semi-conducting nanoparticles that are 

detectable in cells by MR imaging have been synthesized.  The labeled particles appear to be 

retained at specific locations inside cells by the conjugated DNA oligonucleotides hybridizing to 

intracellular targets, hence creating the first nanoparticle system capable of targeting specific 

DNA sequences while being simultaneously detected by MR imaging.
22

 As a result, it is 

anticipated that any dopamine functionalized molecule (e.g., cell-penetrating peptides for passive 

cell membrane transport) can be linked to this modified TiO2 nanoparticle scaffold allowing non-

invasive monitoring of cells containing target molecules and removal of target gene sequences 

pending TiO2 excitation.  Thus, there are ongoing solid phase peptide syntheses of various cell-

penetrating peptides functionalized with a dopamine moiety to facilitate passive membrane 

transport of the nanoconjugates.    

Experimental Procedures 

All reagents and solvents were of the highest purity attainable from Aldrich (Milwaukee, 

WI) and Macrocyclics (Dallas, TX) unless otherwise noted.  London finder gold grids (200 mesh) 
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coated with a polymer backing (formvar) were purchased from Electron Microscopy Sciences 

(Hatfield, PA).  Stem coaxial inserts with 1.5 mm ODs were hand made from 9 in. Pasteur pipets 

available from Fisher Scientific (Hampton, NH).  Mass spectrometry samples were analyzed 

using electrospray ionization (ESI), single quadrupole mass spectrometry on a Varian 1200L.  

Results reported for m/z are for [M+H
+
]
+
 or [M-H

+
]
- 
unless stated otherwise.  Elemental Analysis 

was performed at Desert Analytics Laboratory (Tuscon, AZ).   

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on a computer 

controlled PQ ExCell Inductively Coupled Plasma Mass Spectrometer (ICP-MS) standardized 

with eight concentrations spanning the range of 0-50 ppb Gd(III). Five parts per billion In(III) 

was used as the internal standard for all runs.   

UV-visible spectroscopy was performed on a HP 8452A diode array spectrometer at 25 

°C.  Resolution was set at 2 nm.  IR spectra were acquired on a Thermo Nicolet Nexus 870 FT-

IR spectrometer in diffuse reflectance infrared fourier transform (DRIFT) mode at 25 °C.  The 

samples were prepared as a 5-10% weight mixture in KBr powder.  Automatic baseline 

correction was used.  Resolution was set at 4 cm
-1
.   

HPLC-MS 

Analytical HPLC-MS was performed on a computer controlled Varian Prostar system 

consisting of a 410 autosampler equipped with a 100 µL sample loop, two 210 pumps with 5 

mL/min heads, a 363 fluorescence detector, a 330 photodiode array (PDA) detector, and a 1200L 

single quadrupole ESI-MS. All separations were executed with a 1.0 mL/min flow rate using a 

Waters 4.6 x 250 mm 5 µm Atlantis-T3 C18 column and a 3.1:1 split directing one part to the 

MS and 3.1 parts to the series-connected light and fluorescence detectors. Mobile phases 

consisted of Millipore Synthesis grade water (and HPLC-grade acetonitrile (MeCN). Preparative 
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HPLC was accomplished using a Varian Prostar system. Two Prostar 210 pumps with 25 

mL/min heads fed a 5 mL manual inject sample loop. Detection was performed after a 20:1 split 

by a two-channel Prostar 325 UV-visible detector and, on the low-flow side, a HP 1046A 

fluorescence detector. The mobile phases were the same as in the HPLC-MS instrument. 

Preparative runs were on a Waters 19 x 250 mm 10 µm Atlantis-T3 C18 column. 

Cell Culture Experiments 

PC3M (human prostate cancer) and PC12 (rat pheochromocytoma) cells were grown 

according to the instructions recommended by American Type Culture Collection (ATCC) to 

80% confluence and at that time incubated in serum-free medium for 16 h.  Transfection was 

done by electroporation: 1-3x10
6
  cells were electroporated with 5-15 µL of 10 µM 

nanoconjugate solution (with 2-6 oligonucleotides per particle) using the Mammozapper™ 

apparatus (Tritech, Carlsbad, CA) following the manufacturer’s instructions.  The electroporated 

cells were resuspended in 8 mL of complete medium and allowed to attach to the tissue culture 

dishes for 2 h; at that time, cells were washed free of excess nanoconjugates by removing the 

medium, rinsing with new complete medium, and then adding 10 mL of fresh medium.  The cells 

were allowed to incubate for 24 h before they were harvested for imaging.  

MR Imaging and T1 Analysis 

MR measurements were performed on a General Electric/Bruker Omega 600WB 14.1 T 

imaging spectrometer fitted with Accustar shielded gradient coils at 25 °C.  Spin-lattice 

relaxation times (T1) were measured using a saturation recovery pulse sequence with a static TE 

(7.43 ms) and variable TR (127.5, 165, 200, 300, 500, 1000, 2000, 5000, 7500, 10000 ms).  Two 

independent trials were run per sample and 4-5 slices were quantified per trial.  Student’s t-tests 

were calculated in Origin 7 SR2 (Origin Lab, Northampton, MA) at a 95% confidence level with 
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7 degrees of freedom and a null hypothesis value (minimum acceptable time difference) of 100 

ms.  Images were acquired using a T1-weighted spin-echo pulse sequence on nanoparticles or 

freshly harvested cells that were allowed to gravity pack within the capillary tubes for 12 h prior 

to image acquisition.  The longitudinal water proton relaxation rate at 60 MHz was measured by 

using a Bruker mq60 NMR Analyzer (Bruker Canada, Milton, Ont. Canada) operating at 1.5 T, 

by means of the standard inversion-recovery technique.   Reproducibility of the T1 data was ± 

0.3%. The temperature was maintained at 37 °C. 

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis 

Synchrotron based scanning X-ray fluorescence microscopy was carried out at the 2-ID-E 

beamline of the Advanced Photon Source at Argonne National Laboratory (IL, USA).  Hard X-

rays (10 keV) from an undulator source were monochromatized using a single bounce Si <111> 

monochromator.  A Fresnel zone plate (320 µm diameter, focal length f = 250 mm, X-radia, 

Concord, CA) was used to focus the monochromatic X-ray beam to a spot size of ~0.3 x 0.3 µm
2
 

on the specimen.  The sample was raster scanned through the beam at room temperature under a 

helium atmosphere.  At each scan position, a full fluorescence spectrum was acquired using an 

energy dispersive germanium detector (Ultra-LEGe detector, Canberra, Meriden, CT).  

