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ABSTRACT 

 
 

Macromolecular magnetic resonance imaging (MRI) contrast agents have unique 

localization and contrast enhancement properties.  We have designed and studied a 

monodisperse paramagnetic β-cyclodextrin click cluster (Gd10) decorated with Gd-

containing arms and unique contrast enhancing polymers.  To synthesize Gd10, a novel 

alkyne-functionalized diethylenetriaminetetraacetic acid chelate was created and coupled 

to a per-azido-β-cyclodextrin core and chelated with Gd(III) to yield the precursor 

macromolecule.  Luminescence measurements were carried out using an analogous 

structure Eu(III)-containing structure and indicated that each lanthanide has an average of 

1.8 water exchange sites. Gd10 yields a high relaxivity profile (6.2 mM-1 s-1 per Gd3+ at 

9.4 T).  Gd10 shows toxicity higher than clinically used contrast agents such as 

MagnevistTM in vitro in cardiomyoblast cells.  No acute toxicity was observed in the rats 

(n = 9) and contrast enhanced image analysis indicates renal processes may be involved 

in clearance.   

The contrast enhancing polymers we developed are new macromolecular beacons 

that allow the delivery of nucleic acids to be visualized at different biological scales. 

They contain repeated oligoethyleneamines, for binding and compacting nucleic acids 

into nanoparticles, and Gd(III)/Eu(III) chelates.   The chelated lanthanides allow the 

visualization of the delivery vehicle via microscopy and via magnetic resonance imaging 

(MRI).  We demonstrate that these new delivery beacons effectively bind plasmid DNA 



 iii

(pDNA) and protect their cargo nucleic acids from nuclease damage.  The lanthanide-

chelate materials have been found to efficiently deliver pDNA into cultured cells and do 

not exhibit toxicity.  Micrographs of cultured cells exposed to the nanoparticle complexes 

formed with fluorescein-labeled pDNA and the europium-chelated polymers reveal 

effective intracellular imaging of the delivery process.  MRI of bulk cells exposed to the 

complexes formulated with pDNA and the gadolinium-chelated structures show bright 

image contrast, allowing visualization of effective intracellular delivery on the tissue-

scale.  Because of their versatility as imaging probes, these delivery beacons posses 

remarkable potential for tracking and understanding nucleic acid transfer in vitro and 

have promise for in vivo imaging applications.  In later studies the Ln-chelating polymers 

were co-polymerized with dimethylgalacterate which definitively increases luciferase 

gene expression (up 50x enhancement) and cellular uptake (up to 2x enhancement).     
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Chapter 1: Introduction 
1.1 Dissertation Overview 
 Macromolecules are constantly changing the face of modern medicine due to their 

controllable architectures, prolonged blood-circulation times, unique tissue distribution, higher 

tissue retention, and selective uptake into tumors via the enhanced permeability and retention 

(EPR) effect.  Because of these unique properties, macromolecular architectures are well suited 

towards several important diagnostic and therapeutic applications such as: small molecule 

delivery, protein and nucleic acid delivery, medical imaging agents (carrying lanthanide metals 

in high density), and for combinations of these applications.  This dissertation hopes to 

demonstrate to the reader how two series of macromolecules are reshaping medical imaging and 

monitored drug delivery.  An extensive background review of relevant literature is carried out in 

chapter 2. 

 Heptakis{6-N-[(Gd(III)-diethylenetriamine-tetraaceticacid)butyl]-6-(1,2,3-triazole)} 

cyclomaltoheptaose (Gd10) is a molecule designed to feature a β-cyclodextrin core coupled with 

seven Gd-chelating arms.  Albeit with less than desirable yields (~7%), the 13 step synthesis 

arrives at an easily functionalized, highly effective MRI contrast agent.  Chapter 3 of this 

dissertation will cover the synthesis, characterization, and preliminary MRI studies of this agent.  

We have thoroughly studied this system in vitro in human cardiomyoblast cells and in vivo in 

Sprague-Dawley rats.  This agent displays very nice contrast and washout profiles.  These studies 

are discussed in chapter 4 of this dissertation.  Finally, Gd10 has been studied to observe its 

behavior when conjugated to hydrophobic tails via its hydrophobic cup, which is discussed in 

chapter 5.  

[1] 
 



[2] 
 

 Other systems developed and studied in this dissertation are the Ln-containing 

oligoamine copolymers.  The first generation of these polymers can complex with pDNA and 

form nanoparticles with positive surface potentials.  These polymers show low toxicity and 

deliver pDNA into cells with high effectiveness.  Because they can chelate and carry lanthanides, 

the polymers offer access to several imaging modalities such as MRI, florescence microscopy, 

and possible radio labeling.  We have demonstrated that these polymers show promising 

diagnostic potential due to these imaging capabilities, which is discussed in chapter six.  The first 

generation polymers suffer from low transgene expression, so to address this problem we 

designed a second generation that maintain the same parent structure of the first generation, but 

incorporate carbohydrates which have been shown previously in our group to promote better 

transgene expression.  The second generation and their biological studies are presented in chapter 

7.  Finally, the 8th chapter summarizes the body of work encompassed in this dissertation, and 

chapter 9 discusses future potential work in these systems.  Relevant NMR spectra and copyright 

permissions are included in appendices A and B.   

 



Chapter 2: Lanthanide-Containing 
Macromolecules as Diagnostic and Delivery 

Agents 
 

2.1 Macromolecular Contrast Agents 

Nuclear magnetic resonance imaging (MRI) is a high resolution non-invasive 

tomographic imaging technique that relies on the fundamentals of magnetic resonance.  Being 

the most reliable way to obtain soft tissue imaging at sub-millimeter resolution,1 more than 60 

million diagnostic MRI scans are carried out every year.  Since MRI does not rely on ionizing 

radiation, but provides high quality soft tissue images, it a very important tool to both the 

scientific and medical communities.  Indeed, several Nobel prizes,2 of various disciplines, have 

been awarded that address both MRI fundamentals and their application towards imaging. The 

prize was first given to Block and Purcell in 1952, then in 1991 to Ernst, later in 2002 to 

Wüthrich, and finally to Lauterbur and Mansfield in 2003.   

Magnetic resonance imaging relies on probing nuclear spins in the body, specifically 

hydrogen nuclei spins from water molecules.  Signal intensity in MRI is a function of local 

values of both longitudinal relaxation rates (R1 = 1/T1) and transverse relaxation rates (R2 = 

1/T2).3,4  The work in this dissertation largely focuses on T1 relaxation and how to increase signal 

intensity by shortening this rate.  In lipophilic tissues T1 relaxation times are quite short and, for 

this reason, the magnitude of the signal in these tissues is much greater than the signal from 

hydrophilic tissues and vasculature.  Because it is desirable to obtain high resolution images of 

[3] 
 



hydrophilic tissue and fine vasculature, it is often necessary to administer an agent that may 

shorten the relaxation times in these regions.  One way to shorten relaxation times is to put the 

water protons in the presence of paramagnetic substances.  Paramagnetic compounds act as small 

magnets by emitting radiofrequencies similar to the tumbling rate of their environment.   If this 

tumbling rate is similar to the Larmor frequencies of proximal water protons, they will absorb 

these emitted photons and quickly relax to Boltzmann population equilibrium, therefore 

decreasing their bulk longitudinal relaxation times. 

Unlike radiotracer imaging where brightness is dictated by concentration of radio nuclei, 

MRI relies on water proton relaxation, which is catalyzed by a contrast agent that is present in 

small concentrations relative to the protons it is influencing.3  There are several parameters that 

dictate contrast agent effectiveness in enhancing the relaxivity of bulk water, such as rotational 

motion (τr), proton distance from the paramagnetic ion (r), time of proton localization in the 

proximity of the paramagnetic ion (τm), electron relaxation time in the paramagnetic ion (τe), and 

the number of water molecules directly bound to paramagnetic center (q).  Highly paramagnetic 

metals like Mn(II) and Gd(III), which are ideal as contrast agents, are typically toxic, which 

requires they be tightly chelated in a thermodynamically and kinetically stable chelate.  Adding a 

chelate around the ionic center complicates the relationships between the parameters that dictate 

contrast agent efficiency by creating an “inner sphere” water space, which consists of directly 

bound water molecules, and an “outer sphere” which consists of molecules in close spatial 

proximity to the chelate, but not directly bound (Figure 2 - 1).   The parameters described above 

and how they relate to relaxation enhancement are well modeled for Gd(III) chelates by 

equations developed by Solomon, Bloembergen, and Morgan.5 
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Figure 2-1. Schematic model showing different contrast agent parameters that apply to 
relaxivity.  The dark blue “cage” surrounding the Gd(III) center represents the chelate.  The two 
parameters commonly altered to improve contrast agents are tumbling motion of the complex, 
which is represented by τr, and water coordination residence lifetime, which is represented with 
τm. 

Several common and clinically used Gd-chelating agents are shown below.  When 

considering the design of a molecule that will chelate Gd(III), several of the parameters 

mentioned above are controllable and some are not.  The parameters that are dictated by Gd(III) 

and therefore are not controllable are τe and to a lesser degree r, which is simply the preferred 

Gd-OH2 bond length.  Parameters that can be controlled to some degree are rotational motion 

(τr), which should be as close to the Larmor frequency as possible for the radiofrequencies they 

emit to cause Boltzmann equilibria.  The parameter q should be as high as possible without 

compromising chelate stability and τm, the residence lifetime of the water molecule in the inner 

sphere, also should match the Larmor frequency and depends on the coordination environment 

around the Gd(III) ion.5  Small molecule contrast agents have rotational times on the order of 

picoseconds, which is quite fast compared to clinically relevant Larmor frequencies.  Clinically 

used small molecule contrast agents also suffer from long water residence times, except for some 

novel chelates developed by the Raymond group, which are well covered in a recent review.6  
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One way to easily improve contrast agent efficiancy is to increase τr so its rotational frequency 

rate become closer to clinical Larmor frequencies.  This can be accomplished by integrating Gd-

chelates into macromolecular systems.     
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Figure 2-2. Shown are some common chelating agents.  Gd-DTPA and Gd-DOTA are the only 
clinically approved agents currently approved for use in humans. 

2.1.1 Polymer Based Systems 

The first application of macromolecules towards contrast agents was work carried out by 

Sieving et al. in 1990,7 by coupling typical Gd(III) – chelates such as DTPA and DOTA (Figure 

2-2) covalently to various poly-L-lysines (PLL, Figure 2-3), which then could be coupled to 

blood pool proteins such as serum albumin.  When measured at 10 MHz, the PLL conjugates 

showed 2 - 3 fold improvement over monomeric analogs like Gd-DTPA and Gd-DOTA.  

Concurrently, Spanoghe et al. functionalized poly-L-lysine chains from a wide array of 

molecular weights (3,300 – 105,000 Da) and studied the relaxation enhancement as a function of 

molecular weight.8  They also found relaxation (2.4 T) enhancement upon conjugation, however 

no relationship between relaxivity enhancement and molecular weight was observed.  This 
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observation indicates that only limited gains in rotation correlation times were obtained upon 

conjugation. These gains are largely limited by the free internal motions occurring in the bonds 

between the chelate and the polymer backbone.  Another intrinsic issue with this system is the 

inability to make a homogeneous agent.  Though the degree of chelating agent added can be 

controlled, labeling of the PLL backbone is not regio-controlled and therefore leads to non-

homogenous materials, likely limiting their clinical applicability.  Despite these drawbacks, 

researchers are still pursuing PLL and other homopolymer peptides such as poly-l-glutamic 

acids,9 as MRI contrast agent scaffolds.   More recent work using poly-lysine polymers coupled 

with contrast agents, has resulted in the creation of some very elegant systems such as: 

biodegradable polymeric agents,10 bimodal imaging agents,11 and pH-responsive MRI probes.12 
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Figure 2-3. Shown are the structures of PLL/PLL-DOTA and PLL/PLL-DOTA random 
copolymers.  

 

In line with PLL modification with Gd(III) chelates, conjugation to polysaccharides was also 

part of the early work towards polymeric contrast agents.  Armitage et al. modified dextrans of 
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varying molecular weights (9,400 – 487,000 Da) with DTPA type ligands with high conjugation 

(40 – 50 %) as shown in Figure 2-4.13  They arrived at similar conclusions to those observed in 

the PLL conjugation work.  Gd-DTPA conjugated dextran polymers showed modest gains (a 

factor of 1.5 – 2.3) compared to monomeric Gd-DTPA, however, relaxivity decreased as a 

function of MW increase.  Although the authors offer no explanation for this effect, it is likely 

due to close Gd-Gd distances or perhaps rotation of the DTPA-polymer conjugate is slowed 

below that of the Larmor frequency with which they were using (100 MHz).  This problem was 

studied with more meticulous polymer and substitution characterization by Rebizak et al. in 

1998.14  They found that at lower fields (10 – 20 MHz) relaxivity in these systems would 

increase as the substitution degree increased, but only to a point, which likely indicates Gd-Gd 

distances were playing a limiting role.15  This also confirmed that the rotation rate of this 

polymer-DTPA complex was slower than 100 MHz.  Dextran-DTPA and Dextrin-DOTA 

conjugates were evaluated in rabbits by Siauve et al. and found to be non-toxic and to have good 

properties as blood pool imaging agents.16  Other in vivo work indicates similar observations for 

other types of modified polysaccharides.17  Relaxivity gains shown by dextran conjugation 

warrant further research, but unfortunately these conjugates suffer from similar drawbacks to the 

PLL conjugates.  
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Figure 2-4. Dextran polymer randomly functionalized with DTPAsynthesized by Rebizek et al. 

 

Another logical choice for Gd(III)-chelate conjugation is polyethylene glycol (PEG) due to 

its hydrophilicity, biocompatibility, and anti-aggregation properties.  Researchers have 

accomplished this using PEG in the backbone  in DTPA-PEG copolymers,18,19 as shown in 

Figure 2-5, and by having PEG branch away from the parent chain.20  Ladd et al. found that 

relaxivity could be increased as a function of molecular weight, however these systems show 

lower relaxivity than PLL and dextran systems of similar molecular weights.  This can be 

attributed to the more flexible, and hence, more floppy backbone associated with PEG.  This 

work also draws correlations between monomer selection, viscosity by polymer shape, chelator 

stability, and how they relate to relaxivity.  This polymer series showed excellent 

biocompatibility and increased blood pool/tumor retention times when the MW > 20,000 Da.  

Work by Ye and coworkers21 demonstrated that PEG-DTPA copolymers make suitable hepatic 

targeting agents, because of the renal bypass due to the larger size of these copolymers.  Because 

the chelate in these polymers is copolymerized into the backbone, these materials are easier to 

characterize than post-modified systems (PLL and dextran). 
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Figure 2-5. PEG-DTPA copolymers created by Ladd and coworkers, shown without the chelated 
Gd(III) for clarity. 

 

Several other promising DTPA-bis-amide copolymers have been developed (Figure 2-6). The 

first polymers of this class were developed by Wei and coworkers and consist of DTPA bis 

amides spaced by various numbers of methylene units (n = 4, 5, 10, 12) aliphatic alkyl chains.22  

The hydrophobic comonomer in this series of polymers led to some interesting conclusions.  

First, as the length of the hydrophobic block increased, the relaxivity increased and, for higher 

number of methylene-containing commoners, very high relaxivities were observed, which the 

authors attribute to amphiphilic self-assembly between the hydrophilic and hydrophobic portions 

of these polymers.  Duarte et al. extended the work by using more rigid linkages and found that 

increasing the rigidity in the hydrophobic comonomer improved overall relaxivity due to the 

decrease in internal polymer movements.23  To further develop DTPA step growth polymers, the 

Lu group at The University of Utah has developed blood pool imaging polymers that can be 

degraded and cleared via degradation of their disulfide bonds.8,24  Other interesting work carried 

out by Benjamin et al. involves copolymerization of DTPA with amine functionalized 

monosaccharides, where he showed polymers showed no enhancement compared with small 

molecule repeat unit models, at 400 MHz.25  
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Figure 2-6. Shown are structures of step growth DTPA-bis-amide polymers developed by 
various groups.  A) Wei and corkers, B) Duarte et al., C) Mohs et al. D) Benjamin et al. 

 

 Work has also been devoted to developing macromolecular T1 contrast agent systems 

based on chain growth type polymerizations.  One of the more elegant examples of this is 

demonstrated in a paper published by Kiessling and coworkers,26 in which they coupled 

hydroxypyridonate (HOPO) – based Gd(III) chelates to bicyclic alkenes and polymerized them 

via ring opening metathesis polymerization (ROMP) as shown in Figure 2-7.  They chose ROMP 

due to the high functional group tolerance and controllability associated with this type of 

polymerization.  They were able to obtain modest relaxivity enhancement compared to the free 

chelate, however the degree of polymerization was severely limited (DP = 8 - 30) by steric issues 

between the ROMP catalyst and the chelate monomer.  Other groups have developed MRI 

contrast agent polymers based on free radical polymerization strategies.  Semmler and coworkers 

functionalized DTPA-type ligands with acrylamide type monomers and polymerized with 

various comonomers using AIBN as an intiator.27  This work showed a pronounced correlation 
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between molecular weight up to 45 kDa and relaxivity (60 MHz).  These polymers were non-

toxic, however long term tissue retention was observed in rats, which can lead to chronic 

toxicity, in vitro.  Despite the problems associated with tissue retention, these polymers gave 

very high resolution images of fine vasculature.  The Sherry group has also done some very 

interesting work with radical polymerized contrast agents.28  The polymers they developed are 

designed to allow contrast via a Paramagnetic Chemical Exchange Saturation Transfer 

(ParaCEST) type mechanism.  This is accomplished by polymerizing methacrylate – DOTA - 

type chelates and probing their ability to suppress bulk water signal.  These agents show great 

potential as the first polymer systems to exploit the ParaCEST platform.  
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Figure 2-7. ROMP polymers based on HOPO ligand developed by Allen et al. 