Elemental content was determined by comparison of fitted sample spectra with NBS thin film 

standards 1832 and 1833 (NIST, Gaithersburg, MD) using MAPS software supplemented with 

fitting of fluorescence spectra at every pixel.
21, 29

 

Relaxivity of the DNA-DOPA-DO3A-TiO2 Nanoconjugates 

 

 The relaxivity of the nanoconjugates was assessed by preparing variable nanoconjugate 

sample concentrations and embedding them in fast-gelling 1.0% (w/v) agarose.  The agarose (2% 

w/v) was maintained at 50 °C while differing concentrations of nanoconjugates were added to 
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create samples (1.0 mL total volume) of 1.0% agarose.  Upon nanoparticle addition, the solution 

was thoroughly mixed and allowed to gel in an ice water bath at 0 °C for 5 min.  Following 

gelation, the samples were maintained at 37 °C while the T1 values were analyzed.  The T1 values 

of the gelled samples were then plotted against the ICP-MS determined Gd concentration within 

the samples.  The linear slope of the data gave the relaxivity per Gd(III) ion. 

Synthesis of gadolinium (III) 4,7-Bis-carboxymethyl-10-{[2-(3,4-dihydroxy-phenyl)-

ethylcarbamoyl]-methyl}-1,4,7,10-tetraazacyclododecyl-acetic acid (DOPA-DO3A, 1) 

 Dopamine hydrochloride (247 mg, 1.31 mmol) was dissolved in 2 mL of 

dimethylsulfoxide (DMSO) and the resulting solution was added to a stirring solution of DOTA-

mono-NHS (500 mg, 0.77 mmol), N,N'-diisopropylethylamine (DIEA) (158 mg, 1.23 mmol) and 

DMSO (10 mL) under a nitrogen atmosphere.  Note: Depending on the manufacturing process, 

a variable amount of CF3COOH and HPF6 is associated with the mono-NHS-DO3A. The 

amount of CF3COOH is typically 3 equivalents. The amount of HPF6 is typically 1 equivalent.  

The reaction mixture was allowed to stir for 5 h.  Aliquots of the mixture were tested via ESI-MS 

for reaction completion.  Once the reaction was complete, the solution was concentrated in vacuo 

and resuspended in Millipore H2O.  Immediately after resuspension, the GdCl3 (285 mg, 0.77 

mmol) was added to the reaction vessel.  The temperature was raised to 45 °C and the pH was 

adjusted to 4.5 with 1 M NaOH.  The metalation was allowed to proceed at these conditions for 

72 h.  Following metalation, the reaction mixture was again concentrated in vacuo to yield the 

crude product mixture. 

 The crude mixture was submitted to preparatory HPLC with the Waters Atlantis-T3 

column.   The solid was brought up in H2O and purified using the following method: start at 

100% H2O, ramp to 100% MeCN over 35 min and hold for 5 min before returning to 100% H2O. 
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The desired fractions (retention time: 10.9 min by UV at 218 and 280 nm) were collected and 

freeze-dried to yield the product (1) as a white solid (442 mg, 83%).  ESI-MS calcd for 

C24H34GdN5O9 [M-H]
-
: 693.160, found 693.145; calcd. for [M+H]

+
: 695.160, found 695.160.  

Anal. Calcd. for C24H34GdN5O9 + CF3COOH + 2 H2O: C, 37.01; H, 4.66; N, 8.30. Found: C, 

37.14; H, 4.42; N, 8.49. 

Synthesis of the DNA-TiO2 nanoconjugates 

The DNA-TiO2 nanoconjugates were synthesized and then purified via dialysis (4 x 4L 

over 4 days with 1,000 mol. wt. cutoff) against Millipore H2O as outlined.
21-23

   

Synthesis of the DNA-DOPA-DO3A-TiO2 nanoconjugates 

The DNA-TiO2 nanoconjugates were analyzed by ICP-MS to determine the total amount 

of Ti.  The Ti concentration was then used to calculate the concentration of nanoconjugates, and 

subsequently, the concentration of active sites available for dopamine binding.
24

  Once the 

concentration of binding sites was known, compound 1 was added to the DNA-TiO2 

nanoconjugate solution in a 1:1 equivalence ratio for [Ti binding sites]:[1].  The DNA-DOPA-

DO3A-TiO2 nanoconjugates were then purified via dialysis (4 x 4L over 4 days with 1,000 mol. 

wt. cutoff) against Millipore H2O as previously.   
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CHAPTER 5:  

Towards Optimization of MR Contrast Agent Relaxivity via Ring-Opening Metathesis 

Polymerization 
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Introduction 

  As discussed in the previous chapters, magnetic resonance imaging (MRI) is a routine 

imaging technique that has gained great importance in the clinical diagnostic community.
1
  Its 

high spatial resolution (10 µm in research settings) and unsurpassed ability to distinguish soft 

tissues make MR imaging a viable option to other traditional diagnostic techniques.
2
   

Nevertheless, an overriding disadvantage of MRI as compared to other radiological imaging 

modalities is its relatively low sensitivity to exogenous contrast agents.  Therefore, MR has 

difficulty exploiting many of the newly developed contrast agents that have been shown to elicit 

specific and selective image contrast enhancement on a molecular level.
3-13

  However, by 

increasing the effectiveness of these agents, especially those based upon clinically approved, 

Gd(III)-DOTA and Gd(III)-DTPA complexes, another step in the optimization of diagnostic MR 

imaging can be recognized.
14

 

    The overall efficacy of a Gd(III)-based MRI contrast agent depends on several 

parameters: external magnetic field strength, electronic properties of the Gd(III) ion (T1e), 

number of Gd(III)-coordinated water molecules (q), water exchange rate (τm), molecular 

rotational diffusion (τR), and the Gd(III)-water distance.
12, 14

  (The importance and optimization 

of these parameters are outlined in Chapter 1.)  Termed relaxivity, it is the cumulative effect of 

these parameters which gives contrast agents their ability to enhance MR image intensities.
14
  

However, because relaxivity is such an intricate and complex relationship of parameters, it is 

advantageous to focus on one or two limiting characteristics rather than trying to optimize the 

system as a whole.  Consequently, relaxivity at high fields (> 20 MHz) has been recognized to be 

highly dependent on molecular rotational correlation time, τR, with a secondary emphasis on 

water exchange rate, τm (Figure 5.1).
5, 14
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Figure 5.1 Relaxivity calculated as a function of τm and τR for static T1e at 60 MHz.  