 

 Polymers are the most direct way to attain macromolecular benefits and contrast agent 

systems.  They suffer from inherent problems, such as polydispersity and high internal motion; 

however, future work can be carried out to address these issues using more controlled 

polymerizations and better polymer design.  This is still a highly successful approach to 

[12] 
 



macromolecular contrast and warrants future work, especially in the areas of targeted imaging 

and drug delivery.  

2.1.2 Dendrimers 

Dendrimers have made huge contributions to the field of macromolecular contrast agents.  

Dendrimers can suffer from the same drawbacks as polymeric systems, such as polydispersity 

and internal flexibility to a lesser extent, but also provide a scaffold with a large molecular 

volume that can be functionalized with a high number and density of chelates per single 

molecule.   The first reported dendrimer-contrast agent system and the best studied are based on 

polyamidoamine (PAMAM) dendrimers conjugated to Gd-chelates.29  This first study directly 

compared PAMAM generation 2 and 6 (G2 and G6) dendrimers that had been functionalized 

with isothiolcyanobenzyl-DTPA chelating units (Figure 8-1).  The G6 dendrimer had 170 Gd 

sites per molecule and a very high relaxivity of 34 mM-1 s-1, which was higher then G2 r1= 21.3 

mM-1 s-1 at 25 MHz.  The authors later showed this was related only to rotational correlation time 

gains.30  The authors also showed that pharmokinetics were quite different between the two 

dendrimers.  The G2 dendrimer behaved similarly to small molecular weight contrast agents in 

that it was quickly cleared from the blood pool, with little tissue retention, however, G6 had a 

long blood pool enhancement time of 200 min, which is quite long compared to MagnevistTM 

(Gd-DTPA) at 24 min.  Later reports showed that the clearance route of these dendrimers had a 

generational dependence.31,32  Interestingly, G2-G4 show exclusively renal clearance, G5 and G6 

show renal and hepatic excretion, and G7- G10 show no renal clearance.  Prolonged retention is 

ideal for vasculature imaging; however this ultimately limits clinical use.  Unfortunately, the 

only candidates that are plausible for clinical use, based on clearance times and mechanisms are 

G2 based systems.  The authors also examined hyperbranched diaminobutane (DAB) dendrimers 
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and found that G2 and G3 were the only acceptable systems.  Later, in vivo studies have found 

interesting specific applications for PAMAM dendrimer-based contrast agents.  Brechbiel and 

coworkers have successfully shown that G8 and higher PAMAM dendrimers can be used as 

reliable markers for tumor permeability and how it is affected by external radiation.33  Star and 

coworkers showed that these dendritic contrast agents could be used as early markers to diagnose 

acute renal failure.34  Konda et al. showed that PAMAM could be co-functionalized with DO3A 

and folate ligands to promote selective uptake and imaging of ovarian tumor xenografts.35  

Beautiful work carried out by Merbach and coworkers showed that PAMAM dendrimers can be 

functionalized in such a way as to make their relaxivity tunable based on the pH environment 

they are in, thus making the in vivo pH probes.36 

 

Figure 2-8. A) Diagram describing generations of PAMAM dendrimer and showing chelate 
connectivity with primary amines.30  B) In vivo rat images showing dendrimer generation effect 
on contrast agent localization.  Figure was used with permission from the American Chemical 
Society. 

 

Though without the prominence of PAMAM contrast agent based dendrimers, other 

functionalized dendrimers have been studied extensively as contrast agents.  One of the more 
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notable dendrimers is Gadomer-17TM (17 refers to its molecular weight of ~17kDa), developed 

by Schering-Plough.37  Gadomer-17TM consists of DOTA-functionalized PLL arms extending 

from a 1, 3, 5 – benzenetricarboxylate core, as shown in Figure 2-9.  The r1 of this agent is 11.9 

mM-1 s-1 at 40 MHz, which is better than low molecular weight contrast agents, but likely could 

be enhanced with more rigidity in the dendrimer.  Several interesting in vivo studies have been 

carried out with Gadomer-17TM.  Brasch and coworkers showed that carcinomas have high 

uptake of Gadomer-17TM compared with MagnevistTM, however neither contrast agent was 

successful at differentiating malignant tissue from benign tissue.38  In follow up work, Kim et al. 

showed that tumor permeability could be measured with perfusion experiments using this 

dendrimer.39  Gadomer-17TM was also successful in selectively enhancing lymph node contrast 

for detecting lymph node metathesis40 and has been demonstrated as a suitable agent for 

visualizing pulmonary embolisms in pigs.41 Recent work has shown Gadomer-17TM to be useful 

for imaging blockage in microvasculature.42   
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Figure 2-9. Chemical structure of Gadomer-17© adapted from Lauffer et al.4  Figure adapted 
with permission from the American Chemical Society. 

 

Newer dendritic systems based on PLL dendrimers have been created by Brasch and 

coworkers and are currently being studied in the clinic.43  These macromolecules consist of a 

PEG chain with DTPA conjugated PLL dendrimers branching from each terminus.  These two 

components allow the authors to tune the molecular weight and shape by varying either the PEG 

linker molecular weight or the dendrimer generation.  Of the systems evaluated, the highest 

relaxivity reported (r1= 10.1 mM-1 s-1) was from the highest generation system, which consisted 

of PEG with Mn=3400 Da with G5 L-lysine dendrimers on its termini.  The authors found that 

they could control blood lifetimes by varying PEG length, though increasing PEG length did not 

improve relaxivity.  More extensive in vivo work indicated that Gd-DOTA analogues of these 

dendrimers selectively accumulated in breast cancer tissue and could be used to visualize these 

tumors.44 
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Figure 2-10.  Schematic representation of PLL “bowtie” dendrimers adapted from Brasch et al.43  
Figure used with permission from the American Chemical Society.  

 

All of the dendrimers mentioned thus far have their perimeter decorated with Gd-chelates 

of the DTPA or the DOTA type.  Another approach towards dendronized contrast agents is to put 

the Gd-Chelate at the barycenter of the molecule, which improves relaxivity by drastically 

slowing its tumbling time, but eliminates the multimeric nature gained in other systems.  One 

such agent explored in the literature is P760-Gd,45 which is a dendritic molecule with a Gd-

DOTA-based core that has PEG arms diverging out (Figure 2-11).  The dendritic atmosphere 

surrounding the chelate imparts a slower rotational rate of 500 MHz (tr = 2 ns) which is 

approaching MRI fields.  This slowing of rotational correlation times led to r1 = 23 mM-1 s-1 at 

40 MHz, a very high relaxivity.  Another example of barycenter-based contrast agents are the 

low generation dendrimers created by Pierre et al. using Gd-HOPO ligands.46  A hydrophilic 

dendrimer environment is ideal for Gd-HOPO which has fast water exchange and q = 2, but 

suffers from fast tumbling and low water solubility, which are both corrected with dendrimer 
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formation.  The relaxivity of these systems at 40 MHz was 18 mM-1 s-1 which was marginal 

compared with P760-Gd.  This is because even though Gd-HOPO is dendronized, it still rotates 

at about 4.2 GHz (tr = 238 ps), an order of magnitude faster than P760-Gd.  Improving contrast 

agents by putting them at dendrimer barycenters is a newer and less explored approach towards 

improving contrast agents.  This approach leads to well characterized, high relaxivity agents and 

therefore the outlook for these types of dendrimers is very good.  

 

Figure 2-11.  A) P-760 dendrimer by Muller et al.,45 and B) HOPO dendrimer from Pierre et 
al.46  Structures reproduced with permission. 

 

2.1.3 Click-cluster and Metallocluster Based Systems  

 Glyco-based click-clusters have attracted the attention of several research groups due to 

their ability to mimic biological surfaces, their complex stereochemistry, and their unique 

binding/inclusion properties.  Because of these features, there is an interest towards coupling 

glycoclusters with contrast agents.  Tanaka et al. did an extensive study of the effect of DTPA-

oligoamine stereo chemistry effect on relaxivity.47  Unfortunately, the only MRI quantification 

they carried out was to do pixel intensity analysis of spin-echo images for each contrast agent 
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synthesized.  This type of analysis gives qualitative data at best and offers no basis for 

comparison between the agents synthesized.  Click-clusters based on cyclodextrin cores have 

also been of great interest to the contrast agent community. Song et al. synthesized β-

cyclodextrins decorated with DOTA chelates, which they proposed to be useful as intracellular 

contrast agents.48  Our group has also worked in this area and has generally found that methods 

carried out by Song et al. lead ultimately to impure final clusters, making them unacceptable for 

clinical applications.49,50  The glycoclusters created by Reineke and coworkers utilize 

diethylenetriaminetetraacetic acid (DTTA) chelate groups, which enable the synthesis of pure 

glycoclusters with higher relaxivity than other analogues in their class. 

 

Figure 2-12. Click-clusters developed by Reineke and coworkers.49   Figure used with permission 
from author and the American Chemical Society. 

 

Like Click-clusters, metallocluster-based contrast agents have also shown great potential 

as contrast agents.  Metalloclusters are multimeric Gd-chelate-clusters self-assembled using 

some other paramagnetic ion such as Fe(II) or Mn(II), via highly stable chelates such as 

bipyridine (bpy) and terpyridine (trpy).  The enhancement in contrast due to their rigidity is 
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complimented by the enhancement imparted by the central assembly ion.  This route towards 

easily assembled clusters was first proposed by Jacques et al. as MRI sensors for endogenous 

Fe(II).51  Others have designed and tested similar cluster types based on bpy-DTTA type 

chelates,52 trpy-DOTA and trpy-DTPA.53  They found these “metallostars” to have extremely 

high relaxivity for their relatively lower molecular weight.  In the bpy-DTTA case, which is 

exceptionally high, their increased relaxivity is attributed to the chelate having q = 2, high 

rigidity, a paramagnetic Fe(II) center, and slower rotational time due to self assembly.  Pierre et 

al. applied similar thinking when designing their Fe(III)-templated self assembled contrast agents 

using multimeric HOPO ligand systems assembled with Fe(III) ions.54  These systems, like the 

metallostars, have super nuclear relaxation dispersion profiles and rapidly assemble in the 

presence of the required Gd(III) and Fe ions. 
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Figure 2-13.  Metallostars developed by Merbach and Coworkers: A) bpy-DTTA ligand, B) a 
framework molecular model after ligand assembly with Fe(II) and Gd(III) ,and C) their NMRD 
profiles for Gd-DTTA-bpy without Fe(II) (black triangles) and with Fe(II) (white circles).  
Figure was used with permission. 

 

2.1.4 Contrast agents non-covalently coupled to blood pool proteins 

 Another exciting approach toward reaping the benefits that macromolecules impart on 

contrast agents is using non-covalently labeled proteins related to specific physiological systems 

or regions, such as albumin, fibrin, and collagen.55-57  The first highly successful demonstration 

of this was by Lauffer and coworkers in designing the now clinically approved blood pool 

imaging agent MS-325,58 which selectively binds to serum albumin and gives stunning blood 

pool images as shown below in Figure 2-14.  Furthermore, improved relaxivity was observed due 

to albumin binding, which slowed tumbling rates from gigahertz to megahertz (i.e. closer to MRI 
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Larmor frequencies).59  The creators of MS-325 have translated the successful aspects of its 

design to other proteins of interest such as fibrin and collagen 1,56, 57 both of which are prevalent 

markers of cardiovascular disease.  A comprehensive review of all work carried out for MS-325 

and analogs can be found in a recent review published by its creators.60 

 

Figure 2-14.  A) Serum protein binding contrast agent MS-325 developed by Lauffer and 
coworkers. B) NMRD profile of MS-325 (black circles) and MS-325 with water binding site 
blocked (white circles) both in serum, and C) blood pool image attained with MS-325 in a 
human subject. 

 

2.1.5 Conclusions Regarding Macromolecular Contrast Agents 

A significant body of work has contributed to our understanding of macromolecular 

contrast agents.  Better understanding of biological distribution, relaxivity enhancements, and 

clearance mechanisms has allowed the scientific community to design exquisite macromolecular 
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contrast agents for imaging applications that simply were not possible before this technology 

existed.  Future technology in this area likely will happen at the Gd-chelate level, by making 

chelates that are stable with higher q values, faster water exchange, and that are easy to conjugate 

or incorporate in to macromolecular systems.  Currently, MRI is moving to higher fields and it 

will be necessary for contrast agents to follow suit.  Other exciting developments will continue 

with multifunctional contrast agents that can both deliver drugs and provide imaging contrast.  

Macromolecular multimeric contrast agents are currently providing the best relaxivity 

enhancement possible coupled with potential use in various applications.  Their prominence will 

likely extend well into the future of MRI contrast agents. 

2.2 Probing Biological Systems with Luminescent 

Lanthanides 

2.2.1 Introduction 

 To further extend the usefulness of Ln-chelates, it’s desirable not only to visualize them 

at the tissue level using MRI, but also to visualize them at the microscopic level via fluorescence 

microscopy.  With most lanthanides, due to luminescence associated with f-orbital excitation and 

emission, we have this ability.  The lanthanides are a marvelous row of elements because the 

chemistry for all of them is largely the same in the 3+ oxidation state.61  They preferentially form 

octadentate or nonadentate complexes and prefer bonds with oxygen.  Because the f-orbitals are 

high energy and tucked closer to the nucleus then d-electrons, there is little covalent character in 

the bonds between the Ln(III) center and the chelating ligand, giving a purely ionic characteristic 

to the bonds that form these complexes.   
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Electrons in F-orbitals within Ln(III) complexes can undergo electronic transitions, 

which are considered forbidden because a change in electron spin must occur.62  According to 

IUPAC rules, the energy release is technically a phosphorescence type mechanism and not 

fluorescence, though these rule are largely written for molecular orbital transitions.63  Many 

experts in this field,62-65 refer simply to phosphorescence behavior as luminescence in which this 

review will be consistent.  As mentioned earlier, f-orbital electrons and chelate electrons are not 

shared, and therefore, their transitions are not affected by the chelate environment they are in.  

Luminescent lanthanides have some huge benefits over organic fluorophores in that they are not 

susceptible to O2 quenching or photo-degradation.  They also have large Stoke’s shifts, long 

luminescence decay times, and narrow emission bands as shown below in Figure 2-15.64   

Because of these properties, lanthanides have received increased prominence in beacon and 

sensor development in biological systems. 

 

Figure 2-15. Typical excitation and emission profiles for Eu-chelates adapted with permission 
from the American Chemical Society.64 

2.2.2 Imaging Luminescent Lanthanides in Biological Systems 

Certainly the most prominent uses in biological systems for luminescent lanthanides are 

as labels in fluorescent microscopy techniques.  One of the first accounts of this was by Marriott 
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and co-workers where they used Eu(III)-chelates and showed that after many minutes of 

excitation with UV light, no photo-bleaching occurred.66  They also showed that auto 

fluorescence background could be gated out with time delay microscopy techniques, which 

utilize the long luminescence lifetimes of the Eu(III) chelates.  Other techniques such as time-

resolved long-lived luminescence imaging have shown lanthanides to have great utility as 

efficient image markers.67  In this technique, they also rely on the long emission lifetimes of 

lanthanides to remove auto fluorescence.  Recent work by Maury and coworkers has shown that 

luminescent lanthanides can be imaged via non-linear microscopy techniques such as two-photon 

microscopy,68 further broadening their appeal to the microscopy community.  Our group works 

extensively with luminescent lanthanides and has shown that lanthanides make excellent 

fluorophore markers for gene delivery using de-convoluted fluorescence microscopy coupled 

with modified filter cubes.69  Further studies are currently being carried out to monitor these 

fluorophores with 2-photon imaging techniques. 

 

 

Figure 2-16 A) Tb-based agent developed by Parker and coworkers, and images after 4h and 
24h.  Lysosomal staining is predominant after 4h followed by nuclear staining after 24h.  Figure 
adapted from with permission from Organic and Bimolecular Chemistry.70 
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Many groups have worked on making probes that contain lanthanides and can be used for 

cellular imaging.  David Parker’s group in the UK has done extensive work in making Ln-

chelates for specific imaging applications such as genetic nuclear stains with high quantum 

efficiency (see Figure 2-16),70 specific protein imaging,71 and genetic material labeling 

capabilities.72,73  This group has developed a comprehensive line of contrast agents which label 

various parts of cells in vitro (Figure 2-17).  Interesting work in lanthanide probe development is 

being pursued by Charbonniere and coworkers, who are doing tissue imaging with lanthanides to 

image the blood brain barrier.74  Much in line with work from David Parker, Jeane-Claude 

Bunzli is developing several complexes which have high quantum efficiency, and enable 

tracking of cell uptake by microscopy, and that respond to ion concentrations in cells.75,76  

Microscopy probes are not the only useful applications for luminescent lanthanides; they have 

also proven to be useful in other bio-assay applications.  Yuan et al. showed that Ln-chelates 

make suitable labels in time-resolved DNA hybridization assays.77    This body of work has all 

been carried out in the last ten years and shows the huge potential for lanthanides in molecular 

imaging for multiple parts of cells (Figure 2-17).   
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Figure 2-17. Various Ln-based agents have been created for cell labeling and their predominant 
locations, as shown in this figure adapted from Parker et al, with permission.77  Blue labels 
represent what each agent is capable of sensing. 

 

2.2.3 Conclusions and Outlook for Luminescent Lanthanides 

 Judging from the wealth of literature published on this subject over the last several years, 

it would be reasonable to suggest lanthanides will continue to grow in popularity for bioimaging 

applications.  This dissertation will demonstrate the great utility lanthanides serve in bioimaging 

and, in our hands, the first successful attempt at direct polymer labeling and monitoring.  The 

future outlook for this exciting class of imaging agents continues to improve as new imaging 

methodologies are developed and refined, such as non-linear microscopy and resonance transfer 

imaging techniques.   
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2.3  Monitoring Nucleic Acid Delivery in vivo and in vitro 

2.3.1 Introduction 

 With the completion of the human genome project in 2003, modern medicine has learned 

much about genetic diseases, the molecular biology of disease pathways, and therapeutics based 

on nucleic acids.78,79  Newer approaches to cure and treat disease are available to the scientific 

and medical communities, based on genetic approaches.  There are hurdles however, that must 

be crossed for these new approaches to be viable. For instance, getting genetic materials to the 

required tissue, inside cells in that tissue, and into the nuclei in those cells, represents a real 

challenge due to the complex trafficking and sophisticated resistance humans have developed to 

prevent such events from occurring.  Because of this, some sort of carrier is generally required 

for the polynucleotide material.  Researchers have solved this with a variety of delivery 

approaches from viruses to molecular carriers, however no satisfactory clinical solution exists to 

date.  