Optimization of τR in the presence of optimum τm values allows relaxivity to be maximized (T1e 

= 10 ns and q = 1).  Reproduced with permission from reference 14.      
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There are numerous reports of fast tumbling Gd(III)-DTPA and Gd(III)-DOTA 

complexes that have been conjugated to high molecular weight polymers, liposomes,  proteins, 

and nanoparticles in order to produce increased relaxivities by slowing molecular tumbling.
5, 15-20

   

These high molecular weight agents have optimized τR, thereby allowing τm, a rate mainly 

dependent on the Gd(III) chelate and steric crowding around the metal center, to become the 

critical parameter for achieving maximum relaxivities.
14 

 

Although these macromolecular agents are effective, they are often difficult to 

characterize and many are built upon scaffolds which can not be further functionalized (i.e. 

fluorescent probes for covalidation of in vivo images or cell transduction moieties and targeting 

domains for molecular and selective MR imaging).  However, developments in ring-opening 

metathesis polymerization (ROMP) with ruthenium-alkylidene catalysts have provided an 

attractive system to eliminate both of these problems.
21, 22

 

Reports have shown that ROMP affords polymers of highly-controlled, well-defined 

lengths that can display multiple functionalities as well as biological activities.
23-25

  This 

functional group tolerance and length precision were important initial considerations for this 

work.  Additionally, such flexibility and control was augmented by the potential to link multiple 

Gd(III)-based T1 contrast agents together while simultaneously increasing their per ion relaxivity 

via τR optimization.  These advantages make metathesis-polymerized, Gd(III)-DOTA- and 

DTPA-based MR contrast agents highly desirable synthetic targets.  Therefore, this chapter is 

devoted to the synthesis, characterization, and preliminary results of a polymer-based MR 

contrast agent built upon a norbornene scaffold that allows facile monomer and polymer 

characterization as well as incorporation of multiple covalent functionalities. 
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Scheme 5.1 Synthesis of norbornene functionalized contrast agents 1 and 6-9. 

 

 

 

(a) (COCl)2, CH2Cl2, 0 °C; (b) Gd(III) or Eu(III)-1,4,7-tris(carboxymethyl)-10-(3-amino-2-

hydroxypropyl)-1,4,7,10-tetraazacyclododecane,
26

 TEA, DMF, 60 °C; (c) DTPA-dianhydride, 

DMSO; (d) DOTA-mono-NHS, DIEA, DMF; (e) MCl3, H2O pH 6.0.   
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Results 

Synthesis of the ROMP-Accessible Contrast Agent Monomers 

The norbornene-based monomer (1) was synthesized by coupling the in situ activated 

bicyclo[2.2.1]hept-5-ene-2-exo-carboxylic acid to the previously reported amine-functionalized 

Gd(III)-contrast agent (Scheme 5.1).
26

  A second set of monomers (4 and 5) was generated by 

treating diethlyenetriaminepentaacetic acid-dianhydride (DTPA-dianhydride) or 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimidyl ester (DOTA-

mono-NHS) with amine 3 (Scheme 5.1).  Although the condensation reaction leading to 5 

yielded di-amidated norbornene monomers, precautions were taken to minimize the formation of 

this byproduct (Experimental Procedures).  To ensure complete metalation, all three monomers 

were reacted with EuCl3 or GdCl3, purified, and characterized via HPLC-MS and elemental 

analysis (EA) prior to polymerization.  This procedure provided water soluble monomers and 

removed post-ROMP metalation reactions, thus eliminating any unmetalated monomer units 

within the polymer.     

Monomer Relaxivity, q, and ττττm 

The relaxivity measurements (r1, mM
-1
s
-1
) provided in Table 5.1 show the relative 

enhancement of the water proton relaxation rates per Gd(III) ion for complexes 1, 6, and 8.  As 

expected, these values are all relatively close to the commercially available, small-molecule 

contrast agents, Gd(III)-DTPA (Magnevist) and Gd(III)-DOTA (Dotarem).  Similarly, when the 

Eu(III) analogs (complexes 2, 7, and 9) were subjected to fluorescence measurements, q values 

similar to those reported for Gd(III)-DTPA and Gd(III)-DOTA were revealed.
27

  These 

measurements provided the following data (ms
-1
):  2: kH2O = 1.791, kD2O = 0.661; 7: kH2O = 1.545, 

kD2O = 0.439; 9: kH2O = 1.585, kD2O = 0.409.  The calculated q values are displayed in Table 5.1.     
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Table 5.1 Relaxometric properties of the ROMP-accessible MRI contrast agent monomers 1, 

6, and 8 at pH 7.4 and 37 °C. 

 

 

 Relaxivity (mM
-1
s
-1
)
a
 q τm (ns)

b
 

 60 MHz (1.5 T)   

1 3.5 1.0 378 

6 3.6 1.0 748 

8 4.2 1.0 1069 

Gd(III)-DOTA 3.2 1.2
c
 243

d
 

Gd(III)-DTPA 3.8 1.2
c
 303

d
 

 

a 
Measured in H2O, and calculated per Gd(III) ion, 

b 
calculated at 25 °C, 

c 
data from reference 27, 

d 
data from reference 28.   

 



157 

A 

 
 B 

 
 C 

 
 

Figure 5.2 Determination of τm by 
17

O transverse relaxation rate measurements of ROMP-

accessible MRI contrast agents (A) 1, (B) 6, and (C) 8 at 25 °C.  Notice that in each case the 

calculated τm curve closely fits the experimentally acquired relaxation data (red is used to 

highlight DOTA chelates, while black is used to highlight DTPA chelates).   
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As with most small molecule DOTA and DTPA-based contrast agents where one carboxylic acid 

arm has been replaced with an amide or β-hydroxyl, these values all reflect one bound water 

molecule within an error of ±0.5.
6, 14

  

To evaluate the mean residence lifetime (τm) of the water molecule coordinated to the 

metal center of complexes 1, 6, and 8, temperature dependent, line-broadening 
17

O-NMR was 

performed.  The data was fit according to equations derived by Swift and Connick using these 

four parameters: τm (water exchange rate), ∆H‡
 (activation enthalpy), T1e (electronic relaxation 

rate), and ∆ET1e (activation energy of T1e) (Figure 5.2).
29-31

  Notice that substitution of an acetate 

arm by an amide linkage, as with complexes 6 and 8, has significantly increased the lifetime of 

the bound water molecule as compared to 1, Gd(III)-DTPA, or Gd(III)-DOTA (e.g. 243 → 748 

ns, in the case of Gd(III)-DOTA → complex 6, Table 5.1).   Although undesirable, this negative 

impact on τm via chelate arm amidation was described in Chapter 3 and has been reported 

elsewhere.
6, 14, 32

  

Polymerization and Characterization 

 To assess the ROMP activity of the contrast agent monomers, complex 1 was reacted 

with Grubbs catalyst (Ru(PCy3)2=CHPh) in varying monomer to catalyst ratios to yield 

incremental block lengths (Scheme 5.2A).  Construction of the homopolymers was afforded by 

quick initiation, as evidenced by a characteristic solution color change.  However, slow 

propagation and decreased solubility of the growing polymer chains yielded mixtures of desired 

product and starting material, regardless of solvent conditions or polymerization times (e.g. 