 Macromolecules have a natural propensity towards drug delivery applications, especially 

for biological polymers like nucleic acids.80-87  They escape many of the disadvantages 

associated with viral delivery, but their cellular trafficking and pharmakinetics are not as clear.  

Typically, synthetic polymers can be designed to associate with charged biomacromolecules via 

hydrogen bonding and electrostatic interactions.  Ideally this process could be monitored via 

MRI and optical imaging, similar to the contrast agents and luminescent agents mentioned 

earlier, which would help to discern therapeutic pathways, and lead to the design of better 

delivery agents.  Very comprehensive reviews have been published on the multitude of systems 

developed for macromolecular nucleic acid delivery,88 but much more research needs to be 
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accomplished to determine the pharmokinetics, distribution and excretion mechanisms of these 

systems.  

 

Figure 2-18. Macromolecule delivery of nucleic acids adapted with permission from J. Am . 
Chem Soc., showing the several phases of macromolecular gene delivery.  Red cationic polymer 
complexes with blue pDNA and compacts it into positively charged nanoparticle, that can be 
taken up by the cell.83    

 

2.3.2 Monitoring Nucleic Acid Delivery 

Imaging techniques have given some valuable information about viral nucleic acid 

delivery.  Researchers have used a variety of strategies to image nucleic acid delivery both 

directly with conjugated beacons, and indirectly with reporter genes.    Using radioimaging, 

researchers have directly labeled viruses with 111In and 99MTc.89,90  Delivery of siRNA using 

cationic proteins has been imaged in vivo using PET and SPECT.91  Beautiful work carried out 

by David Corey and coworkers involved the delivery of naked 125I labeled peptide nucleic acids 

(PNA),  which were monitored and quantified by PET.92   

An interesting approach to observe gene expression in vivo via MRI, was designed by 

Meade and coworkers.93  Using a Gd-DOTA type ligand the chelate was modified so it would 

contain a covalently-linked galactose which blocks water coordination and exchange, essentially 

rendering the contrast agent ineffective.  The galactose can be enzymatically cleaved in the 
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presence of β-galactosidase, which frees up the water binding/exchange sites on the contrast 

agent, and essentially “turns on” the agent.94  To effectively demonstrate this in vivo, Xenopus 

laevis embryos were transfected with a β-galactosidase gene and subsequently injected with 

contrast agent.  Compared with untransfected controls, the embryos with the enzyme showed 

distinct contrast in the transfected tissues (Figure 2-19)   

 

Figure 2-19.  MRI agent that can be “turned on” by β-galactosidase reporter gene, developed by 
Fraser, Meade, and coworkers and reproduced with permission from Nature Biotech. A) The 
structure of the beta-galactosidase responsive contrast agent, and B) Pseudo-colored MR image 
of two Xenopus laevis embryos, both containing responsive contrast agent.  The embryo on the 
right contains the reporter gene; the embryo on the left does not.93   

    

Surprisingly, only very preliminary work has been carried out in imaging polyplex-type 

delivery systems in vitro and in vivo.  Some of the first attempts to image polyplexes by MRI 

were carried out by Kayyem et al. where they took contrast agent labeled PLL and complexed it 

with a reporter gene.95  This system was good for imaging, but had no transfection efficiency.  
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Recent work from Mark Davis’ group at Caltech used 64Cu-labelled siRNA complexes coupled 

with PET and CT imaging to study in vivo distribution and retention of his polyplexes, 

complimented with the delivery of a luciferase, as a means of bimodal imaging (Figure 2-20).  

This study allowed them to develop a very simple and clear model of nanoparticle uptake into 

tumors based on the enhanced permeability and retention (EPR) effect.96   

 

Figure 2-20. MicroPET images taken after injection with 64Cu-labelled siRNA-polymer 
transferrin targeted nanoparticles.  Time points for images are 1, 10, and 60 min.  Figure adapted 
with permission from Davis et al. Proc. Nat. Acad. Sci. U.S.A.96 

 

2.3.3 Conclusions Regarding Monitored Delivery 

 More work must be done to decipher the fundamentals of nanoparticle delivery of nucleic 

acids.  Much of the current work being carried out in the Reineke group is related to this effort, 

especially work that appears in this dissertation.  We have developed (vide infra) systems that 

deliver nucleic acids and allow this delivery to be imaged at both the microscopic and tissue 

scale levels, both in vivo and in vitro.  Being able to answer fundamental questions related to 

uptake, location, excretion, and DNA release, will ultimately lead to better delivery systems and 

methodologies. 
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Chapter 3: Α β-Cyclodextrin “Click Cluster” 
Decorated with Seven Paramagnetic Chelates 

Containing Two Water Exchange Sites* 
 

*Chapter adapted from: Bryson, J. M.; Chu, W. –J.; Lee, J. –H.; Reineke, T. M. Bioconjugate 
Chem. 2008, 19, 1505 – 1509. 

 

3.1 Abstract 

The development of novel macromolecular contrast agents that offer enhanced relaxivity 

profiles at high magnetic fields have the potential to greatly improve the diagnosis, 

understanding, and treatment of disease. To this end, we have designed a monodiperse 

paramagnetic β-cyclodextrin click cluster decorated with seven paramagnetic arms. A novel 

alkyne-functionalized diethylenetriaminetetraacetic acid (DTTA) chelate (6) has been created 

and coupled to a per-azido-β-cyclodextrin core (7) to yield the precursor macromolecule (8). 

After removal of the protecting groups and titrating with Gd3+, the final paramagnetic click 

cluster, Gd10, was obtained. Luminescence measurements were carried out in H2O and D2O on 

an analogous structure, Eu10, and indicated that at each lanthanide has an average of 1.8 water 

exchange sites, which is important for enhancing relaxivity and MRI resolution. This discrete 

paramagnetic click cluster yields a  high relaxivity profile (43.4 mM-1 s-1 per molecule and 6.2 

mM-1 s-1 per Gd3+ at 9.4 T) and enhanced contrast on a human MRI scanner as compared to a 

commercial agent, Magnevist (3.2 mM-1 s-1 at 9.4 T). Moreover, the useful inclusion properties 

exhibited by β-cyclodextrin also make this an excellent host scaffold to functionalize via 

noncovalent assembly with receptor specific targeting moieties for biomolecular imaging. 
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3.2 Introduction 

Advancements in the design of novel imaging agents have the potential to transform 

biomedical research. Indeed, the ability to diagnose a disease at the earliest stage of onset and to 

understand the pathophysiological and treatment mechanisms of disease in vivo could 

revolutionize medicine. With such potential, magnetic resonance imaging (MRI) is a safe yet 

powerful diagnostic technique for visualizing soft tissue often with the aid of paramagnetic 

contrast agents (1-3). Chelate structures that contain Gd3+ improve imaging contrast by 

increasing the longitudinal relaxation time (T1) of proximal water protons, which appear brighter 

in the T1-weighted image (4). To further increase resolution, MRI scanners are rapidly being 

developed with higher magnetic field strengths (5,6). Considerable efforts to create innovative 

agents that exhibit high relaxivities (r1) and tissue contrast at higher magnetic fields must follow 

suit (1-6).  

Although current FDA-approved small molecule Gd3+-chelates provide some contrast 

enhancement, they do not have optimal relaxivity profiles at high magnetic fields (5,6). 

Likewise, small agents do not provide contrast at very low concentrations, which is essential for 

biomolecular and targeted imaging (1-6). Conversely, macromolecular contrast agents show 

great promise for enhancing contrast, sensitivity, and diagnostic imaging time as they reveal 

slow vascular diffusion and clearance rates, and they can house multiple lanthanide chelates (7-

12). However, a major drawback of existing paramagnetic macromolecules is that they suffer 

from polydispersity and difficulties in characterization, which could drastically affect clinical 

approval for diagnostic use (9-13). 
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Figure 3-1: The target structure Gd10. 

To this end, we present our efforts toward designing a novel macromolecular MRI 

contrast agent that is completely monodisperse, has a multivalent loading of Gd3+ chelates that 

house two water exchange sites, and reveals a high relaxivity profile at high magnetic fields 

(Figure 1). This architecture has been inspired by the biocompatibility of our polycationic β-

cyclodextrin “click clusters”, which are highly efficient nucleic acid delivery vehicles previously 

created by our lab (13). The structure has also been motivated by the interesting inclusion 

properties of the β-cyclodextrin scaffold. The hydrophobic cup can act as a host, endowing this 

macromolecule with a versatile modification method via non-covalent inclusion of hydrophobic 

guests that are linked to receptor-specific biomolecules (14,15).  This potentially allows a 

multitude of targeted imaging applications for visualizing specific cell and tissue types, 

biomarkers or receptors, and enhancing diagnosis and treatment monitoring.  Indeed, it is no 

surprise that others have realized the potential of the cyclodextrin scaffold with a related designs 

(16), particularly in a recently published paper developed in parallel to our work (17). 
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3.3 Materials and Methods 

3.3.1 Materials 

β-cyclodextrin was purchased from Wacker Chemie AG (Munich, Germany) and 6-

bromohexyne was acquired from ChemSampCo (Philadelphia, PA).  All other chemicals unless 

specified otherwise were purchased from Alfa Aeser Chemical Co. (Boston, MA) and were used 

without further purification.  Acetylated per-azido-β-cyclodextrin, 7, was synthesized according 

to a published procedures (1).  The mass spectra were obtained on an IonSpec HiResESI mass 

spectrometer.  NMR spectra were collected on a Bruker AV-400MHz spectrometer and 

relaxivity measurements were carried out on a Bruker AMX-400MHz spectrometer.   

Determination of the percentage of gadolinium content was determined with a Perkins-Elmer 

ELAN 6000 Inductively-Coupled Plasma Mass Spectrometer.  Luminescence studies were 

performed using a Varian Cary Eclipse Fluorescence Spectrophotometer.  Thin-layer 

chromatography (TLC) was performed using TLC plastic sheets (silica gel 60 F254) from Merck 

(Darmstadt, Germany).  Dialysis membranes [1000 molecular weight cutoff (MWCO)] were 

manufactured by Spectrum Laboratories, Inc. (Rancho Dominguez, CA). Magnetic resonance 

images were acquired with a Varian 4 Tesla MRI/MRS human scanner (170.35MHz) 

 

3.3.2 Synthesis. 

N1,N3-Bis(phthalimido)-N2-benzoxycarbonyl-diethylenetriamine (2). 1,7-Bis(phthalimido)-

1,4,7-triazaheptane, 1 (9.21g, 25.2 mmol), prepared by a previously published procedure (2), was 

slurried in 80ml of dichloromethane at 0°C under brisk stirring.  4-Dimethylaminopyridine 
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(1.25g, 10.2 mmol) and diisopropylethylamine (4.85g, 37.5 mmol) were then added to the slurry.  

Benzylchloroformate (5.12g, 30.0 mmol) was separately dissolved in 30ml of dichloromethane 

and added dropwise to the slurry over a period of 10 min, after which the reaction mixture 

became clear.  The solution was then allowed to stir an additional 18h, after which the mixture 

was washed several times  with 3 x 75ml acidic water (pH adjusted to 4 with 1M HCl), with 

saturated bicarbonate (1 x 75ml), and finally with ultrapure water (1 x 75ml).  The washed 

organic fraction was dried over sodium sulfate and evaporated to give the crude product as an 

off-white solid.  The crude solid was slurried in anhydrous diethylether, filtered, and washed 

again with ether (200mL) to remove the benzylchloroformate starting material.  The final 

product was recovered and dried in vacuo yielding 2 a white solid (7.22g, 57.5%).  1H-NMR 

(CDCl3, 400MHz): δ = 3.62 (t, 4H), 3.91 (dt, 4H), 4.84 (s, 2H), 7.19 (d, 2H), 7.30 (m, 3H), 7.64 - 

7.83 (m, 8H).   13C-NMR (CDCl3, 100MHz): δ = 35.7, 45.8, 67.3, 123.3, 127.6, 127.7, 128.3, 

131.8, 134.0, 136.2, 156.1, 168.2.  ES-MS positive ion mode: calculated m/z 520.148, [2 + H+]. 

Found m/z: 520.127. 

 

N2-Benzoxycarbonyl-diethylenetriamine (3).    Compound 2 (7.22g, 14.5 mmol), was slurried 

in 25ml of acetonitrile.  Hydrazine hydrate (5.80g, 116 mmol) was added to the mixture and after 

10min of stirring, the solution became clear.   After stirring the solution for approximately 4h, a 

precipitate formed, and after 24h, the reaction was complete (as determined via TLC).  The white 

precipitate was filtered from the solution and washed thoroughly with acetonitrile.  The initial 

solution was combined with the washings and dried in vacuo yielding the final product, 3, as a 

viscous orange oil.  (3.20g, 95.1%).  1H-NMR (CDCl3, 400MHz): δ = 1.93 (bs, 4H), 2.91 (s, 4H), 

3.38 (s, 4h), 5.13 (s, 2H), 7.37 (m, 5H).    13C-NMR (CDCl3, 100MHz): δ = 38.4, 53.1, 67.3, 
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127.1, 127.6, 130.0, 136.1, 152.1.  ES-MS positive ion mode: calculated m/z 238.156, [3 + H+]. 

Found m/z: 238.120. 

N2-Benzoxycarbonyl-diethylenetriamine-tetra-t-butylacetate (4).  Compound 3 (3.20g, 

13.5mmol) was dissolved in 22ml of DMF containing KHCO3 (7.02g, 70.1 mmol) under stirring 

at room temperature.  Tert-butyl-bromoacetate (13.7g, 70.1 mmol) was added directly to the 

stirred solution, which caused mild heat evolution.  The reaction was allowed to stir for 48h at 

room temperature and then for an additional 2h at 60°C.  The solution was then partitioned 

between diethyl ether and saturated sodium bicarbonate (50ml of each).  After stirring for 5 min, 

the ether layer was retained and washed with ultrapure water (2 x 50ml), dried over anhydrous 

sodium sulfate, and evaporated to yield the crude product as a light yellow oil.  The crude 

product was loaded onto a silica column and eluted using a solvent gradient (CH2Cl2 to 10% 

EtOAc : 90% CH2Cl2).  The fractions containing the final product (second elution band) were 

combined and dried in vacuo yielding 4 (5.48g, 58.5%).    1H-NMR (CDCl3, 400MHz): δ = 1.46 

(s, 36H), 2.88 (m, 4H), 3.40 (s, 8H), 3.47 (m, 4H), 5.12 (s, 2H), 7.36 (m, 5H).   13C-NMR 

(CDCl3, 100MHz): δ = 28.2, 46.5, 52.7, 56.1, 67.0, 80.9, 127.8, 127.9, 128.5, 137.1, 156.0, 

170.6.     ES-MS positive ion mode: calculated m/z 694.428, [4 + H+]. Found m/z: 694.448.    

 

Diethylenetriamine-tetra-t-butylacetate (5). A 50ml round bottom flask containing a solution 

of 4 (3.34g, 4.8 mmol) dissolved in 25ml of MeOH, was purged with Ar (g) to remove dissolved 

O2 (g).  To remove the Cbz groups, catalyst (334 mg of Pd/C) was added to the flask which was 

again purged with Ar (g).  Next, a balloon containing H2 (g), fitted with a syringe, was used to 

bubble several liters of H2 (g) through the solution at room temperature, and the solution was then 
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allowed to stir overnight.  The solution was then filtered through celite to remove the catalyst 

and dried in vacuo, yielding compound 5 (2.43g, 90%) as a yellow oil.    1H-NMR (CDCl3, 

400MHz): δ = 1.47 (s, 36H), 2.68 (t, 4H), 2.87 (t, 4H), 3.45 (s, 8H).   13C-NMR (CDCl3, 

100MHz): δ = 28.0, 47.9, 54.3, 56.3, 80.8, 170.8.  ES-MS positive ion mode: calculated m/z 

560.390, [5 + H+]. Found m/z: 560.394.  