CH2Cl2:MeOH (9:1), CHCl3:MeOH (9:1), or DMF with a maximum duration of 90 min before 

catalyst deactivation).  Therefore, post polymerization and precipitation, each reaction mixture 

was submitted to size-exclusion chromatography on Sephadex G-15 media to remove the 
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Scheme 5.2 Synthesis of multimeric MRI contrast agent via ROMP.
 a
 

 

 

 

(A) Polymerization of 1, (a) Ru(PCy3)2=CHPh, CHCl3:MeOH (9:1); (b) CH2=CHOCH2CH3. (B) 

Byproducts of reaction (A).  
*
Polymerizations were perfomed by DeeDee Smith.    
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Table 5.2 Properties of MRI contrast agent polymers 10A-D.    

 

 

 Theoretical 

block length 

Theoretical 

Mol. Wt. 

Actual  

block length 

Actual Mol. 

Wt. (GPC)
a
 

PDI 

10A  5 3,574 5 3,339 1.32 

10B  10 7,044 10 6,586 1.14 

10C  15 10,514 15 10,087 1.12 

10D  40 27,864 14 9,653 1.12 

 

 

a
 The observed difference between the experimental and calculated Mol. Wt. values can be 

attributed to a decreased hydrodynamic radius with respect to linear, polystyrene gel permeation 

chromatography (GPC) standards. 
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 A 

 

 
 

 

 B 

 
Relaxivity per 

Gd(III) (mM
-1
s
-1
) 

Relaxivity per molecule 

(mM
-1
s
-1
) 

10A 8.46 ±0.06 42.3 ±0.8 

10B 6.18 ±0.10 61.8 ±1.0 

10C 6.21 ±0.16 93.2 ±2.5 

 

 

Figure 5.3 Relaxometric properties of the polymeric MRI contrast agents in H2O, pH 7.4 at 

60 MHz and 37 °C.  (A) Bar chart of Gd(III) ionic and molecular relaxivities.  (B)  Measured and 

calculated Gd(III) ionic and molecular relaxivities.  (Polymer 10D was omitted due to synthetic 

issues that limited block length.)  
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 starting material and the possible low molecular weight byproducts.  These collected fractions 

were analyzed via HPLC to determine the species present.  Although a substantial amount of the 

desired polymer was recovered (e.g. 55% for 10A), HPLC-MS revealed that the two most 

prevalent byproducts were ROMP-initiated and uninitiated monomer (Scheme 5.2B).  

Furthermore, the block length of the homopolymers appears to be limited to approximately 15 

units, regardless of the concentration of monomer present or the reaction time allowed (Table 

5.2).  However, because the collected and purified polymers displayed synthetically acceptable 

polydispersity indices (average PDI of 1.2), the relaxivities of the varying-length polymers were 

explored.
21, 22

 

Polymer Relaxivities 

To determine the effect of chain length on the relaxivity of the contrast agent polymers, 

the slope of the line generated by plotting the inverse of the T1 relaxation time versus Gd(III) 

concentration was measured.  Transition from the monomeric species (1) to a short oligomer of 5  

 (10A) yielded a per Gd(III) relaxivity of 8.46±0.06.  As the chain length was increased to yield 

oligomers of 10 (10B) and 15 (10C), the relaxivity per Gd(III) dropped to 6.18±0.10 and 

6.21±0.16, respectively.  These values are on average 2.2-fold higher than clinically approved 

Gd(III)-DOTA (Figure 5.3).  Similarly, overall molecular relaxivities increase with the 

incorporation of multiple chelated Gd(III) ions, giving polymer 10C a relaxivity that is 29-fold 

that of clinical agents.  (Polymer 10D was omitted from these studies due to synthetic issues that 

limited block length.)   

Discussion 

Synthetically, each monomer presented unique challenges.  Due to the highly-activated 

acid chloride formed in situ, monomer 1 had to be metalated prior to the norbornene conjugation 
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reaction (Scheme 5.1).  Metalation eliminated the possibility of esterification between the 

alcohol functionality of the chelate starting material and the acid chloride by coordinating the 

hydroxyl moiety to the Gd(III) metal.
14

  However, this limits synthetic versatility by forcing 

metalation early in the 4-step literature procedure to synthesize the amine functionalized chelate, 

1,4,7-tris(carboxymethyl)-10-(3-amino-2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane.
26

  

Optimally, preparation of a metal chelating ligand can be completed in its entirety before the 

lanthanide is added.  This approach allows preparation of an array of metalated complexes 

without the need to repeat a multi-step synthesis.   Therefore, the synthetic schemes leading to 

lanthanide complexes 6-9 were designed differently.   

 Monomers 6-9 were synthesized using a common starting material, compound 3.  

Specifically, monomers 6 and 7 were built from an activated DOTA derivative, while monomers 

8 and 9 were built from DTPA-dianhydride.  This made each set of metalated complexes 

available from a single precursor, compound 4 or 5, respectively (Scheme 5.1).  Such an 

approach allows versatility in the final product, as metalation with various lanthanide salts yields 

complexes that can later be used to determine various molecular parameters such as q values, 

solution phase NMR structures, and relaxivity.
12, 33, 34

 

 Upon successful synthesis and characterization of the contrast agent monomers, each was 

subjected to q, τm, and relaxivity measurements (Experimental Procedures).  This data, 

summarized in Table 5.2, conforms to other previously explored small molecule contrast 

agents.
6 
  The per Gd(III) ion relaxivities at 37 °C and 60 MHz are all near the reported range of 

3-4 mM
-1
s
-1
, as are the q values, which reflect the expected value of 1.0±0.5.

6, 14
  Due to the 

amidation within 6 and 8, the τm values encompass a much wider numerical range.
6, 12, 32

  

Originally chosen for this parameter and the amine functionality of its literature precursor, 
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monomer 1 has a τm value that is 2 and 3-fold shorter than monomers 6 and 8, respectively.  

Although such differences are hidden by the strong dependence of this system on τR, the goal of 

the ROMP scaffold is to optimize τR, therefore, it is important to remain cognizant of τm, because 

these values will eventually require attention (Figure 5.1).
12, 14

 

 The initial polymerization studies of 1 have revealed promising results.  Although 

polymerization is possible, chain length in CH2Cl2:MeOH or CHCl3:MeOH mixtures appears to 

be limited to a maximum of 15 units.  Additionally, yields are less than quantitative, indicating 

that either decreased polymer chain solubility or some aspect of the monomer is hindering the 

metathesis reaction.  Therefore, extensive HPLC purification was used to identify and discard 

any possible endo-isomer impurities from the monomer starting material (the endo isomer of 

norbornene is known to slow ROMP-based reactions).
35

  However, subsequent polymerizations 

with the re-purified exo-monomer of 1 afforded insignificant changes in the polymerization 

results.  Further investigation by the Nguyen group with similar monomers have since provided 

evidence that α-amide functionalized norbornene molecules can display a slower reaction rate 

than α-oxo species.
36

  Therefore, monomers 6 and 8 were designed and synthesized from 

compound 3, eliminating the amide moiety speculated to be hindering polymerization while 

increasing both monomers’ organic solubility by adding the benzyl linkage.  While these 

monomers are currently undergoing polymerization studies, polymers 10A-10C were subjected 

to relaxivity measurements. 