 

N2-(Hex-5-yne)-diethylenetriamine-tetra-t-butylacetate (6). Compound 5 (629mg, 1.12 

mmol), 6-bromohexyne (322mg, 1.69 mmol), and KHCO3 (113mg, 1.12mmol) were dissolved in 

2 ml of DMF.  The solution was allowed to stir for 48h at room temperature and then for 2h at 

60°C.  This solution was then added to a partition of diethyl ether and saturated sodium 

bicarbonate solution and stirred for 5 min.  The ether layer was recovered and washed with 

ultrapure water (2 x 50ml), dried over anhydrous sodium sulfate, and evaporated in vacuo 

affording the crude product as a light yellow oil.  The crude product was purified via silica gel 

flash chromatography using a solvent gradient (CH2Cl2  20% EtOAc: 80% CH2Cl2 45% 

EtOAc: 45% CH2Cl2: 10% MeOH).  The final compound was eluted out with the final gradient 

system, and the corresponding fractions were combined and dried in vacuo yielding 6 (324mg, 

45.2%) as a yellow oil.    1H-NMR (CDCl3, 400MHz): δ = 1.47 (s, 36H), 1.54 (m, 4H), 1.95 (s, 

1H), 2.20 (m, 2H), 2.48 (t, 2H), 2.61 (t, 4H), 2.80 (t, 4H), 3.46 (s, 8H)   13C-NMR (CDCl3, 

100MHz): δ = 14.1, 18.2, 21.0, 26.2, 28.1, 52.9, 56.2, 60.3, 68.4, 80.8, 170.6.   ES-MS positive 

ion mode: calculated m/z 640.454, [7 + H+]. Found m/z: 640.456.   
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Heptakis{2,3-di-O-acetyl-6-N-[(diethylenetriamine-tetra-t-butylacetate)butyl]-6-(1,2,3-

triazole)} cyclomaltoheptaose  (8).  Compounds 6 (69.5mg, 1.09 x 10-4 mol) and 7 (29.4mg, 

1.55 x 10-5 mol) were dissolved in 2.6 ml of a 1:1 THF:water solution.  Fresh solutions of 1M 

CuSO4·5H2O and 1M sodium ascorbate were prepared and used to introduce the catalyst 5% 

CuSO4 and 10% sodium ascorbate (as molar percent of 6) to the reaction mixture to promote the 

click coupling reaction.  This mixture was stirred briefly at 60°C to promote dispersion and was 

then stirred at room temperature until the solution became turquoise-blue (after about 8h), which 

signified reaction completion.  The reaction mixture was then partitioned between water and 

dichloromethane (10ml of each) and stirred for 2 min.  The dichloromethane layer was retained 

and washed with a 0.1M Na+ EDTA solution (2 x 10ml) and ultrapure water (2 x 10mL).  The 

organic layer was dried over sodium sulfate and evaporated in vacuo yielding 8 (95mg, 96%) as 

a viscous yellow oil.     1H-NMR (CDCl3, 400MHz): δ = 1.23 (m, 14H), 1.42 (s, 252H), 1.53 (m, 

14H), 1.61 (m, 14H), 1.98 (s, 21H), 2.03 (s, 21H), 2.48 (d, 14H), 2.59 (bs, 28H), 2.77 (bs, 28H), 

2.95 (m, 14H), 3.41 (s, 56H), 4.44 (m, 7H), 4.70 (d, 7H), 4.91 (m, 7H), 5.31 (m, 7H), 5.59 (s, 

7H), 7.53 (s, 7H).  13C-NMR (CDCl3, 100MHz): δ = 20.8, 25.6, 25.7, 27.4, 27.9, 28.2, 29.7, 

50.9, 52.2, 53.1, 54.8, 67.9, 70.9, 80.7, 96.2, 100.0, 123.5, 148.3, 168.2, 170.6.   ES-MS positive 

ion mode Mobs:  Calculated m/z 1595.43, [8 + 4H+]. Found m/z: 1595.27.  Calculated m/z: 

1276.54, [(8) + 5H+]. Found m/z: 1276.40.  Calculated m/z 1063.95, [(8) + 6H+]. Found m/z: 

1063.88.  Calculated m/z 912.107, [(8) +7H+].  Found m/z: 912.028.  Deconvolution of spectrum: 

Found m/z: 6377.38. Calculated m/z 6377.70, [8 + H+]. 

 

Heptakis{6-N-[(diethylenetriamine-tetraaceticacid)butyl]-6-(1,2,3-triazole)} 

cyclomaltoheptaose (9).  Compound 8 (85mg, 1.33 x 10-5 mol) was dissolved in 2ml of MeOH, 
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the solution was adjusted to a pH = 8 with NaOMe, and the mixture was allowed to stir 

overnight.  The pH was brought back to neutral using Amberlyst® strong cation exchange resin, 

the resin was filtered from the mixture, and the solvent was removed to yield the deacetylated 

product.  This product was then redissolved in 2ml of dichloromethane and cooled to 0°C.  

Triethyl silane (TES) was added (100μl), followed by 1ml of trifluoroacetic acid (TFA).  The 

solution was warmed to room temperature and stirred for 3h, after which the TFA/TES mixture 

was removed in vacuo leaving a viscous oil.  Anhydrous ether was added to the oil and allowed 

to sonicate for 5 min, yielding a fine white precipitate.  The white powder was recovered and 

dissolved in 2ml of water, brought to pH = 7 with NaHCO3 and dialyzed extensively against 

ultrapure water in a 1000 MWCO membrane. The purified solution was lyophilized to dryness 

yielding 9 (41mg, 73%) as a fluffy white solid.  It should be noted that this product (9) is very 

hygroscopic and rapidly uptakes water from the air if not stored in a dessicator.  1H-NMR (D2O, 

400MHz): δ = 1.80 (bs, 14H), 1.86 (bs, 14H), 1.92 (bs, 14H), 2.07 (bs, 14H), 2.39 (s, 14H), 2.30 

(bs, 28H), 3.32 (bs, 28H), 3.44 (m, 7H), 3.58 (m, 7H), 3.84 (m, 7H), 3.93 (m, 7H), 3.99 (m, 7H), 

4.16 (s, 56H), 7.87 (s, 7H).  13C-NMR (D2O, 100MHz): δ = 20.5, 24.8, 27.4, 48.1, 52.1, 52.8, 

57.3, 58.0, 70.1, 70.6, 71.4, 76.8, 95.5, 125.1, 135.4, 170.8, 172.8.  ES-MS positive ion mode 

deconvoluted mass [9 + H+]1+: Calculated m/z 4216.79, Found m/z: 4217.97.  FT-IR: (KBr 

pellets, cm-1) 3430.7, 2910.2, 1681.75, 1600.2, 1404.6, 1204.6, 1136.8, 1049.0.     

 

Heptakis{6-N-[(Gd(III)-diethylenetriamine-tetraaceticacid)butyl]-6-(1,2,3-triazole)} 

cyclomaltoheptaose (Gd10).  Compound 9 (25.2mg, 5.98 x 10-6mol) was dissolved in 5ml of 

ultrapure water and the solution was adjusted to pH=7 with sodium bicarbonate.  Gadolinium 

chloride hexahydrate (15.6mg, 4.18 x 10-5mol) was dissolved in 1ml of ultrapure water and 
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added to the solution of 9 in 3 separate aliquots.  After the addition of each aliquot, the pH was 

adjusted back to a pH between 8 - 9 using a 0.1 M potassium carbonate solution.  The solution 

was allowed to stir for 30min to allow for Gd chelation to occur, dialyzed against ultrapure water 

for 18h, and lyophilized to yield Gd10 as a fluffy white solid (27.3mg, 78%).  ICP-MS: 

%Gd(III): theoretical for {C168H238Gd7K7N42O84 + (H2O)14} = 18.9%;  Found 18.8%.   The ES-

MS for Gd10 is displayed below in Figure S2. ES-MS negative ion mode: calculated m/z 

755.863 [(Gd10)]7-. Found m/z: 755.421.  Calculated m/z: 882.070 [(Gd10) + H+] 6-. Found m/z: 

882.239.  Calculated m/z: 1058.61 [(Gd10) + 2H+]5-. Found m/z: 1058. 84.  Calculated m/z: 

1323.51 [(Gd10) + 3H+] 4-. Found m/z: 1323.59.  FT-IR: (KBr pellets, cm-1) 3422.5, 2935.9, 

1750.0, 1609.9, 1402.7, 1248.9, 1048.0.  

 

Heptakis{6-N-[(Eu(III)-diethylenetriamine-tetraaceticacid)butyl]-6-(1,2,3-triazole)} 

cyclomaltoheptaose (Eu10).    Compound 9 (2.10mg, 4.98 x 10-7 mol) was dissolved in 0.5ml of 

ultrapure water and the solution was adjusted to pH=7 with sodium bicarbonate.  A freshly 

prepared 1mM solution EuCl3·6H2O (498μl, 4.98 x 10-7 mol) was added to the solution of 

compound 9 in a similar manner to Gd10.  The pH was then adjusted back to 7 - 8 using a 0.1M 

potassium carbonate solution.  The solution was dialyzed against water and lyophilized to give 

Eu10 (1.7mg, 65%) as a fluffy white solid.   ICP-MS: %Eu(III): Theoretical for 

{C168H238Eu7K7N42O84 + (H2O)14} = 18.4%; Found = 22.0%.  ES-MS negative ion mode: 

calculated m/z 750.717 [(Eu10)]7-. Found m/z: 750.352.  Calculated m/z: 875.838 [(Eu10) + H+] 

6-. Found m/z: 875.732.  Calculated m/z: 1051.21 [(Eu10) + 2H+]5-. Found m/z: 1051.42.  

Calculated m/z: 1314.26 [(Eu10) + 3H+] 4-. Found m/z: 1314.33.    FT-IR: (KBr pellets, cm-1) 

3421.1, 2936.1, 1750.0, 1610.1, 1401.8, 1248.8, 1047.9.  
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3.3.3 ICP-MS for Ln Quantification 

 GdCl3 and EuCl3 1,000ppm lanthanide standard solutions in 1% HNO3 (Aldrich, St. Lois, 

MO) were used to prepare a stock solution containing 1.00 ppm of both Eu3+ and Gd3+, which 

was used to prepare 500, 250, 100, 50, 10, and 5 ppb solutions.  These solutions were analyzed 

for four Gd3+ isotopes (156, 157, 158, 160), and 2 Eu3+ isotopes (151, 153).  This data was used 

to generate a calibration curves for both Gd(III) and Eu(III).  Solutions of Gd10 and Eu10 (100 

ppb) were prepared, analyzed, and the lanthanide content was determined for each sample 

according to the calibration curve.  The Gd3+ content in Gd10 was found to be 18.8 ppb and the 

Eu3+ content for Eu10 was found to be 22.0 ppb. 

3.3.4 Determination of water coordination number (q)   

 Determination of the luminescence lifetime (τ) of Eu10 was performed in both H2O and 

D2O (5.0 x 10-5 M) with a delay time of 0.05 ms, a gate time of 0.2 ms, λex = 395, and λem = 614 

nm.  Excitation and emission slits were set to 10 nm.  Calculations of q, were carried out in 

Graphpad prism v10.0 using the equation of q = 1.11 [ kH2O - kD2O - 0.31], where k is the rate of 

luminescence decay.   

3.3.5 Relaxivity Measurements   

 Stock solutions of MagnevistTM and Gd10 (2.95mM = [Gd3+]) were prepared in H2O and 

diluted to make 1.48 mM and 0.738 mM solutions.  The longitudinal relaxation time (T1) for the 

six solutions and water were measured using an inversion recovery pulse sequence (180° – dt – 

90° – acquire) carried out on a Bruker AMX-400 MHz spectrometer at 310K.  Arrayed data 
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(n(dt) = 14) was processed using NUTS software and fit to a three-parameter model.  Relaxivity 

was acquired from a linear least squares fit of the slope of the line obtained from plotting 1/T1 vs. 

[Gd]. 

3.3.6 T1 weighted Images 

Solutions of MagnevistTM and Gd10, were prepare so [Gd3+] = 1.11mM, and put in 25mL 

vials to be imaged.  The images were acquired with gradient echo pulse sequence using a TEM 

(transverse electromagnetic) volume coil. Acquisition parameters are as follows: TR (repetition 

time) = 50 msec, TE (echo time) = 5 msec, FOV (field of view) = 200x200 mm and matrix size = 

128x128.  Contrast was adjusted relative to the controls.   
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3.4 Discussion 

Scheme 3-1: Synthetic Protocol for Alkyne-DTTA arm synthesis.a 
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a i) Benzylchloroformate, DIPEA, DMAP, CH2Cl2; ii) Hydrazine monohydrate, MeCN; iii) t-
butyl bromoacetate, DMF, KHCO3; iv) H2, Pd/C 10%, MeOH; v) 6-bromo-1-hexyne, KHCO3, 
DMF. 

A convergent synthetic approach was designed to yield our target structure. The synthesis 

of the novel dendrons, the alkyne functionalized Gd3+ chelates, was inspired by the works of 

Merbach et al. (18) Their studies have shown that DTTA-type ligands have high lanthanide 

binding stability, fast water exchange, and multiple water coordination sites, which yield 

excellent relaxivity profiles (18,19). In addition to the multivalent architecture, the key feature of 

our structure is the design of the arms, which consist of a chelate structure that has two open 

water exchange sites on the lanthanide for enhancing relaxivity.  Scheme 3-1 was initialized with 

an amino bis-ethylphthalimide (1), which was prepared as previously reported (20). Next, the 

secondary amine was protected with a benzyl carbomate (Cbz) group (2) and the primary amines 

were liberated via hydrazine hydrate in acetronitrile, affording the diamine, 3. This structure was 

then reacted with t-butyl bromoacetate, creating the functionalized tertiary amine (4), and the 
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CBz removed via hydrogenation yielding the chelate precursor (5).  It is worth mentioning that t-

butyl-bromoacetate was utilized in this synthetic route as the related n-methyl-bromoacetate 

analogue (potentially milder basic deprotection) allowed an intramolecular cyclization to occur 

with the free secondary amine upon CBz removal, which could not be carried forth in the 

reaction scheme.  A simple nucleophilic addition of 5 to 6-bromohexyne resulted in the desired 

protected DTTA-hexyne dendron (6).  A crucial step in the formation of these monodisperse 

click clusters is the synthesis of the acetylated per-azido-β-cyclodextrin core (7) moiety.  It is 

important to note here that the commercially-available per-halogenated β-cyclodextrin analogs 

have an unacceptable percentage of lesser substituted impurities (up to 10%, as noted by the 

manufacturer), which ultimately lead to contamination of the final structure with lesser-

substituted products.  Because of the negative implication of a polydisperse final product, we 

found it important to synthesize the pure acetylated per-azido-β-cyclodextrin core (7) according 

to previous reports, which lead us to a fully 7-substituted product of higher purity (vide infra) 

(13, 21, 22).  
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Scheme 3-2: Synthesis of the Paramagnetic Click Cluster, Gd10.b 
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b i) CuSO4·5H2O, Sodium Ascorbate, THF:H2O (1:1), 60°C; ii) NaOMe, MeOH, 24h; iii) TFA, 
3h; iv) GdCl3, NaHCO3, pH= 6-8.

 

The key step in the assembly of the target click cluster was carried out via the click 

reaction, which promotes regio-specific coupling in high yield even in sterically-hindered 

environments (23,24).  As shown in Scheme 3-2, the protected DTTA-hexyne dendron (6) was 

coupled to the acetylated per-azido-β-cyclodextrin (7). The clean formation of the fully-

substituted 1,4-regioisomer (8) was evidenced by mass spectra (Figure 3-2) and NMR (see 

Appendix A).  Because both the DTTA carboxylates and the β-cyclodextrin hydroxyls are 

protected, chelation of copper from the catalyst and retention of this metal in the final product 

was not found.  Next, the acetyl and t-butyl groups on the click cluster were deprotected via 

conventional methods creating 9, which was then titrated with GdCl3, yielding the target 

paramagnetic macromolecule, Gd10. This β-cyclodextrin click cluster was purified via 
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exhaustive dialysis in ultra pure water. Quantification of Gd3+ loading and full chelation was 

revealed via mass spec and ICP-MS analysis, which showed the presence of seven loaded 

chelates without lower chelation products or excess Gd3+.    

 

a.  b.

Figure 3-2: ESI-MS of a) 8, and b) Gd10. 

Contrast agent efficacy is influenced by the chelation environment and water 

coordination number (q). To gain insight into the average q value, 9 was chelated with Eu3+, 

creating Eu10, a luminescent analogue of Gd10 (figure 3-3).  As Eu3+ and Gd3+ have identical 

coordination chemistry (25), q can be determined with Eu10 from the proportionality between 

the luminescence decay in H2O and D2O via the Horrocks equation [q = 1.11 ( kH2O - kD2O - 

0.31)] (26).  Typically, Gd3+ and Eu3+ prefer nonadentate coordination and the DTTA-like 

chelate usually forms a heptadentate complex, therefore a q value of 2 is predicted. From this 

experiment, a q value of 1.8 was calculated, which is within reasonable error of the predicted 

value.  It has been shown that hydroxyls on adjacent groups can block water coordinate sites 

within related lanthanide chelates (27). However, this study of the analogous Eu10 structure 

suggests that the two open coordination sites on the lanthanide chelates are available for water 

exchange, which is essential for maximal relaxivity enhancement, particularly at higher fields.  
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Figure 3-3.  The structure of Eu10 and the luminescence decay of said compound in H2O and 

D2O. 

The relaxivity for Gd10 was determined at a high magnetic field (9.4 T, 400 MHz, 37oC) 

by measuring the T1 of several aqueous solutions and plotting 1/T1 versus concentration. As a 

control, the results were compared to MagnevistTM (Gd-DTPA2-), a common clinically-approved 

contrast agent. As shown in Figure 3-4, at this high magnetic field, MagnevistTM has a relaxivity 

value of 3.2 mM-1 s-1. However, the molecular relaxivity calculated for the entire Gd10 cluster 

was found to be 43.4 mM-1 s-1, which is an exceptionally high value. When we calculated the 

relaxivity value on a per Gd3+ basis for Gd10, it was found to be 6.2 mM-1 s-1.  This value 

represents a 94% increase in the relaxation efficiency over Magnevist at 9.4T and is likely 

related to the higher q value and larger molecular size that can increase the rotational correlation 

time (10-13).  It should be noted that these values are predicted to be much higher at lower 

magnetic fields by the Solomon-Bloembergen-Morgan (SBM) equations (1-4, 21). To directly 

visualize the enhanced relaxivity for Gd10 and potential for increasing resolution, we imaged 25 

mL vials filled with Magnevist, Gd10, and water together on a Varian 4T human MRI scanner, 

keeping the gadolinium concentration constant, [Gd3+] = 1.11 mM (Figure 1, inset). With respect 
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to water, MagnevistTM reveals a higher contrast, however, Gd10 clearly reveals the brightest 

signal and highest contrast even at a low macromolecule concentration. 

 

a)                                                                b)  

Figure 3-4.  Relaxivity of MagnevistTM and Gd10.  a) The bars reveal the relaxivities at 9.4 T.  
b) The inset images show the T1-weighted MR images of water, Magnevist, and Gd10 solutions 
acquired on a 4T MRI scanner. 

 
3.5 Conclusions 

In summary, the development of novel macromolecular contrast agents that offer 

enhanced relaxivity profiles at high magnetic fields have the potential to greatly improve the 

diagnosis, understanding, and treatment of disease.  For this purpose, a novel β-cyclodextrin 

click cluster has been creatively endowed with seven paramagnetic arms that each contain two 

water exchange sites. This discrete paramagnetic agent yields an exceptionally high relaxivity 

profile (43.4 mM-1 s-1 at 9.4 T) and enhanced contrast on a human MRI scanner.  Moreover, the 

useful inclusion properties exhibited by β-cyclodextrin also make this an excellent host scaffold 

to functionalize via non-covalent assembly with biological receptor-specific targeting moieties. 

Investigations are underway to study the limitless potential of this contrast agent for targeted 

MRI applications. 
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Chapter 4: Characterization of Gd10 in vivo and 
in vitro 

 
4.1 Abstract 

 MRI characterization has shown Heptakis{6-N-[(Gd(III)-diethylenetriamine-

tetraaceticacid)butyl]-6-(1,2,3-triazole)} cyclomaltoheptaose (Gd10) to be a highly efficient 

contrast agent with interesting MR properties.  Gd10 was studied for toxicity in vitro in 

cardiomyoblast cells.  Toxicity did occur, as it did in other clinically used contrast agents such as 

MagnevistTM.  Sprague-Dawley rats were given tail vein injections of Gd10 (0.1 mmol/kg) and 

monitored via MRI for contrast agent bio-distribution and washout.  No acute toxicity was 

observed in the rats studied (n = 2) and from image analysis, renal clearance is the primary route 

of elimination.  In light of the negative in vitro data, further metal analysis in the organs is 

required to uncover any possible accumulation of Gd10 in tissue. 

4.2 Introduction 

 The great promise shown by Gd10 as a contrast agent needed to be further evaluated to 

validate its potential.1  For this reason, toxicity and imaging capabilities of this agent have been 

examined in both cells and rats.  As described earlier in this work, contrast agents can impart 

significant diagnostic value in imaging.  Shown below is an example of the enhancement 

imparted by MagnevistTM in full body images acquired in this study using the same conditions 

we describe vide infra for Gd10 analysis.  Figure 4-1a shows a typical MR image without the use 
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of contrast agent which was attained in one of the Sprague-Dawley rat subjects.  The contrast in 

the image is due to the differences in proton relaxation rates in the lipophilic and hydrophilic 

tissues.  Upon injection with Magnevist, the image demonstrates brightness in regions that were 

previously dark, especially vasculature and the kidneys. 

 

Figure 4-1. Magnevist induced contrast in rats.  Image a) is the control rat with no contrast 
agent.  Image b) is the same rat after injection 6 min after injection with Gd-DTPA contrast 
agent. 

a)                                                             b)

  

Previous work in vitro in polymeric and dendritic systems, has given a good indication of 

how a contrast agent will be cleared from a system.2,3 Ideally, the contrast agent will stay in the 

system for a time period long enough to retain a high resolution image, but short enough to 

minimize distribution into tissue.  The main factors in determining how quickly an agent will 

wash out are related to its size and charge.  Typically molecules smaller than 5 nm, roughly the 

size of the renal pore, and that carry a negative or neutral charge will be eliminated via renal 

clearance and demonstrate lower tissue permeation.4  Bretenbeich et al. demonstrated the clear 
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relationship between molecular weight and clearance times with PAMAM dendrimer contrast 

agents.5-7  They found at higher dendrimer generations the blood pool retention was quite high, 

however clearance from the blood stream was handled primarily by hepatic routes, which can 

lead to complications and side effects.  Based on previous work in vivo and our own analysis, we 

predicted that due to the size and charge profile of our molecules, clearance would happen via 

the kidneys with reasonable blood pool lifetimes.8-12    

4.3 Materials and Methods 

4.3.1 Materials 

 Media and supplements were purchased from Gibco/Invitrogen (Carlsbad, CA).  HeLa 

cells were purchased from ATCC (Rockville, MD) and cultured according to specified 

conditions.  Nuclease free water, Opti-MEM, and DMEM (supplemented with 10% fetal bovine 

serum (FBS), 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin) 

and PBS were all purchased from Invitrogen (Carlsbad, CA).    An Bio-Rad MTT assay kit used 

in the H9C2 cell viability assay was purchased from Bio-Rad (Hercules, CA).  

 

4.3.2 MTT Assay  

 Twenty-four hours prior to treatment with Gd10, a rat cardiomyocyte cell line (H9C2) 

was seeded onto a 48-well plate at a density of 15k cells/well and incubated in supplemented 

DMEM (%10 FBS) at 37°C and 5 % CO2.  The DMEM in the wells was removed and treated in 

triplicate with various prepared solutions of Gd10 dissolved in supplemented DMEM at various 

concentrations (1mM, 3mM, 5mM, and 10mM).  The cells were then incubated at 37°C under a 
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5% CO2 atmosphere for 4 hours (at the higher end of clearance time for contrast agents).  

Subsequently, the Gd10 containing media was removed and replaced with 500 μl per well of a 

0.5 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in 

DMEM and allowed to incubate for an additional hour.   After an hour, each well was evacuated 

of medium and washed with PBS.  Following PBS removal, each well was treated with 300μl of 

DMSO and colorimetrically assayed for UV-vis absorption on a plate reader at 570 nm.  Results 

were standardized to control absorbencies to calculate toxicity.  

4.3.3 Gd10 Effect on Cell Morphology 

 Twenty-four hours prior to treatment with Gd10, H9C2 cells were seeded onto a 48-well 

plate at a density of 15k cells/well and incubated in supplemented DMEM (%10 FBS) at 37°C 

and 5 % CO2.  The wells were evacuated of DMEM and treated in triplicate with various 

prepared solutions of Gd10 dissolved in supplemented DMEM at various concentrations (1mM, 

3mM, 5mM, and 10mM).  The cells were then incubated at 37°C under a 5% CO2 atmosphere 

for 4 hours and visualized on a Nikon TE 2000 inverted epifluorescence microscope, equipped 

with a CoolSnap HQ CCD camera.  Images were recorded for each Gd10 concentration of 0, 1, 

5, and 10 mM. 

4.3.4 Animal Handling Protocol 

 Male Sprague-Dawley rats were purchased, fed, and stored in accordance with NIH 

guidelines.  All procedures were performed under anesthesia (5% isoflurane).  Anesthesia was 

maintained in the magnet and radiofrequency coil using a special, close-fitted nose cone and 

administered via air delivery of 2.5 % isoflurane.  The rat’s body was placed inside the coil and 

held steady using tape.  Ointment was placed in the eyes and the rat was fitted with a device to 
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monitor its respiration rate and temperature.  The animal’s temperature, as well as the magnetic 

bore temperature, were regulated via a special stage permitting the circulation of 37oC water.  

After the stage was positioned within the magnetic bore, simple scans were acquired to check the 

location of the rat within the instrument.  At this point, rats were dosed (0.1 mmol/kg) with the 

appropriate contrast agent (Gd10, Magnevist), via tail-vein injection, and subjected to multiple 

scans to determine bio-distribution and kinetics.  

4.3.5 MRI pulse sequence optimization 

 Rats were placed in the coil to optimize pulse sequence based on time.  Slice optimization 

was carried out using RARE sagittol and coronal T2 scans.  The images were acquired using a 

FLASH sequence with centric encoding. Acquisition parameters are as follows: TR (repetition 

time) = 31.47 msec, TE (echo time) = 3.606 msec, flip angle = 30 degrees. Total time required 

for one acquisition was 3 min.  Pulsing was synchronized with the rat’s breathing rate to 

minimize image distortions.  Image contrast was adjusted relative to the controls. 

4.3.5 MRI analysis  

Upon completion of rat full body montage images, all image processing was carried out 

in Image-J software.  Images were processed in 8-bit grayscale mode and normalized to the 

intensity of an internal contrast agent standard (MagnevistTM 0.1mM in NMR tube). A specific 

slice was chosen from the rat’s full body array scan that contained portions of the renal medulla, 

the renal cortex, the liver, the bladder, the inferior vena cava, and lipid.  Specific pixels were 

chosen in each of these organs to be representative of organ contrast intensity as shown in Figure 

4-4.  These pixels were analyzed for each image in the rat’s profile over an hour period and used 

as a way of determining contrast agent washout and regional enhancement. 
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4.4 Results and Discussion 

4.4.1 In vitro data 

 In vitro studies are not ideal to determine the behavior and toxic effects from contrast 

agents, which are largely extracellular entities and are cleared from the blood with short half 

lives via renal clearance.  However, Gd10 was evaluated in cell culture to seek information 

before animal studies were carried out.  The results from the MTT assay suggest that Gd10 does 

exhibit toxicity to cardiomyocytes cells in vitro.  This could likely be for several reasons.  First, 

though not studied for Gd10, β-cyclodextrin is known to abstract cholesterol from cellular walls, 

which decreases membrane integrity, ultimately leading to apoptosis.13,14  This could possibly be 

an issue that results in toxicity, especially in cell culture.  Likely this accounts for the fact that 

Gd10 exhibits higher toxicity than MagnevistTM within its effective dose therapeutic window 

(Figure 4-2).  Another important factor that could explain toxicity would be that cells are 

exposed Gd10 for long enough that contrast agent is possibly entering the cells through active 

uptake pathways and initiating a toxic response.  Finally, Gd10 is an anionically charged 

molecule and could sequester Ca(II) anions from culture media, eliciting a toxic response. 
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Figure 4-2. Results of MTT assay show increased toxicity in H9C2 cells as a function Gd10 
concentration. 

 

 Cell morphology after dosing with Gd10 also indicates that the H9C2 cells have 

displayed a toxic response.  Healthy H9C2 have a spread-out and elongated morphology.  When 

these cells die, they condense into a spherical morphology and become detached from the flask’s 

surface.  Figure 4-2 indicates that as the dose of Gd10 is increased within its therapeutic 

window, it initiates cytotoxity after a four hour time period.  Cell morphology changes are 

certainly noticeable at lower concentrations and are highly pronounced at greater concentrations, 

with cell debris strewn throughout the image (Figure 4-3).    H9C2 are extremely sensitive 

compared with other immortalized cell lines, and for this reason also, it is not a great surprise 

that they show a higher toxic response in both the in vitro MTT assay and the cell morphology 

microscopy images.  
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Figure 4-3. H9C2 cells treated with various concentrations of Gd10 for four hours and 
visualized using an inverted wide field microscope to study their morphology.  Healthy H9C2 
cells have elongated structures.  Dying cells have a spherical morphology and detach from the 
surface of the culture plate. 

 

4.4.2 In vivo data 

 To get a preliminary idea of how Gd10 would be tolerated in animals, studies were 

performed in rat models.  Anesthetized Sprague-Dawley rats were given tail vein injections 

(0.1mmol/kg) of Gd10 and evaluated for their ability to tolerate the agent and imaged to 

determine the clinical efficacy and washout rate/pathway of this agent.  Using a FLASH pulse 
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sequence compensated for breathing movement, rats were imaged in 3 minute intervals over a 

total period of one hour.  Full body profile images were generated at each time point and show 

excellent contrast enhancement upon injection, with illumination of the kidneys after 3 minutes.  

Image analysis of an organ inclusive slice (Figure 4-4), was performed to determine the primary 

pathway of washout, as shown in figures Figure 4-5 and Figure 4-6.   

 

Figure 4-4. The image slice shown above contains several organs possibly involved in Gd10 
washout making it an ideal slice for image analysis. 
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Figure 4-5.  Images used for washout analysis.  It is clear from the above time frame that the 
main route of clearance from the blood stream is through the kidneys.  The white dot in the lower 
right quadrant of each image is an nmr tube filled with 0.1 mM magnevist for external 
referencing. 

 

 It is clear from Figure 4-5 that Gd10 rapidly washes out of the blood pool, though this 

particular pulse sequence is not ideal for visualizing the blood pool.  After 9 minutes it seems 

that the kidney on the right side, which this slice goes through, is fully permeated, with the 

medulla of this kidney continuing to brighten up to 33 minutes (figure 4-6).  Gd10 is sized (5.52 

nm) towards the upper size constraints of the renal pore (~5 nm), which adds to its blood pool 

retention.  Because of this long retention and bright signal, Gd10 could be especially useful in 

applications requiring longer blood retention, which can be tricky and particularly dangerous to 

evaluate using small molecule contrast agents.15  All of the other tissues observed here show 
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contrast enhancement as well.  Most of these tissues immediately take up Gd10 and continue to 

give an enhanced signal for the 60 minute period of this study.  Enhancement in lipid tissue was 

of particular interest due to its uncharacteristic uptake of contrast agent.  We think the 

hydrophobic cup contained by Gd10 could be interacting with the hydrophobic surfaces of these 

tissues and promoting contrast there due to their locale.   The fact that some enhancement was 

noted in the liver was of concern to us, since others have noted this to cause complication,7 

however no toxicity was observed in the animal studies, even two weeks after the conclusion of 

the study.  Further analysis, especially metal analysis in organs and in urine, is necessary to make 

further conclusions about the bio-distribution and possible chronic damage caused by Gd10 

which has become somewhat of an issue in smaller contrast agents at high doses in people with 

nephrological disorders.15 

 

Figure 4-6. Plot shows the results of pixel analysis of rat organs to monitor washout of Gd10. 
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4.5 Conclusions 

 Gd10 has demonstrated to be a good contrast agent when studied in the test tube.  In 

H9C2 cells, Gd10 shows a toxic effect.  This effect is likely due to several effects from Gd10 

including: membrane damage via hydrophobic leaching from the cyclodextrin core, Ca(II) 

sequestering, and possible Gd(III) release.  This effect is also clear from cell morphology 

observations 4 h after treatment with Gd10.  In vivo, no animal deaths (n = 9) or adverse 

reactions occurred of the period of study (2 weeks).  Rats showed excellent washout profiles via 

image analysis, but further studies, such as organ and urine analysis, are required to elucidate the 

washout mechanism.  Images showed that Gd10 could be useful in monitoring hydrophilic 

tissues for clinical use, especially in applications where small fast-clearing contrast agents are 

not suitable.  These cases require high renal contrast with lower Gd(III) dosing, which is ssential 

in patients in all stages of kidney failure.   
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Chapter 5: Inclusion Mediated Self-
Assembling Properties β-Cyclodextrin Based 

MRI Contrast Agents 
 

5.1 Abstract 

 Adamantaneacetamidenonadodecane (AD19) has been synthesized to probe the inclusion 

and self assembling properties of Heptakis{6-N-[(Gd(III)-diethylenetriamine-

tetraaceticacid)butyl]-6-(1,2,3-triazole)} cyclomaltoheptaose (Gd10) when coupled with large 

hydrophobic moieties.  When formulated with Gd10, AD19 initiates self-assembly in aqueous 

solutions, which is confirmed with dynamic light scattering and transmission electron 

microscopy.  Sizes for self-assembled aggregates at lower concentrations (< 0.1mg/ml) are 

between 100 – 200 nm and are stable for up to six hours.  At higher concentrations (> 0.1 mg/ml) 

higher-order rod shaped aggregates are observed with TEM.  The specific morphology of these 

self-assembled complexes is not particularly clear from the techniques carried out, but based on 

the aggregate sizes, the morphologies are likely higher order multi-lamellar structures.  

Molecular modeling of Gd10 and inclusion complexes using the PM3 molecular mechanics 

method confirms Gd10 has the required structure to form inclusion complexes with AD19.   

5.2 Introduction 

Self-assembling materials are integral in the structure and function of biological systems.  

For this reason, these materials have been of great interest to the scientific community because of 

their potential biocompatibility, ability to carry hydrophobic drugs in biological systems and 
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across cell membranes and their prolonged blood pool retention due to the size imparted by self 

assembly.  Gd10 (introduced in chapter 3) displays some of the very interesting inclusion 

properties associated with other cyclodextrin-based molecules.  Here, we are interested in 

demonstrating that this inclusion property can be utilized to make supramolecular assemblies that 

benefit from the properties mentioned above, as well as other contrast agent specific benefits 

(vide infra).   

Numerous groups have studied the influence of amphiphilic behavior exhibited in 

modified or included cyclodextrins.  Zemb and coworkers published several articles 

demonstrating cholesterol conjugated β-cyclodextrins, their self assembly with each other, and 

what extraneous factors, such as solvent and concentration, effect assembly.1,2  Stephen Craig 

and coworkers showed that PEG linked adamantane is complexed by hydrophobically-modified 

cyclodextrins and causes their self assembly.3  This system assembled to form both spheres and 

rods depending on concentration.   Zhang and coworkers explored a similar system using a trans-

azobenzene photo-isomerizing hydrophobic inclusion group, which forms the cis conformer after 

irradiation.4 The cis conformer will not include in α-cyclodextrin, but the trans confirmer will, 

essentially giving a photo-initiated self-assembling system.  Jiang and coworkers have 

demonstrated inclusion mediated self assembly between their poly-adamantanyl acrylate and 

poly-cyclodextrin polymer blends.5   Finally, using smaller inclusion groups, Wu et al. formed 

micrometer length self-assembled rods exclusively from β-cyclodextrins.6     

Several recent reports have touted the success of self assembled contrast agents, which 

have been shown to greatly improve contrast properties and are able to carry hydrophobic drugs 

in their hydrophobic cores.  Yokoyama and coworkers developed polymeric micelle contrast 

agents that went selectively into tumors and unraveled to provide high contrast in tumor regions.7  
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Surprisingly, the self-assembled chelates showed lower relaxivity than the free chelates, likely 

because the water exchange site was blocked.  Morelli and coworkers tethered Gd-DTPA to 

hydrophobic blocks, yielding an amphiphilic molecule, which self-assembled in water and 

formed micelle-like structures in which the Gd-DTPA protruded out from the hydrophobic core.  

These systems were characterized via relaxivity as a function of aggregate size (from DLS and 

TEM).  They saw large enhancements in relaxivity compared to the unassembled controls.8  

Further studies in similar systems have lead to some interesting mixed aggregate micelles and 

have revealed fundamental structure property relationships.9-12  

Heptakis{6-N-[(Gd(III)-diethylenetriamine-tetraaceticacid)butyl]-6-(1,2,3-triazole)} 

cyclomaltoheptaose has proven to be a valuable contrast tool and to be non-toxic in animals, in 

previous studies,13,14 however little study has gone into studying one of the most unique features 

about Gd10, the inclusion capabilities.  Here we demonstrate with molecular mechanics 

calculations and experimental characterization that Gd10 can include and self-assemble with 

hydrophobic moieties such as Ad19.    