 To evaluate the efficacy of 10A-10C to shorten the T1 of bulk water protons, the 

relaxivity of each polymer was determined (Figure 5.3).  Considering the directly proportional 

relationship between increased molecular weight and relaxivity, the values acquired for 10A-C 

show the expected positive increase in relaxivity upon ruthenium-catalyzed ROMP.
12, 14
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However, after addition of more than 5 monomer units, the per Gd(III) relaxivity of the polymers 

decreases, maintaining an average value of 6.2 mM
-1
s
-1
 for block lengths extending to 15.  Such 

behavior has yet to be explained, but one possible conjecture is that the added length of 10B and 

10C allow the polymers increased fluidity as compared to 10A.  Increased fluidity negatively 

impacts molecular anisotropy and consequently, τR.
37

  However, this data is preliminary, and 

detailed studies aimed at explaining this trend are presented in the Future Directions section of 

this chapter.   

Conclusions 

 By designing and synthesizing MRI contrast agents functionalized with various 

norbornene moieties, this work shows that metathesis polymerization is capable of creating 

easily characterizable, high molecular weight, Gd(III)-based contrast agents with low 

polydispersities.  In addition, these novel contrast agents are multi-meric, affording relaxivities 

that are up to 29-fold greater than the currently available clinical agents.  Furthermore, the 

versatility of ROMP has not only allowed the synthesis of several high relaxivity MR contrast 

agents, but it has provided insight into the optimization of τR in linear polymeric systems.  

Although this system requires more in-depth study, the strategy of using ROMP to create multi-

valent contrast agent structures has been successful and will support future work on the synthesis 

of highly-versatile, multi-modal contrast agents for MR imaging.   

Future Directions 

  To explore the hypothesis that the α-amide of monomer 1 is responsible for the slight 

deactivation of the ruthenium catalyst, the polymerization studies of monomers 6 and 8 must be 

completed.  Furthermore, the polymerization reactions of 6 and 8 will provide insight on whether 

decreased polymer solubility as a result of growing chain length is halting ROMP at 15 subunits.   
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Additional evidence on the optimization of the rotational correlation time as a function of 

polymer weight can also be recorded from the variable chain length polymers of these slow 

water exchange monomers.  Such data will elucidate the cause of the phenomenon observed in 

10A-C, where an increase in molecular weight led to a decrease in per Gd(III) relaxivity.  When 

this relaxivity decrease and the slow polymerization rate can be explained, a ROMP-accessible 

monomer that exhibits a near-optimal τm will be synthesized.   

By exploiting work done by both Congreve and Duimstra, Scheme 5.3A outlines the 

simple, two-step synthesis of a contrast agent monomer that should display q = 1 and a near- 

optimal water exchange rate due to steric bulk placed around the Gd(III) ion by the large 

norbornene substituent.
7, 38

  However, if α-amide moieties are proven to slow ruthenium-

catalyzed ROMP, Scheme 5.3B outlines a lengthier synthetic route to a complementary 

monomer that is built from 3 and should display drastically improved τm values, via confined 

chelate geometry, over 6 and 8.
39

  

To allow the ROMP scaffold cell membrane permeability and further applicability in the 

field of molecular MR imaging, Scheme 5.4 shows the synthesis of a norbornene-based, 

polyarginine monomer.  By utilizing the ability of ruthenium-catalyzed ROMP to create well-

defined diblock copolymers, attachment of one or two polyarginine monomers should provide 

10A-C or various other contrast agent polymers, with the ability to transduce cell membranes 

and consequently label cultured cells for detection via routine MR imaging.
40, 41
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Scheme 5.3 Synthesis of two ROMP-accessible MRI contrast agents with optimized water 

exchange rates. 

 

 

(a) (compound 11),
7
 bicyclo[2.2.1]hept-5-ene-2-exo-carboxylic acid, (COCl)2, CH2Cl2, 0 °C; (b) 

GdCl3, H2O pH 6.0, 60 °C; (c) (compound 12),
39

 Pd/C, H2; (d) K2CO3, CSCl2, CHCl3, 0 ºC; (e) 3, 

DMSO, 80 ºC; (f) GdCl3, H2O pH 6.0, 60 °C.   
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Scheme 5.4 Synthesis of a polyarginine ROMP-accessible monomer for facilitating cell 

transduction of block copolymers. 

 

 

 

(a) Piperdine; (b) bicyclo[2.2.1]hept-5-ene-2-exo-carboxylic acid, HATU, DIEA; (c) 95% TFA, 

2.5% H2O, 2.5% TIS 
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 Experimental Procedures 

All reagents and solvents were of the highest purity attainable from Sigma-Aldrich 

(Milwaukee, WI) or Strem Chemicals (Newburyport, MA) unless otherwise noted.  
1
H and 

13
C 

NMR spectra were obtained on a Varian Inova spectrometer at 400 and 100 MHz, respectively.  

Mass spectrometry samples were analyzed using ESI, single quadrupole mass spectrometry on a 

Varian 1200L spectrometer (Varian Inc.; Walnut Creek, CA).  High resolution MS (HR-MS) 

samples were analyzed on an Agilent Technologies ESI-quadrupole TOF spectrometer (Agilent 

Technologies; Santa Clara, CA).  Results reported for m/z are for [M+H
+
]
+
 or [M-H

+
]
- 
unless 

stated otherwise.  Elemental Analyses were performed at Desert Analytics Laboratory (Tuscon, 

AZ).   

ICP-MS was performed on a computer-controlled Thermo Elemental (Waltham, MA) PQ 

ExCell Inductively Coupled Plasma Mass Spectrometer.  All standards and samples contain 5 

ng/mL of a multi-element internal standard (Spex CertiPrep, Metuchen, NJ) consisting of Bi, Ho, 

In, Li, Sc, Tb, Y and 3% nitric acid (v/v).  Gadolinium standards were prepared in concentrations 

of 0.05, 0.10, 0.25, 0.50, 1.0, 5.0, 10, 25, and 50 ng/mL.  Analysis was accomplished running 1 

survey run and 3 main runs (peak jumping, 100 sweeps per run) using 
156

Gd and 
157

Gd isotopes 

and interpolating through 
209

Bi and 
115

In internal standards.   