5.3 Materials and Methods 

5.3.1 Materials 

Gd10 was synthesized according to procedures outlined in Chapter 3.  All other 

chemicals unless specified otherwise were purchased from Alfa Aeser Chemical Co. (Boston, 

MA) and were used without further purification.  Nonadecylamine was purchased from TCI 

chemicals (Tokyo, Japan).  NMR spectra were collected on a Bruker AV-400MHz spectrometer.  

1H NMR data are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = 

[75] 
 



doublet, t = triplet, q = quartet, m = multiplet, bs = broad singlet), and the peak integration. Mass 

spectra were obtained with an IonSpec ESI mass spectrometer in positive ion mode.  IR spectra 

were measured on a Perkins-Elmer IR spectrometer with ATR attachment.  Relaxivity 

measurements were carried out on a Varian UNITY 400MHz and an Anasazi 60 MHz NMR 

spectrometer.   TEM grids were obtained from Electron Microscopy Sciences (Hatfield, PA). 

 

5.3.2 Synthesis 

Preparation of Adamantylacetyl Chloride, (1).  Adamantane acetic acid (1.0 g, 5.2 mmol) was 

dissolved in 10 ml of dry CH2Cl2 and cooled to 0o C under N2.  Oxalyl chloride (1.9 g, 15 mmol) 

was added via syringe to the stirring solution of adamantane acetic acid.  After allowing the 

mixture to re-cool to 0o C, one drop of dry DMF was added to the mixture which was followed 

by vigorous gas liberation that continued for 10 min.  After gas evolution ended, the reaction 

mixture was warmed to room temperature and allowed to react an additional hour during which 

some solid byproducts appeared to form.  The reaction mixture was then filtered and rotovapped 

to yield a clear oil: the product. Yield = 743 mg, 67.5%.  1H-NMR (CDCl3) δ = 1.65 – 1.80 (bm, 

12H), 2.01 (s, 3H), 2.12 (s, 2H).  13C-NMR (CDCl3) δ = 28.6, 33.2, 34.1, 36.6, 42.1, 44.8 48.7, 

160.4. 

Preparation of nonadecanyl-adamantylamide, (2).  Aminononadecane (226 mg, 0.799 mmol) 

was dissolved in 5 ml of dry CH2Cl2 and dry triethylamine (161 mg, 1.6 mmol).  Under stirring 

and in a N2 environment, the reaction mixture was cooled to 0o C.  Adamantane acetyl chloride 

(170 mg, 0.799 mmol) in 5 ml of dry CH2Cl2 was added dropwise to the reaction mixture over a 

5 min period with heat generation and precipitant formation.  Reaction was allowed to proceed 
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for 1 h and then poured into a separation funnel, washed with pH = 5 HCl/water (2 x 20ml), 

ultrapure water (2 x 20ml), and dried over Na2SO4.  The CH2Cl2 was removed via rotary 

evaporation to yield a white waxy substance, which was subjected to silica column purification 

using CH2Cl2 as the mobile phase.  Compound 2 was recovered as a white solid. Yield = 220 mg, 

55.6 %.  1H-NMR (CDCl3) δ = 0.87 (t, 3H), 1.24 (bs, 36H), 1.45 (q, 2H) 1.65 (bm, 14H) 1.89 (s, 

2H), 1.96 (bs, 3H). 13C-NMR (CDCl3) δ = 19.2, 22.3, 24.2, 28.6, 29.3, 29.5, 29.7, 31.2, 32.6, 

34.2, 34.4, 35.3, 39.4, 41.4, 44.8 49.2, 57.2, 157.5. ESI-MS (m/z): Theoretical (M + H)+ = 

460.4513; Actual (M + H)+ = 460.4528.  MP = 65o C.  FTIR (cm-1):  3317.2, 1639.5, 719.3.  

5.3.3 Preparation of Gd10 self-assembled structures.   

Preparation conditions for self-assembled Gd10 were based upon conditions developed 

by Jiang and coworkers.5  To prepare the self-assembled structures, stock solutions of both host 

(Gd10) and guest (2) were prepared.  Gd10 was dissolved in ultrapure water (10 mg/ml) and 2 

was dissolved in 1:1 mixture of DMF/CHCl3 (10 mg/ml).  With DMF as a co-solvent, CHCl3  

and H2O are fully miscible.  The stock solutions were mixed together and vortexed for 30 sec. 

This mixture was then added dropwise to ultrapure water, under sonication, to obtain the 

following final concentrations of Gd10: 0.001 mg/ml, 0.01 mg/ml, 0.1mg/ml, 0.5 mg/ml, 0.9 

mg/ml, and 4mg/ml. 

5.3.4 Dynamic Light Scattering of Self-Assembled Structures.   

The solutions of self-assembled structures were studied by dynamic light scattering to 

determine their hydrodynamic radii (Rh).  Sizes were measured using a 633nm laser using a 

Zetasizer (Nano ZS) dynamic light scattering instrument (Malvern Instruments, Malvern, UK). 
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The measurements were carried out at 25ºC with a detection angle of 173º using a multimodal 

algorithm to calculate particle size(s).  

5.3.5 Transmission Electron Microscopy 

As a means of studying the structural morphology of the self-assembled structures, 

transmission electron microscopy (TEM), was performed.  Each self-assembled solution was 

deposited (10 μl) onto a 400 mesh glassy carbon on copper grid and blotted off after a few 

seconds.  Subsequently, the sample was stained with 10 μl of uranyl acetate and blotted dry.  

TEM was performed on a Phillips EM420 using a 120 kV electron beam. 

5.3.6 Obtaining Proton Relaxation Rate Enhancement Constants (R1) 

T1 measurements were carried out on Varian UNITY 400MHz (9.4T) and Anasazi FT-

NMR 60MHz (1.41T) NMR spectrometers.  Gd10 aggregates were formed as described above, 

such that the concentration of Gd3+ was 1mM.  After an incubation time of 5 min, the 

longitudinal relaxation time (T1) for each solution was measured using an inversion recovery 

pulse sequence (180° – dt – 90° – acquire) at 298K.  Arrayed data [n(dt) = 10] was processed 

using Acorn NUTS software and fit to a three-parameter model.  The inverse of the T1 data was 

used to determine the longitudinal relaxation rate constants (R1) imparted by the aggregates and 

the free Gd10.   

5.3.7 PM3 geometry optimization calculations for Gd10 models 

 Models of unchelated Gd10 with the chelate acetic acid groups removed, i.e. Heptakis{6-

N-[diethylenetriamine)butyl]-6-(1,2,3-triazole)} cyclomaltoheptaose, were modelled in Scigress 

software (Fujitsu Biosciences, Beaverton, OR).  Structural peices, such as the pendant arms and 
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the cyclodextrin core, were optimized as seperate molecules using molecular mechanics (MM3).  

Optimized moities were bonded together and the full molecule was reoptimized using a higher 

level molecular mechanics calculation method (PM3).  Because of the low accuracy of these 

types of calculations, results were only used to visualize final structures and not to quantify 

compounds 2 binding in the Gd10 cavity. 

5.4 Results and Discussion 

 After being inspired by the wealth of β-cyclodextrin self-assembly literature,1-6 we set off 

to find out if Gd10 would form self-assembled aggregates, to try and understand the fundamental 

conditions that affected this formation, and finally to find out if these aggregates could be 

beneficial for MRI related applications.  The ultimate goal here is to make stable aggregates with 

controllable sizes, which could be used to promote blood pool retention and tumor uptake of 

contrast enhancing media, due to the EPR effect.  Realizing that in comparison to lower 

molecular weight amphiphiles Gd10 would make an extremely large head group, it was 

necessary to try and choose a hydrophobic tail group that would also be large.  We chose a 

strategy of coupling the sterically bulky adamantane group with a hydrophobic tail using an acid 

chloride amine coupling reaction (Scheme 1), due to the high yields and good efficiency 

associated with these couplings.  The acid chloride conversion happened quickly and was 

verified by the shift in its α proton NMR resonance from 2.72 ppm, for the acid, to 2.12 ppm for 

the acid chloride.   The largest aliphatic primary amine that was commercially available was 

aminononadecane, which was coupled to adamantyl acetyl chloride.  After column purification, 

formation of product 2 was noted from signature amide IR absorbencies (N-H stretch = 3317.2 
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cm-1, C-O stretch = 1639.5 cm-1, and N-H wag = 719.3 cm-1) and further confirmed with NMR 

and ESI-MS (see Materials and Methods and Appendix A). 
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 Because of the solubility differences between the very hydrophilic Gd10 and 2, which is 

very hydrophobic, it was necessary to choose solvents that were miscible with each other, but 

also solvents that would dissolve each compound.  To initiate self assembly, Gd10 was dissolved 

in water and titrated with compound 2 (which was dissolved in a 1:1 mixture of CH2Cl2 and 

DMF).  Upon combining, 2 began to include into the cup of Gd10 (Figure 5-1b).  These miscible 

solutions were then mixed and added dropwise to various volumes of water under sonication, 

which promotes self assembly into supramolecular aggregates, as shown in Figure 5-1c.  This 

process yielded several final sample concentrations that were then further studied by particle 
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sizing techniques such as dynamic light scattering (DLS) and transmission electron microscopy 

(TEM) 

 

 

a) 

 

b) 

 

c) 

i iii ii 
Figure 5-1. a) Schematic representation of 2 and Gd10.  b)  Scheme showing the inclusion of 
guest 2 into host Gd10.  c) i) Micelles, ii) liposomes, and iii) higher order multi-lamellar 
structures, are all possible supramolecular aggregates that can form upon mixing solutions of 2 
and Gd10 in water. 
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After forming the supramolecular aggregates in solution, they were evaluated by DLS to 

try and understand the relationship between their size and formulation conditions.  Particles were 

formed at a variety of concentrations from 0.001 mg/ml to 10 mg/ml, in water, phosphate 

buffered saline (PBS), and serum containing media.  Size does not change over the concentration 

range from 0.001 mg/ml – 0.01 mg/ml in water and PBS, though there is a statistical difference 

in the sizes of particles formed at 0.001 mg/ml and 0.1 mg/ml, in which aggregate size seems to 

increase as a function of concentration in both water and PBS buffer (Figure 2a).  There seems to 

be a similar trend in serum containing media, however large error is observed in the non-

concentrated samples due to light scattering interference from serum proteins.  Aggregates on the 

size order of microns were noted at concentrations of 0.50 mg/ml and higher.  Later, we 

discovered, with the help of TEM, the higher order aggregates we were detecting with DLS are 

non-spherical, which can make DLS less reliable due to the complex non-linear algorithms 

required to interpret this scattering.15  Micelle stability in water was also monitored using DLS.  

Particle size was compared at 5 min, 90 min, and 300 min, with no significant difference in 

particle size vs. time (Figure 5-2b).   
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Figure 5-2.  a) Graph denoting size of self-assembled aggregates as a function of buffer (150 
mM phosphate-buffered NaCl.  Particle size was taken in triplicate 5 min after particle 
formation.  b) Particle size in water as a function of time taken in triplicate on 3 seperately made 
samples.  Error bars represent a standard deviation in each direction.  

 In an attempt to further study the morphology of the self assembled complexes, TEM was 

performed.  Aggregates were formed using the same procedure described in the Materials and 

Methods section and deposited on TEM grids with uranyl acetate as a stain.  Ideally, since we are 

looking at solution structures, this work would be carried out on some type of cryogenic scope, 

however due to lack of access, more conventional methods were utilized.  Also, the melting point 

of 2 is well above room temperature, so even though aggregates might change in size, they will 

likely retain resemblance of their solution shape.  Lower concentration aggregate solutions show 

clusters of small (< 50 nm) spherical particles, that when aggregated, are larger than 100 nm.  It 

seems at concentrations greater than 0.1 mg/ml that rods begin to appear, along with aggregates 

of smaller spheres.  The size of the rods also seems to change as a function of concentration 

(Figure 5-3).  This interesting morphological change was curious at first, but indeed others have 

observed similar behavior in related systems.3  Future experiments should involve trying to 

understand these systems using better solution nanoscale imaging such as cryo-TEM and freeze-
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fracture-SEM, to study the possibility and morphology of multi-lamellar structures being formed 

using techniques such as small-angle x-ray scattering (SAXS).   

 

a) b) 

c) d) 

Figure 5-3.  TEM micrographs of self-assembled aggregates prepared at various concentrations: 
a) 0.1 mg/ml, b) 0.4 mg/ml, c) 0.9 mg/ml, d) 4.0 mg/ml. 

 After obtaining evidence that Gd10 does in fact assemble with itself after inclusion of 2, 

we were curious to investigate how this inclusion might affect longitudinal relaxivity.  

Aggregates were formed and immediately analyzed at both 400 MHz and 60 MHz.  Interestingly, 

relaxivity did increase by a small amount at the lower field, but decreased at 400 MHz.  This 

could mean the rotational rates of the aggregates decreased to be further away from 400 MHz 
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than Gd10, but closer to 60 MHz than Gd10.  If the rotational rates are indeed close to the 60 

MHz field, it is surprising the gains are so small.  If these aggregates are multi-lamellar 

assemblies, several of the Gd(III) water exchange sites could be restricted to bulk water 

exchange, which could certainly become a limiting parameter in contrast enhancement.        

 

Figure 5-4.  Relaxation constants for free Gd10 and Gd10 self-assembled aggregates.  Particle 
formulation was carried out as described in the Materials and Methods section at [Gd(III) = 
1mM. 

 Molecular mechanical modeling was carried out in attempt to better visualize the 3-D 

structure of Gd10 and Gd10 included with 2.  Structures of both Gd10 and 2 were optimized 

separately (Figures 5-5a-c) to their lowest energy conformations.  Gd10 shown from two 

different viewpoints to show its tube-like shape (Figure 5-5b) and looking into the hydrophobic 

cavity (Figure 5-5c). These individual components were then combined so was 2 coupled within 

the cavity located on the core of Gd10  and optimized to their minimum energy conformation 

using a PM3 basis set (Figure 5-4d).  The 3-D models give are a good tool to visualize the 

hydrophobic core of Gd10 and how it looks in 3-D space with included moieties.  
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Figure 5-5.   a) Optimized structure of: 2, b) Heptakis{6-N-[diethylenetriamine)butyl]-6-(1,2,3-
triazole)} cyclomaltoheptaose from the side, c) and looking into the cavity.  The optimized 
structure of 2 included within a model for Gd10.  This view helps to visualize the hydrophobic 
tail (right, aliphatic chain) and the polar head group (left). 
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5.5 Conclusions 

 Here, we have synthesized adamantane hydrophobic conjugates as guest inclusion 

moieties for Gd10.  There is strong evidence, from both DLS and TEM, that these hydrophobic 

guests mediate self-assembly of Gd10.  Concentration of self assembled Gd10 complexes seem 

to be a driving factor in the final morphology of said complexes.  These complexes are stable 

over a period of 5 hours in water and do not significantly alter the relaxivity enhancement 

imparted by Gd10.  Based on the sizes and shapes of aggregates formed, these self-assembled 

complexes are likely multi-lamellar supramolecular complexes.  Further investigations of these 

complexes are warranted to study the possibility of using these or similar systems in vivo. 
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Chapter 6: Polymeric Lanthanide Beacons 
for Luminescence and Magnetic Resonance 

Imaging of DNA Delivery* 
 
 

*Adapted From: Bryson, J. M.; Fichter, K. M.; Chu, W. –J.; Lee, J. –H.; Li, J.; Madsen, L. A.; 
McLendon, P.; Reineke, T. M. Proc. Natl. Acad. Sci. 2009, In Press. 

 

6.1 Abstract 

 The delivery of nucleic acids with polycations offers tremendous potential for developing 

highly specific treatments for a variety of therapeutic targets.  While materials have been 

developed and studied for polynucleotide transfer, the biological mechanisms and fate of the 

synthetic vehicle has remained elusive due to the limitations with current labeling technologies.  

Here, we have developed new theranostic polymeric beacons that allow the delivery of nucleic 

acids to be visualized at different biological scales. The novel polycations have been designed to 

contain repeated oligoethyleneamines, for binding and compacting nucleic acids into 

nanoparticles, and lanthanide chelates [either luminescent europium (Eu3+) or paramagnetic 

gadolinium (Gd3+)].   The chelated lanthanides allow the visualization of the delivery vehicle 

both on the nm/µm scale via microscopy and on the sub-mm scale via magnetic resonance 

imaging (MRI).  We demonstrate that these new delivery beacons effectively bind and compact 

pDNA into nanoparticles and protect nucleic acids from nuclease damage.  The lanthanide-

chelate materials have been found to efficiently deliver pDNA into cultured cells and do not 

exhibit toxicity.  Micrographs of cultured cells exposed to the nanoparticle complexes formed 

with fluorescein-labeled pDNA and the europium-chelated polymers reveal effective 
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intracellular imaging of the delivery process.  MRI of bulk cells exposed to the complexes 

formulated with pDNA and the gadolinium-chelated structures show bright image contrast, 

allowing visualization of effective intracellular delivery on the tissue-scale.  Because of their 

versatility as imaging probes, these delivery beacons posses remarkable potential for tracking 

and understanding nucleic acid transfer in vitro and have promise for in vivo imaging 

applications. 

 

6.2 Introduction 

 
The delivery of therapeutic nucleic acids such as siRNA, antisense agents, transcription 

factor decoys, and plasmid DNA (pDNA) offers an unprecedented opportunity for developing 

highly specific treatments for many devastating diseases.1-5  The use of synthetic materials, such 

as polymers, for polynucleotide delivery has rapidly grown and presents a wealth of promising 

alternatives to conventional viral vectors,6-11 which have caused serious problems in the clinic. 