Molecular weights relative to polystyrene standards were measured either by LARK 

Enterprises (Webster, MA) or on a Waters gel-permeation chromatograph (GPC) equipped with 

Breeze software, a 717 autosampler, Shodex KF-G guard column, KF-803L and KF-806L 

columns in series, a Waters 2440 UV detector, and a 410 RI detector. HPLC-grade THF was 

used as the eluent at a flow rate of 1.0 mL/min and the instrument was calibrated using 

polystyrene standards (Aldrich, 15 standards, 760-1,800,000 Daltons). 
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1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimide 

ester) (DOTA-NHS) was purchased from Macrocyclics (Dallas, TX).  Gd(III) and Eu(III)-1,4,7-

tris(carboxymethyl)-10-(3-amino-2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane were 

synthesized following a previously published procedure, as was compound 3, 4-

[(bicyclo[2.2.1.]hept-5-en-2-exo-yloxy)-methyl]benzylamine.
24, 26

 

HPLC-MS   

Analytical reverse phase HPLC-MS was performed on a computer controlled Varian 

Prostar system consisting of a 410 autosampler equipped with a 100 µL sample loop, two 210 

pumps with 5 mL/min heads, a 363 fluorescence detector, a 330 photodiode array (PDA) 

detector, and a 1200L single quadrupole ESI-MS. All separations were executed with a 1.0 

mL/min flow rate using a Waters 4.6 x 250 mm 5 µm Atlantis C18 column, with a 3.1:1 split 

directing one part to the MS and 3.1 parts to the series-connected light and fluorescence detectors. 

Mobile phases consisted of Millipore Synthesis grade water (solvent A) and HPLC-grade MeCN 

(solvent B). Preparative HPLC was accomplished using a Varian Prostar system. Two Prostar 

210 pumps with 25 mL/min heads fed a 5 mL manual inject sample loop. Detection was 

performed after a 20:1 split by a two-channel Prostar 325 UV-visible detector and, on the low-

flow side, a HP 1046A fluorescence detector. The mobile phases were the same as in the HPLC-

MS instrument. Preparative runs were on a Waters 19 x 250 mm 10 µm Atlantis C18 column. 

Relaxivity (r1)  

A 2 mM stock solution of each compound was serially diluted to give 500 µL of each of 

the five approximate concentrations: 0.15, 0.3, 0.5, 1.0, and 2.0 mM.  The T1 of each sample was 

determined at 60 MHz (1.5 T) and 37 °C using an inversion recovery pulse sequence on a Bruker 

mq60 Minispec (Bruker Canada; Milton, Ontario, Canada).  Reproducibility of the T1 data was ± 
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0.3%. Ten microliters of each sample was then analyzed for exact gadolinium concentration 

using ICP-MS. The inverse of the longitudinal relaxation time (T1) was plotted against the 

concentration obtained from ICP-MS and fit to a straight line. All lines were fit with R
2
 > 0.998. 

The measurements were performed in duplicate for each sample.   

Determination of q by Luminescence Lifetime Measurements  

The Eu(III) complexes were dissolved in D2O and H2O. The emission was monitored at 

614 nm with excitation at 395 nm on a Hitachi F4500 Fluorescence Spectrophotometer operating 

in phosphorescence lifetime mode. Twenty-five scans were averaged and fit to a 

monoexponential decay (R
2
 > 0.98) to give the phosphorescent lifetimes which were entered into 

this equation (corrected for one amide oscillator):  q = 1.0 (kH2O - kD2O - 0.25 - 0.075).
33, 42

  These 

values were reproduced in duplicate with varying mole fractions of H2O and D2O as outlined.
33

   

Determination of τm by 17O Transverse Relaxation Rate Measurements 

Samples were prepared at 15-20 mM concentrations in 1% 
17

O enriched water (Medical 

Isotopes, Inc.; Pelham, NH) adjusted to pH 7.40.  Lock was achieved by means of an external 

D2O standard.  
17

O spectra were obtained at 54 MHz (number of averaged transients was 160 – 

320 and relaxation delay was 400 ms) at temperatures ranging from 1 °C to 85 °C in 5 °C 

increments. The 
17

O transverse relaxation rate was determined by obtaining the line width (in Hz) 

at half of the peak height, ∆ν1/2, of the 
17

O water signal and later fitting the data.
29-31

  Using the 

known sample concentrations and q values, the relaxation data were fit to these four parameters 

at 25 °C: τm (water exchange rate), ∆H‡
 (activation enthalpy), T1e (electronic relaxation rate), and 

∆ET1e (activation energy of T1e).
5
   

Synthesis of Gd(III)-1-{3-[(bicyclo[2.2.1]hept-5-ene-2-exo-carbonyl)-amino]-2-hydroxy-

propyl}-4,7,10-tris-carboxymethyl-1,4,7,10-tetraazacyclododecane (1) 
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 Following a procedure similar to Stille and coworkers, bicyclo[2.2.1]hept-5-ene-2-exo-

carboxylic acid (360 mg, 2.61 mmol) was dissolved in 10 mL of degassed, anhydrous CH2Cl2 

under an argon atmosphere.
43

  The stirring solution was cooled to 0 °C before adding the oxalyl 

chloride (219 mg, 1.74 mmol).  This solution was allowed to warm to room temperature 

overnight before being concentrated in vacuo.  The resulting oil was resuspended in a solution of 

Gd(III)-1,4,7-tris(carboxymethyl)-10-(3-amino-2-hydroxypropyl)-1,4,7,10-

tetraazacyclododecane (500 mg, 0.871 mmol) in anhydrous DMF (6 mL).  After the mixture was 

resuspended, anhydrous TEA (176 mg, 1.74 mmol) was added.  This mixture was brought to 60 

°C and this temperature was maintained for 8 h.  Upon cooling, the yellowish solution was 

concentrated in vacuo and was brought up in 1:1, MeCN:H2O.  This crude mixture was 

submitted to preparatory HPLC with the Waters Atlantis T3 column using the following method: 

start at 0% B, ramp to 100% B over 35 min followed by a wash at 100% B for 5 min before 

returning to 0% B. The desired fractions (retention time: 15.40 min by UV at 220 nm) were 

collected and freeze-dried to yield the product as a white solid (244 mg, 40%).  HR-ESI-MS 

(m/z): 695.2036; calc. for C25H38GdN5O8+H
+
: 695.2039. 

Synthesis of Eu(III)-1-{3-[(bicyclo[2.2.1]hept-5-ene-2-exo-carbonyl)-amino]-2-hydroxy-propyl}-

4,7,10-tris-carboxymethyl-1,4,7,10-tetraazacyclododecane (2) 

Following a procedure similar to Stille and coworkers, bicyclo[2.2.1]hept-5-ene-2-exo-

carboxylic acid (50 mg, 0.362 mmol) was dissolved in 5 mL of degassed, anhydrous CH2Cl2 

under an argon atmosphere.
43

  The stirring solution was cooled to 0 °C before adding the oxalyl 

chloride (30.4 mg, 0.241 mmol).  This solution was allowed to warm to room temperature 

overnight before being concentrated in vacuo.  The resulting oil was resuspended in a solution of 

Eu(III)-1,4,7-tris(carboxymethyl)-10-(3-amino-2-hydroxypropyl)-1,4,7,10-



173 

tetraazacyclododecane (68.4 mg, 0.121 mmol) in anhydrous DMF (3 mL).  Shortly after the 

mixture was resuspended, anhydrous TEA (24.0 mg, 0.241 mmol) was added.  This mixture was 

brought to 60 °C for 8 h.  Upon cooling, the yellowish solution was concentrated in vacuo and 

was brought up in 1:1, MeCN:H2O.  This crude mixture was submitted to preparatory HPLC 

with the Waters Atlantis T3 column using the following method: start at 0% B, ramp to 100% B 

over 35 min followed by a wash at 100% B for 5 min before returning to 0% B. The desired 

fractions (retention time: 15.58 min by UV at 220 nm) were collected and freeze-dried to yield 

the product as a white solid (31.0 mg, 37%).  HR-ESI-MS (m/z): 690.2015; calc. for 

C25H38EuN5O8+H
+
: 690.2011. 

Synthesis of (4-{[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-benzylcarbamoyl]-methyl}-

7,10-bis-carboxymethyl-1,4,7,10-tetraazacyclododec-1-yl)-acetic acid (4) 

 DOTA-mono-NHS (100 mg, 0.199 mmol), 4-[(bicyclo[2.2.1.]hept-5-en-2-exo-yloxy)-

methyl]benzylamine (3, 59.4 mg, 0.259 mmol), and DIEA (257 mg, 1.99 mmol) were dissolved 

in 15 mL of anhydrous DMF.  The reaction mixture was allowed to stir under a nitrogen 

atmosphere for 3 h before being concentrated in vacuo.  The resulting oil was brought up in H2O 

and submitted to preparatory HPLC with the Waters Atlantis T3 column using the following 

method: start at 0% B, ramp to 60% B over 35 min, a second ramp to 100% B over 10 min, and 

finally a wash at 100% B for 5 min before returning to 0% B.  The desired fractions (retention 

time: 41.84 min by UV at 220, 264 nm) were collected and freeze-dried to yield the product as a 

white solid (82.4 mg, 68%).  
1
H NMR (DMSO): δ = 1.30-1.34 (m, 1H), 1.45-1.52 (m, 2H), 16.0-

1.62 (m, 2H), 2.68-3.01 (m, 18H), 3.16-3.34 (m, 9H), 3.51 (m, 1H), 3.53 (s, 1H), 3.92 (s, 1H), 

4.26 (s, 1H), 4.39-4.53 (m, 2H), 5.93-5.95 (m, 1H), 6.18-6.21 (m, 1H), 7.20-7.40 (m, 4H), 8.77 

(bs, 1H); 
13

C NMR (DMSO): δ = 34.16, 39.86, 41.54, 42.65, 43.02, 45.68, 45.81, 50.11, 50.21, 
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50.89, 51.45, 55.60, 55.98, 58.23, 70.09, 79.20, 127.83, 127.47, 127.56, 128.29, 133.20, 137.14, 

138.46, 140.52, 168.70, 169.83, 170.44;  ESI-MS (m/z): 616.289; calc. for C31H45N5O8+H
+
: 

616.280; with Anal. Calcd. for C31H45N5O8: C, 60.47; H, 7.37; N, 11.37.  Found: C, 60.40; H, 

7.00; N, 11.60. 

Synthesis of [(2-{[2-({[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-benzylcarbamoyl]-

methyl}-carboxymethyl-amino)-ethyl]-carboxymethyl-amino}-ethyl)-carboxymethyl-amino]-

acetic acid (5)      

 DTPA-dianhydride (779 mg, 2.18 mmol) was dissolved in 100 mL of anhydrous DMSO.  

This solution was stirred vigorously while H2O (39.2 mg, 2.18 mmol) in DMSO (20 mL) was 

added via syringe pump over 2.5 h.  Then a solution of 4-[(bicyclo[2.2.1.]hept-5-en-2-exo-

yloxy)-methyl]benzylamine (3, 250 mg, 1.09 mmol) dissolved in 20 mL of DMSO was added to 

the reaction mixture over 4 h.  The resulting solution was allowed to stir for an additional 2 h 

before 20 mL of H2O was added to quench any remaining anhydride.  After concentration in 

vacuo, the crude oil was redissolved in H2O and submitted to preparatory HPLC with the Waters 

Atlantis T3 column using the following method: start at 0% B, ramp to 60% B over 35 min, a 

second ramp to 100% B over 10 min, and finally a wash at 100% B for 5 min before returning to 

0% B. The desired fractions (retention time: 18.62 min by UV at 220, 254 nm) were collected 

and freeze-dried to yield the product as a white solid (197 mg, 30%).  
1
H NMR (DMSO): δ = 

1.25-1.29 (m, 1H), 1.39-1.50 (m, 2H), 1.57 (d, J = 8.4 Hz, 1H), 2.46 (s, 5H), 2.83-2.96 (m, 11H), 

3.28-3.49 (m, 11H), 4.24 (dd, J = 11.6, 14.4 Hz, 2H), 5.91 (m, 1H), 6.16 (m, 1H), 7.21 (s, 4H), 

8.57 (bs, 1H); 
13

C NMR (DMSO): δ = 34.15, 41.87, 45.67, 45.82, 50.50, 51.86, 54.50, 54.80, 

55.00, 57.50, 61.77, 62.40, 70.07, 79.14, 127.13, 127.51, 131.56, 133.19, 137.27, 138.64, 140.48, 

169.49, 170.34, 172.56, 172.65;  ESI-MS (m/z): 605.280; calc. for C29H40N4O10+H
+
: 605.274; 
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with Anal. Calcd. for C29H40N4O10 • 2 H2O: C, 54.37; H, 6.92; N, 8.74.  Found: C, 54.27; H, 

6.49; N, 9.19. 

The fractions containing the diamidated product (retention time: 26.26 min by UV at 220, 

254 nm) were also collected and freeze-dried (152 mg, 17%).  %).  
1
H NMR (DMSO): δ = 1.30-

1.33 (m, 2H), 1.43-1.50 (m, 4H), 1.61 (d, J = 8.0 Hz, 2H), 2.77-2.80 (m, 12H), 2.80-2.91 (m, 

12H), 3.51 (d, J = 6.4, 2H), 4.26 (d, J = 6.0, 4H), 4.46 (dd, J = 11.6, 14.4 Hz, 4H), 5.94 (m, 2H), 

6.19 (m, 2H), 7.22 (m, 8H), 8.55 (bs, 2H); 
13

C NMR (DMSO): δ = 34.15, 39.86, 41.73, 45.67, 

45.82, 51.04, 52.16, 55.01, 57.53, 70.06, 79.15, 127.09, 127.49, 133.18, 137.29, 138.57, 140.47, 

169.90, 170.37, 171.34, 172.64;  ESI-MS (m/z): 816.418; calc. for C44H42N5O10+H
+
: 816.411; 

with Anal. Calcd. for C44H42N5O10 • Na: C, 62.99; H, 6.85; N, 8.35.  Found: C, 62.89; H, 6.55; N, 

8.52. 