While much is known about the infection pathways, advantages, and troubles of viral vectors,12-

14 researchers in the field of non-viral delivery are just beginning to understand the transfection 

mechanisms, benefits, and potential issues with the multitude of materials being developed as 

macromolecular drug carriers.15-18 Considering that the delivery vehicle plays a central role in the 

mechanisms, kinetics, efficacy, and toxicity of nucleic acid medicines, little is known about how 

the vehicle structure affects drug fate both in vitro and in vivo.   For this reason, smart 

biomaterials termed “theranostic” agents are being developed that provide therapeutic delivery, 

diagnostic imaging, and the ability to monitor treatment efficacy.19-21  Indeed, the parallel 

development of novel nucleic acid drugs and theranostic vehicles that offer disease diagnosis, 
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treatment, and the ability to understand the delivery mechanisms/kinetics on a range of biological 

scales will advance this field toward the discovery of personalized treatment strategies.   

Tracking the delivery of nucleic acids within cells and tissues has traditionally been 

accomplished by a number of methods such as labeling nucleotides with fluorescent dyes,18,22 

radiotracers,19,23 quantum dots,24,25 and/or with various reporter gene assays.9,19  While these 

methods have yielded a means of monitoring the presence and location of nucleic acids, many 

issues have surfaced with labeling polymeric delivery vehicles with these techniques. For 

example, the polymer labeling efficiency is often poor, non-uniform, irreproducible, and difficult 

to characterize.  Also, dyes can alter the delivery mechanisms and/or increase side-effects, thus 

misrepresenting the true delivery mechanisms and location of the native unlabeled materials.24  

For this reason, the development of new material-based delivery systems that allow monitoring 

of both the nucleic acid and the delivery vehicle, on the cellular and tissue scales, is essential to 

improve the delivery efficiency, optimize the vehicle structure, and monitor treatment efficacy in 

living systems. 

Lanthanide (Ln) metals are endowed with several unique properties that can be exploited 

for the development and study of non-viral delivery vehicles.  Chelates of these metals are 

routinely used as luminescent probes,26 sensors,27,28 and imaging agents,29-32 in many diverse 

fields. Complexes housing luminescent lanthanides, such as europium (Eu3+), offer many unique 

advantages over the aforementioned labeling methods due to their small hydrophilic structures, 

long luminescence lifetimes, large Stokes shifts, and their stability from quenching and 

photobleaching.27, 33-35  Also, the chelates of lanthanides are relatively nontoxic;31,36 structures 

containing gadolinium (Gd3+) are FDA-approved as MRI contrast agents due to their 

paramagnetic nature and slow electronic relaxation time.30-32  Moreover, polymers and 
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macromolecules containing gadolinium chelates generally have higher relaxivity profiles than 

small molecule chelates because of increases in the rotational correlation time, which improves 

resolution and sensitivity.37,38  MRI is advantageous for following drug delivery in vivo with very 

high resolution because it is non-invasive, safe, and new high magnetic field MRI instruments 

are rapidly being developed to further improve sensitivity.39,40  Lastly, this technique does not 

expose patients to harmful radiation, which occurs in other imaging methods used to follow drug 

treatment such as computed tomography and positron emission tomography.41  

The novel polymer delivery vehicles developed herein offer a creative and powerful 

method for tracking the delivery of nucleic acids. As shown in Figure 1, we have designed these 

novel delivery beacons to contain systematically repeated lanthanide chelates within an 

oligoethyleneamine backbone. We have found that these materials can bind and compact pDNA 

into nanoparticles (termed polyplexes) that are taken up into cultured human cervix 

adenocarcinoma (HeLa) cells in an effective and nontoxic manner.  We reveal that these novel 

delivery beacons offer a dual imaging modality for tracking transport in vitro on the nm/μm-

scale via microscopy (using the luminescent Eu3+-chelated structures) and for detection via MRI 

within bulk cultured tissues on the sub mm-scale (using the paramagnetic Gd3+-chelated 

materials).  These scaffolds offer a unique motif that can be readily tailored and optimized as 

both luminescent and MRI theranostic pDNA delivery agents.  
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6.3 Materials and Methods 

6.3.1 Materials   

Diethylenetriaminepentacetic acid and ethyl trifluoroacetate were obtained from Alfa 

Aesar Chemical Co. (Ward Hill, MA).  All other reagents and solvents used in the synthesis were 

obtained from Aldrich Chemical Co. (Milwaukee, WI) and were used without further 

purification.  Monomers 1a and 1b were synthesized following a previously published procedure 

developed in our lab.10 Diethylenetriaminepentacetic acid bisanhydride (DTPA-BA) was 

prepared using a standard procedure.45   

 

6.3.2 Cell Culture Materials 

Media and supplements were purchased from Gibco/Invitrogen (Carlsbad, CA).  HeLa 

cells were purchased from ATCC (Rockville, MD) and cultured according to specified 

conditions. Plasmid DNA, pCMVb and gWiz-Luc, were purchased from PlasmidFactory 

(Bielefeld, Germany), and Aldeveron (Fargo, ND), respectively.  Nuclease free water, Opti-

MEM, and DMEM (supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, 

100 μg/mL streptomycin, and 0.25 μg/mL amphotericin) and PBS were all purchased from 

Invitrogen (Carlsbad, CA).  Luciferase substrate reagent and cell culture lysis buffer used in the 

transfection efficiency assays were purchased from Promega (Madison, WI).  A Bio-RAD DC 

protein assay kit used in the viability assay was purchased from Bio-Rad (Hercules, CA).  FITC-

labeled pDNA and the Cy5 nucleic acid labeling kit was purchased from Mirus (Madison, WI). 
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6.3.3 Monomer and Polymer Synthesis 

 

Synthesis of Poly([N2, N3, N4 – tris(tert-butoxycarbonyl)tetraethylenetriamine] 

amidodiethylenetriaminetriaacetic acid), 2a.  Polymer 2a was prepared by dissolving 

monomer 1a (3.63g, 7.41mmol) in 25ml of dimethylsulfoxide (DMSO) at room temperature.  

DTPA-BA (2.64g, 7.41mmol) was dissolved in 5ml of DMSO and added directly to the solution 

of 1a under constant stirring.  The polymerization was carried out for 18h after which the 

solution was pipetted into a 6000-8000 Da MWCO dialysis bag (Spectrum laboratories Inc., 

Rancho Dominguez, CA) and dialyzed extensively against methanol for 18h, after which the 

solution was removed from the bag and evaporated in vacuo to yield 2a as an orange viscous oil 

(yield = 3.88g, 47%).   1H-NMR (d3-MeOD): δ = 1.57 (s, 27H), 3.08 (s, 4H), 3.30 (bm, 20H), 

3.43 (bs, 6H), 3.69 (s, 4h) 13C-NMR (d3-MeOD):  

δ = 30.21, 37.42, 40.87, 44.33, 46.03, 47.10, 49.02, 50.94, 52.63, 55.52, 57.64, 79.14, 154.95, 15

5.14, 169.77, 170.89, 173.02.  FTIR (KBr): See Table 1 

   

 

Synthesis of Poly([ N2, N3, N4, N5, - tetrakis(tert-butoxycarbonyl)pentaethylenetetramine] 

amidodiethylenetriaminetriaacetic acid), 2b.  Monomer 1b (4.77g, 7.54mmol) was dissolved 

in 25ml of DMSO at RT.  DTPA-BA (2.69g, 7.54mmol) was dissolved in 5ml of DMSO and 

added directly to the solution of 1b under constant stirring.  The polymerization was carried out 

for 18h after which the solution was transferred to a 6000-8000 Da MWCO dialysis bag 

(Spectrum laboratories Inc., Rancho Dominguez, CA) and dialyzed extensively against methanol 

for 18h, after which the solution was removed from the bag and evaporated to yield 2b in vacuo 
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as a deep amber oil (yield = 4.17g, 56%).  1H-NMR (d3-MeOD): δ = 1.57 (s, 27H), 3.10 (s, 8H), 

3.28-3.53 (bm, 20H), 3.43 (bs, 6H), 3.69 (s, 4H).  13C-NMR (d3-MeOD):  

δ = 28.49, 37.27, 37.79, 40.87, 44.33, 45.04, 45.96, 46.98, 49.02, 50.94, 52.63, 55.52, 57.64, 79.

14, 154.95, 155.14, 169.77, 170.89, 173.02.   FTIR (KBr): See Table 1 

 

General Synthesis of Poly[(tetraethylenetriamine)amidodiethylenetriaminetriaacetic acid], 

3a and Poly[(pentaethylenetetramine)amidodiethylenetriaminetriaacetic acid], 3b. An 

aliquot of 5 mmol of each protected polymer (2a or 2b) was dissolved in 20ml of CH2Cl2 and 

cooled to 0°C.  Next, 20 ml of trifluoroacetic acid was added to each solution and the reaction 

was warmed to room temperature.  The reactions were allowed to proceed for 3h, after which the 

solvents were removed in vacuo and each mixture was redissolved in water.  Both water 

solutions were brought to a pH = 6 using a 1M sodium bicarbonate.  Subsequently, the solutions 

were each deposited in a separate 6000-8000 Da MWCO dialysis bag (Spectrum laboratories 

Inc., Rancho Dominguez, CA) and dialyzed against ultrapure water for 24h.  The dialyzed 

solutions were lyophilized to yield the fluffy, unchelated polymers 3a and 3b (yields = 1.88g, 

76%; 1.97g, 80%, respectively) 

Characterization for Polymer 3a 

Yield = 1.88g, 76% 

1H-NMR (D2O): δ = 3.08 (s, 4H), 3.24-3.50 (bm, 20H), 2.54 (bs, 6H), 3.77 (s, 4H) 

 13C NMR (D2O): δ = 35.67, 43.90, 44.08, 47.56, 50.93, 53.43, 55.04, 58.72, 171.61, 173.31, 

177.64. 

FTIR (KBr): See Table 1 

GPC-light scattering: See Table 3 
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Characterization for Polymer 3b 

Yield = 1.97g, 80% 

1H-NMR (D2O): δ = 3.03 (s, 4H), 3.21-3.49 (bm, 20H), 2.54 (bs, 6H), 3.77 (s, 4H) 

13C NMR (D2O): δ = 35.74, 43.86, 44.28, 45.11, 47.34, 50.88, 53.39, 55.00, 58.72, 171.59, 

173.29, 177.67. 

FTIR (KBr): See Table 1 

GPC-light scattering: See Table 3 

 

General Synthesis of Poly[(tetraethylenetriamine)amido 

(Ln3+)diethylenetriaminetriacetate], Eu3a or Gd3a and 

Poly[(pentaethylenetetramine)amido (Ln3+)diethylenetriaminetriacetate], Eu3b or Gd3b.  A 

2mmol aliquot of each unchelated polymer, 3a and 3b, was dissolved in 20ml of ultrapure water 

at room temp.  Next, 2 mmol of LnCl3 (either EuCl3 or GdCl3) was dissolved in 5ml of water and 

dripped into the respective polymer solution in 3 separate aliquots.  The pH was adjusted to pH = 

6 after each aliquot addition.  The solution was allowed to stir for 2h and then was dialyzed in a 

6000-8000 Da MWCO bag against ultrapure water for 24h.  Dialyzed solutions were lyophilized 

to yield fluffy off-white polymers Gd3a, Gd3b, Eu3a, and Eu3b (yields = Gd3a=1.20g, 86%; 

Gd3b =  1.19g, 80%; Eu3a = 1.13g, 81%; Eu3b = 1.17g, 79%) 

FTIR (KBr): See Table 1 

Lanthanide Quantification: See Table 2 

GPC-light scattering: See Table 3 
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6.3.4 Polymer Characterization.   

The molecular weight and polydispersity for polymers 3a, 3b, Eu3a, Eu3b, Gd3a, and Gd3b, 

were measured with a Viscotek GPCmax instrument equipped with a GMPWxl (aqueous phase) 

column coupled to a triple detection system (static light scattering, viscometry, and refractive 

index) as shown in Table 3.  A solution of 0.5M sodium acetate containing 20% acetonitrile was 

used as the mobile phase.  Each sample was dissolved in the mobile phase, injected into the 

instrument (100uL loop, 8-12mg/mL), and eluted at a flow rate of 0.80 ml/min.  A monodisperse 

polyethylene oxide standard weighing 22kDa was used as a reference standard for these 

experiments.  NMR spectra were acquired on a Bruker AV-400 MHz spectrometer.  1H NMR 

data are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, bs = broad singlet), and the peak integration.  It should be 

mentioned that neither 1H nor 13C NMR data could be collected for Eu3a, Eu3b, Gd3a, and 

Gd3b, due to the paramagnetic nature of these materials.  Mass spectra were obtained with an 

IonSpec ESI mass spectrometer in positive ion mode.  IR spectra were measured on a Perkin 

Elmer Spectrum One Fourier transform infrared spectrometer as KBr pellets.    Lanthanide 

quantification was carried out on a ICP-MS (Octapoler detection, Agilent Technologies, Santa 

Clara, CA), which monitored Gd isotopes (157, 158 Da) and Eu isotopes (151, 153 Da).  These 

data was used to generate a calibration curves for both Gd3+ and Eu3+.  Polymers were dissolved 

and diluted to the ppb range so they could be analyzed within the proper calibration curve range.  

 

6.3.5 Gel Electrophoreses Shift Assay.   

Polymers 3a, 3b, Gd3a, Gd3b, Eu3a, and Eu3b, were studied for their ability to bind 

pDNA using gel electrophoreses.  Each polymer was dissolve in nuclease-free water (Gibco, 
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Carlsbad, CA). Next, solutions of pDNA (1ug, 0.1ug/uL) were titrated with equal volumes of 

polymer solutions to form polyplexes at N/P ratios varying from 0-50 (N = secondary amines on 

polymer, P = phosphate groups on the pDNA) and allowed to incubate for 30min at room 

temperature.  Loading buffer (2µl) was added to each of the prepared polymer-pDNA solutions 

(Blue Juice, Invitrogen, Carlsbad, CA).  The gel composition was agarose 0.6% w/v, which 

contained ethidium bromide (0.6 ug/mL) and was prepared in TAE buffer (40 mM Tris-acetate, 1 

mM EDTA).  Aliquots (20ul) of each polyplex solution were deposited into each well.  An 

applied field of 60V was used to facilitate pDNA migration.  Polymer-pDNA complex formation 

is illustrated by lack of pDNA band migration in the electrophoretic field, illustrating charge 

neutralization of the DNA phosphates. 

 

6.3.6 Nuclease Degradation Assay.  

Polymers were tested for their ability to protect nucleic acids from nuclease degradation.  

The experimental procedure to monitor the ability of the polymers to protect pDNA from 

nuclease degradation was modified from a previously published procedure.42  Each polymer (5 

μL) was combined with pCMVβ (1μg in 5μL of water) to form polyplexes at N/P = 40.  After 30 

min, fetal bovine serum (FBS, 5 μL) was added to each polyplex solutoin.  Polyplexes for all 

polyplexes were allowed to incubate for times of: 0, 1 , 2, 4, and 6h, at 37°C.  After each 

incubation time, the samples were treated with 10% sodium dodecyl sulfate (SDS, 2 μL) and 

then stored at 4oC until all samples were finished incubating. All trials were then incubated at 

60°C for 18h to release the polymer from the pDNA.  After incubation each aliquot was titrated 

with a loading buffer (Blue Juice, Invitrogen, Carlsbad, CA, 2 μL), loaded onto an agarose gel 
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(0.6%, 3 μL ethidium bromide) in 20 μL aliquots, and electrophoresed to show evidence of 

plasmid degradation. pDNA only and FBS were used as negative controls.   

 

6.3.7 Dynamic Light Scattering and Zeta Potential Measurements.   

Polyplex sizes were measured using a Zetasizer (Nano ZS) dynamic light scattering 

instrument with a 633nm laser (Malvern Instruments, Malvern, UK).  Polyplexes were formed at 

N/P ratios at 10, 20, 30, 40, and 50 by combining equal volumes of a polymer solution in 

ultrapure water with a 0.02mg ml-1 pDNA solution and allowing the polyplexes to form for 1 hr.  

The particle size measurements were carried out at 25ºC with a detection angle of 173º.  The 

Zeta potential measurements of the polyplexes (formed with the same technique as described 

above) were carried out on the same instrument using a detection angle of 17º.  Plasmid DNA 

was measured in PBS buffer (Appendix B) 

 

6.3.8 Transmission Electron Microscopy (TEM).   

Polyplexes were formed at an N/P=40 ([pDNA] = 0.02 mg/ml, using equal volume 

aliquots of polymer or pDNA solutions in water).  Samples (1µL) were applied to 400-mesh 

carbon-coated grids (EMS, Fort Washington, PA) and allowed to set for 60 sec before blotting 

with filter paper.  Samples were negatively stained with a 2% uranyl acetate solution and allowed 

to settle for 60 sec before excess solution was blotted off and air dried for 5 min. Transmission 

electron micrographs were obtained on a Philips EM 420 Scanning Transmission Electron 

Microscope in TEM mode with a 120kV beam.   
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6.3.9 Cellular Delivery of pDNA and Cell Viability Analysis.   

Twenty-four hours prior to transfection, HeLa cells were seeded in 6 well plates at a 

density of 250,000 cells/well and incubated in supplemented DMEM (10% FBS) at 37°C and 5 

% CO2.  Polyplexes were formulated by adding 250µL solutions of each polymer dissolved in 

water (concentration calculated based on N/P ratios of 40 and 60) to 5 µg of Cy5-labeled pDNA 

(250 µL solution).  Polyplexes of Jet-PEI and G4 were formulated using the same methodology.  

Polyplexes were incubated at room temperature for 1 hour.  Just prior to transfection, 1mL Opti-

MEM was added to each solution.  Cells were aspirated of old media, washed with 1mL PBS, 

and the appropriate polyplex solution was added to each well.  Cells were then incubated at 37°C 

under a 5% CO2 atmosphere for 4 hours.  The cell suspensions were then prepared for analysis as 

previously described.(10)  HeLa cell suspensions were analyzed on a FACS Canto II flow 

cytometer equipped with a 633 nm helium-neon laser.  Mean Cy5 fluorescence intensity was 

measured using the appropriate forward and side scatter gates.  A control of un-transfected cells 

was used to create a gate such that less than 1% of cell-associated autofluorescence is detected in 

the Cy5 channel.  This gating strategy was used for subsequent samples of transfected cells to 

determine the percent of cells transfected.  For gene expression analysis, polyplexes were 

formulated in an identical manner as above except with GWiz-luc pDNA and allowed to 

transfect cells for 48 hr prior to assaying for luciferase activity according to previously published 

methods.(42) Cell viability was characterized by measuring the amount of protein in cell lysates 

using a Bio-Rad DC protein assay kit (Hercules, CA) in triplicate.  Viability is reported as the 

fraction of protein in each sample normalized to a control of untransfected cells.   
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6.3.10 Fluorescence microscopy.  