Synthesis of Gd(III)- 1-{[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-benzyl-carbamoyl]-

methyl}-4,7,10-tris-carboxymethyl-1,4,7,10-tetraazacyclododecane (6) 

Compound 4 (35.0 mg, 0.0570 mmol) and GdCl3 (31.6 mg, 0.0860 mmol) were dissolved 

in 5 mL of H2O.  The pH was adjusted to 6.0 with NH4OH and then the solution was heated to 

50 °C for 12 h.  Once the solution had cooled to room temperature, the pH was raised to 11.0 to 

precipitate any unchelated Gd(III).  The solution was then filtered through a 0.2 µm syringe filter 

before being submitted to preparatory HPLC with the same column and method as compound 3.  

The desired fractions (retention time: 42.40 min by UV at 220, 264 nm) were collected and 

freeze-dried to yield the product as a white solid (41.0 mg, 94%).  ESI-MS (m/z): 769.298; calc. 

for C31H42GdN5O8-H
+
: 769.227; with Anal. Calcd. for C31H42GdN5O8 • Na • 2 H2O: C, 44.92; H, 

5.59; N, 8.45.  Found: C, 44.58; H, 5.50; N, 8.67. 
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Synthesis of Eu(III)- 1-{[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-benzyl-carbamoyl]-

methyl}-4,7,10-tris-carboxymethyl-1,4,7,10-tetraazacyclododecane (7) 

Compound 4 (15.0 mg, 0.0244 mmol) and GdCl3 (10.7 mg, 0.0293 mmol) were dissolved 

in 5 mL of H2O.  The pH was adjusted to 6.0 with NH4OH and then the solution was heated to 

50 °C for 12 h.  Once the solution had cooled to room temperature, the pH was raised to 11.0 to 

precipitate any unchelated Eu(III).  The solution was then filtered through a 0.2 µm syringe filter 

before being submitted to preparatory HPLC with the same column and method as compound 4.  

The desired fractions (retention time: 41.02 min by UV at 220, 264 nm) were collected and 

freeze-dried to yield the product as a white solid (11.0 mg, 59%).  ESI-MS (m/z): 764.205; calc. 

for C31H42EuN5O8-H
+
: 764.225; with Anal. Calcd. for C31H42EuN5O8 • NH4 • H2O: C, 46.50; H, 

6.04; N, 10.50.  Found: C, 45.10; H, 6.10; N, 10.80. 

Synthesis of Gd(III)- [(2-{[2-({[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-

benzylcarbamoyl]-methyl}-carboxymethyl-amino)-ethyl]-carboxymethyl-amino}-ethyl)-

carboxymethyl-amino]-acetic acid (8) 

Compound 5 (150 mg, 0.248 mmol) and GdCl3 (138 mg, 0.373 mmol) were dissolved in 

10 mL of H2O.  The pH was adjusted to 6.0 with NH4OH and then the solution was heated to 50 

°C for 12 h.  Once the solution had cooled to room temperature, the pH was raised to 11.0 to 

precipitate any unchelated Gd(III).  The solution was then filtered through a 0.2 µm syringe filter 

before being freeze-dried.  The resulting crude product was dissolved in 10 mL of H2O with 5 

µL of TFA to aid solubility.  This solution was submitted to preparatory HPLC with the same 

column and method as compound 5.  The desired fractions (retention time: 19.00 min by UV at 

220, 254 nm) were collected and freeze-dried to yield the product as a white solid (185 mg, 98%).  
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ESI-MS (m/z): 759.112; calc. for C29H36GdN4O10+H
+
: 759.167; with Anal. Calcd. for 

C29H36GdN4O10 • TFA: C, 42.70; H, 4.28; N, 6.43.  Found: C, 42.80; H, 4.00; N, 6.70. 

Synthesis of Eu(III)- [(2-{[2-({[4-(Bicyclo[2.2.1]hept-5-en-2-exo-yloxymethyl)-

benzylcarbamoyl]-methyl}-carboxymethyl-amino)-ethyl]-carboxymethyl-amino}-ethyl)-

carboxymethyl-amino]-acetic acid (9) 

Compound 5 (30.0 mg, 0.0497 mmol) and EuCl3 (27.3 mg, 0.0745 mmol) were dissolved 

in 5 mL of H2O.  The pH was adjusted to 6.0 with NH4OH and then the solution was heated to 

50 °C for 12 h.  Once the solution had cooled to room temperature, the pH was raised to 11.0 to 

precipitate any unchelated Eu(III).  The solution was then filtered through a 0.2 µm syringe filter 

before being freeze-dried.  The resulting crude product was dissolved in 5 mL of H2O with 2 µL 

of TFA to aid solubility.  This solution was submitted to preparatory HPLC with the same 

column and method as compound 5.  The desired fractions (retention time: 19.20 min by UV at 

220, 254 nm) were collected and freeze-dried to yield the product as a white solid (35.2 mg, 

94%).  ESI-MS (m/z): 752.142; calc. for C29H36EuN4O10-H
+
: 752.164; with Anal. Calcd. for 

C29H36EuN4O10 • TFA: C, 42.92; H, 4.97; N, 6.90.  Found: C, 43.30; H, 4.70; N, 6.80 

General Polymerization Reaction (Synthesis of 10A) 

In an inert-atmosphere glovebox, monomer 1 (20.0 mg, 0.0288 mmol) was weighed into 

a 20-mL scintillation vial equipped with a magnetic stirring bar. A 9:1 mixture of dry 

CHCl3/CH3OH (2 mL) was added, followed by a solution of the Ru(PCy3)2=CHPh catalyst (4.7 

mg, 0.0057 mmol) in 9:1, dry CHCl3:CH3OH (1 mL). The mixture was stirred for 90 min at 

room temperature. The polymerization was terminated with the addition of ethyl vinyl ether (1 

mL). The crude homopolymer of 10A was isolated as an off-white solid by precipitation in cold 

pentanes (200 mL) and concentration in vacuo.  This reaction mixture was then dissolved in H2O 
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and purified via size-exclusion chromatography on Sephadex-G15.  The product containing 

fractions were identified via HPLC-MS and combined to yield 10A as a white solid (11.0 mg, 

55%).   
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