Twenty-four hours prior to transfection, cells were seeded in 6 well plates containing 25 

mm No. 1 glass coverslips at a density of 50,000 cells/well.  Just prior to transfection, polyplexes 

were formed as noted above for the cellular uptake assays except 200 μL of polymer solution 

was added to 200 μL of FITC-labeled pDNA ([pDNA] = 0.02 mg/ml, N/P = 40.  Cells were 

removed from the incubator, aspirated of old media, washed with 2mL PBS, and 2mL Opti-

MEM was added to each well.  To transfect cells, 1mL Opti-MEM from each well was added to 

the appropriate polyplex solution, pipetted up and down to mix, and returned to the well to 

deliver a total of 4 μg DNA per well.  Four hours after transfection, 2.4mL of supplemented 

DMEM was added to each well.  Twenty-four hours after transfection, cells were aspirated of old 

media, washed 3 times with 1mL PBS, and fixed for 2 hours using 2% paraformaldehyde in PBS 

(pH 7.4) at 4 °C.  Afterwards, coverslips were removed from each well and carefully washed 4 

times with 0.5 mL PBS.  Coverslips were then mounted in Pro-long antifade mounting media 

(Molecular Probes, Eugene, OR) and allowed to dry at room temperature overnight.  Cells were 

observed using a Zeiss Axioplan Imaging 2 infinity-corrected, upright scope (Thornwood, NY), 

a 63x oil objective (N.A. 1.4), and standard filter sets for FITC and Rhodamine.  To visualize 

Europium luminescence, a custom filter set (excitation max 405 nm +/- 40 nm, dichroic 440 nm 

LP, emission max 610 +/- 75 nm) was built from filters purchased from Chroma (Rockingham, 

VT).  Images of each cell were collected as z-stacks with a z-spacing of 0.27 μm (Eu3a and 

Eu3b) using an Orca-ER CCD camera (Hamamatsu, Japan).  The resulting images were 

processed using AutoQuant Autodeblur (Media Cybernetics, Bethesda MD).  Data correction for 

each z-stack was applied for bias and flatfield frame and optical density. Then stacks were 
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processed using 3D blind deconvolution over 50 iterations.  The final fluorescence images were 

minimally processed for background subtraction, brightness, and contrast.  To increase fine 

detail in some DIC images, filters for pseudoflatfield and kalman stack were applied.  After 

deconvolution, all image processing was completed using ImageJ open source software (U.S. 

National Institutes of Health, Bethesda, MD).46 

 

 

6.3.11 Inversion Recovery Experiments of Polyplexes in Solution. 

T1 measurements were carried out on Bruker AMX-400MHz (9.4T) and Anasazi FT-

NMR 60MHz (1.41T) NMR spectrometers.  Polyplexes were formed at an N/P = 40 such that 

the concentration of Gd3+ was 1mM.  Additionally, the relaxivity of MagnevistTM (Gd3+-DTPA) 

was measured at both fields for comparison.  After an incubation time of 30 min the longitudinal 

relaxation time (T1) for each solution was measured using an inversion recovery pulse sequence 

(180° – dt – 90° – acquire) at 298K.  Arrayed data [n(dt) = 10] was processed using Acorn NUTS 

software and fit to a three-parameter model.  The inverse of the T1 data was used to determine 

the longitudinal relaxation rate constants (R1) imparted by the polyplexes.  Solution 

concentration data for beacons Gd3a and Gd3b, as well as the MagnevistTM control were used to 

calculate relaxivity (r1) by generating a curve fit to  (1/T1) = [Gd3+](r1) + b, where b = (1/ T1) for 

the working solvent (water). 

 

6.3.12 Magnetic Resonance Imaging of Transfected Cells.   

Twenty-four hours prior to transfection, HeLa cells were seeded in 10 flasks (with a 

surface area of 75cm3) at a density of 4.0x106 cells/flask.  Polyplexes were prepared 1 hour prior 
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to transfection using βCMV pDNA and the respective polymer at an N/P ratio of 40.  Cells were 

transfected in 15mL Opti-MEM using 80μg pDNA/flask.  Non-transfected cells were subjected 

to the same media changes as the transfected cells.  Four hours after transfection, 15mL of 

DMEM containing 10% FBS was added to each well.  Twenty-four hours after transfection, cells 

were aspirated of media, washed extensively with PBS and collected via trypsination.  Cells were 

pelleted and resuspended in PBS twice, then pelleted again in 0.5 mL Eppendorf tubes for 

analysis.  All MR images were acquired with a Bruker Avance III NMR spectrometer equipped 

with an imaging probe containing a 3cm transverse coil.  The images were acquired using a 

RARE-inversion recovery T1-weighted pulse sequence.  Acquisition parameters are as follows: 

TR (repetition time) = 3500 msec, TI (inversion time) = 1200 msec, TE (echo time) = 8.5 msec, 

FOV = 3x3 cm and resolution = 256x256.  T1 measurements of these same cell pellets and 

controls were carried out using this same on a Bruker AMX-400MHz spectrometer.  For the T1 

experiments, the Hela cell pellets used for the MRI experiment were suspended in PBS buffer to 

make turbid solutions that were deposited into NMR tubes and allowed to rest for 24h.  Upon 

settling, each tube contained ~4cm of sedimented HeLa cell pellets.  NMR tubes were placed so 

the entirety of the HeLa pellet was within the NMR coil.  The longitudinal relaxation time (T1) 

for each pellet and the control solutions were measured using an inversion recovery pulse 

sequence (180° – dt – 90° – acquire) at 298K.  Arrayed data (n(dt) = 10) was processed using 

Acorn NUTS software and fit to a three-parameter model.  
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6.4 Results and Discussion 

6.4.1 Polymer Synthesis and Polyplex Formation.  

Figure 6-1:  We have developed two novel polymeric DNA delivery vehicles that contain 
systematically-repeated lanthanide chelates, which serve as imaging beacons.  The figure above 
represents two analogous structures that differ in the length of the ethyleneamine block in the 
repeat unit (3a or 3b containing 3 or 4 ethyleneamines, respectively).  These two analogs can be 
chelated with either Eu3+ or Gd3+ for microscopy and MRI imaging respectively. 

 

The design of these materials (Figure 1) was inspired by the characteristics of successful 

cationic nucleic acid delivery vehicles and the many elegant macromolecular imaging agents 

being examined for disease diagnosis.  The amine-containing co-monomer precursors were 

synthesized using a series of protection/deprotection reactions previously published by our lab to 

obtain 1a and 1b (Scheme 6-1).10  Next, DTPA-BA was reacted with 1a or 1b in 

dimethylsulfoxide at room temperature for 24 hours to form two new polymer structures 2a and 

2b with protected oligoethyleneamine units and pendant carboxylates from the anhydride ring 

opening during polymerization (Scheme 6-1). The Boc protecting groups were removed via 

conventional methods yielding 3a and 3b, which was confirmed by NMR analysis.  The 

deprotected precursors were then fully-chelated with the chloride salts of Eu3+ and Gd3+ 
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(confirmed via FT-IR and ICP-MS, Table 6-1 and 6-2), while maintaining a neutral pH.   The 

final Ln-chelated polymers were analyzed via GPC using a triple detection system (refractive 

index, static light scattering, viscometry) to determine the weight averaged molecular weight 

(Mw), polydispersity index (Mw/Mn), and degree of polymerization (nw) (Table 6-3).  A similar 

molecular weight, degree of polymerization, and polydispersity, were achieved for all polymer 

structures 3a, 3b, Eu3a, Eu3b Gd3a, and Gd3b (Table 6-3), which was expected because all of 

the Ln-containing polymers were synthesized from the same parent batches of 3a and 3b.  

Because of similarities in polymer characteristics and the similar chemical properties of 

lanthanides in the 3+ oxidation state, sound comparison of polymer biological activity was 

possible between the different analogs.   
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Scheme 6-1: Polymer Synthetic Schemea 
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 Polymer υ (cm-1) 
2a 
2b 
3a 

1663.3,      1712.3,      3334.2 

1666.3,      1692.9,      3346.3 

1641.2,      1692.9,      3415.2 

3b 1650.8,      1667.8,      3419.2 

Eu3a 1585.4,      1634.5,      3419.4 

Eu3b 1585.2,      1633.8,      3419.9 

Gd3a 1587.2,      1641.2,      3433.7 

Gd3a 1586.1,      1633.9,      3419.6 

 
 
 
 
 
 
 
 
 
 
 

 
 
Table 6-1: FT-IR data for the polymers.  Samples of each polymer (5mg) were crushed by 
mortar and pestle with 20 mg of anhydrous KBr and compacted into a translucent pellet.  Spectra 
were measured on a Perkin Elmer Spectrum One Fourier transform infrared spectrometer.  
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Polymer Calculated Lanthanide 
Content 

Observed Lanthanide  
Content 

Eu3a 21.8% 21.8% 

Eu3b 20.5% 20.4% 

Gd3a 22.5% 22.8% 

Gd3a 21.1% 21.9% 

 
 
Table 6-2: Lanthanide quantification for the polymer series.  The percent of lanthanide by mass 
was determined by diluting polymer samples to the ppb range ( < mg/mL) and analyzed by 
inductively coupled plasma mass spectrometry.  For each polymer, the signal integration was 
fitted to calibration curves generated from lanthanide standards.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 

 

[109] 
 



Polymer Mw (kDa) Mw/Mn nw 
3a 43 1.7 78 
3b 54 1.9 91 

Eu3a 64 1.7 91 
Eu3b 68 1.7 92 
Gd3a 67 1.9 96 
Gd3a 62 2.0 89 

 
Table 6-3: The weight averaged molecular weight (Mw), polydispersity (Mw/Mn), and degree of 
polymerization (nw) for the polymers.   
 

The polymers, 3a, 3b, Eu3a, Eu3b, Gd3a, and Gd3b were examined for their ability to 

complex pDNA using an electrophoretic gel shift assay (Figure 6-2).  Polyplexes were 

formulated at N/P ratios (N = the polymer secondary amine number and P = the DNA phosphate 

number) between 0 and 40 before being electrophoresed in an agarose gel.  Polymers Eu3a, 

Eu3b, Gd3a, and Gd3b began to charge-neutralize pDNA at an N/P ratio of 5 and pDNA 

migration was mostly suppressed at N/P of 20.  With these polymers, the N/P ratio needed to 

fully inhibit gel migration of pDNA was slightly higher than expected when compared to similar 

polyamidoamine vehicles created in our laboratory.9,10  The slight bulkiness of the lanthanide 

chelate and the presence of the carboxylate groups could have an effect on suppressing the 

binding through steric hindrance and lower cationic charge on the polymer backbone.  It is 

interesting to note that the non-chelated polymers (3a and 3b) do not bind with pDNA in these 

assays even at an N/P ratio of 100 likely because these structures do not exhibit a high cationic 

charge and are zwitterionic at physiological pH. 
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Gd3a Gd3b 

 

N/P =  0   5  10  20  30 40   N/P = 0   5  10  20  30 40    
Eu3a Eu3b 

 
N/P = 0   5  10  20  30 40    N/P = 0   5  10  20  30  40    

Figure 6-2:  Agarose gel electrophoresis shift assays that allow observation of Gd3a, Gd3b, 
Eu3a, and Eu3b binding with pDNA at increasing N/P ratios from 0 to 40.  Hindrance of pDNA 
migration is noted with all polymers at N/P = 5, however, migration is not completely hindered 
until N/P = 30 for Eu3a and Gd3a and N/P = 20 for Gd3b and Eu3b.   Non-chelated polymers 
3a and 3b do not hinder to pDNA migration in agarose gel (data not shown) and thus do not bind 
pDNA. 

 

The size and morphology of the polyplexes were then examined via transmission electron 

microscopy (TEM) and dynamic light scattering.  TEM micrographs indicate that the polyplexes 

formulated with Eu3a and Eu3b and pDNA at N/P of 40, exhibit spherical morphology with 

particle diameters between 35-60 nm in their dehydrated form (Figures 6-3a and 6-3b).  Dynamic 

light scattering (DLS) and zeta potential data (Figure 6-3b) generally showed larger particle sizes 

as a result of the hydrodynamic radii that the particles gain in aqueous solution.  In the DLS 

studies, the size of Gd3a polyplexes slightly decreased with the N/P ratio (from 74 nm to 66 

nm), yet, Gd3b polyplexes generally increased in size with the N/P ratio (from 53 nm to 78 nm).  

Zeta potential measurements reveal that polyplexes exhibited a positive surface charge (between 

20-40 mV) that increased with the N/P ratio. It should be noted that we could not analyze 

polyplexes formed with Eu3a and Eu3b via dynamic light scattering and Zeta potential 

measurements due to laser/detector interference with the absorption/luminescence emission 

bands of Eu3+.  
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Figure 6-3: a) Transmission electron microscopy (TEM) micrographs of dehydrated (i) Eu3a 
and (ii) Eu3b polyplexes.  Polyplexes were prepared using a pDNA concentration of 0.02 
mg/mL and polymer concentration corresponding to N/P = 40. Polyplexes were negatively 
stained with uranyl acetate.  Images were acquired with a 120kV electron beam, using an LCD 
camera.  The scale bars represent 100 nm in both images. b) Dynamic light scattering and Zeta 
potentials of polyplexes at N/P ratios of 10, 20, 30, 40 and 50. Polyplexes were prepared in a 
similar manner to the TEM experiments.  Dynamic light scattering and zeta potential were 
measured in triplicate. 
 

 

Next, we examined the stability of these polyplexes from nuclease degradation by 

exposing them to fetal bovine serum (FBS) and observing pDNA integrity via gel 

electrophoresis.   These data show there is no evidence of pDNA degradation in the polyplexes at 

any time point assayed (shown as the lack of formation of band 4, Figure 6-4, Gels Eu3a, Eu3b, 

Gd3a, and Gd3b).  Furthermore the brightness of the pDNA band in the polyplex gels (band 2, 
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Figure 6-4) remains constant as a function of exposure time.  In the control gel of naked pDNA 

(gel pDNA, lanes 9-12), band 2 was completely absent and band 4 (degraded DNA) was clearly 

observed, indicating full degradation after only one hour of incubation in 25% FBS.   
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Figure 6-4:  The ability of each polymer beacon to protect pDNA from nuclease degradation. 
Polyplexes are exposed to fetal bovine serum (FBS) for the indicated incubation times: C 
(control, no FBS or SDS), 0, 1, 2, 4, and 6 hours, as denoted at the bottom of the gels.  Samples 
are then are then exposed to SDS to release the polymer from the pDNA and electrophoresed in 
an agarose gel to observe pDNA integrity.  Control sample gels are also shown as fetal bovine 
serum (FBS gel, lane 1) FBS + SDS (FBS gel lanes 2–6), naked pDNA only without the addition 
of FBS or SDS (pDNA gel, lane 7), and naked pDNA with the addition of FBS and SDS (pDNA 
gel, lanes 8–12). Other controls samples of polyplex only without the addition of FBS or SDS 
formed with each polymer beacon are labeled as C for control in the incubation time (Gd3a gel, 
lane 1; Gd3b gel, lane 7; Eu3a gel, lane 1; Eu3b gel, lane 7). It should also be noted here that 
Band 1 is the position of the sample loading (and also shows the position of polyplexes without 
FBS and SDS treatment). Band 2 is intact pDNA. Band 3 results from combining both FBS and 
SDS. Band 4 reveals the degraded pDNA (observed in the pDNA gel lanes 9-12).  As shown, the 
polymer beacons protect pDNA from degradation when exposed to FBS as band 4 is not 
observed (Gd3a gel, lanes 2-6; Gd3b gel, lanes 8-12; Eu3a gel, lanes 2-6; Eu3b gel, lanes 8-
12).   
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6.4.2 Cellular Delivery and Toxicity Studies.   

A series of assays were conducted to assess the cellular uptake, toxicity, and transfection 

efficiency of the polyplexes formulated with the polymer beacons.  HeLa cells were transfected 

with polyplexes formulated with Cy5-pDNA and either Eu3a, Eu3b, Gd3a, or Gd3b.  Four 

hours after transfection, cellular uptake efficiency was determined by monitoring the 

fluorescence intensity of Cy5-labeled pDNA via flow cytometry. Cell viability experiments were 

conducted by assaying the cells for protein content 48 hours after transfection.  Toxicity was 

assessed by normalizing the results of the protein assay to a control of untreated cells; this is 

used to calculate the fraction of viable cells in each well.  The transfection efficiency was also 

monitored 8 hours after transfection using a luciferase reporter gene expression assay.   These 

results are reported as relative light units (RLU) per mg of protein. It should be mentioned that 

these conventional delivery assays only yield pDNA uptake and transcription efficiency but do 

no yield information about the fate of the polymer (hence the development and study of our 

intracellular delivery beacons, vide infra). 
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Figure 6-5:  Cellular uptake of polyplexes formulated using Cy5-pDNA. The percent of cells 
(line) containing Cy5 pDNA and mean fluorescence intensity (bar) of Cy5 in a population of at 
least 30,000 cells. b) Cell viability after exposure to polyplexes using unlabeled pDNA.  
Viability is reported as a measure of the protein content of a transfected cells normalized to 
untreated cells.  c) Cell viability after exposure to polyplexes using unlabeled pDNA.  Viability 
is reported as a measure of MTT turnover by healthy cells normalized to cells only control. The 
N/P ratio of the polyplex used is indicated after the polymer name on the x-axis.  Polyplexes 
were formed using the same methodology as DLS studies. 
 

All polyplexes formed with these delivery beacons promoted high cellular uptake while 

maintaining high cell viability, as depicted in Figure 6-5.  In this study, negative controls 

consisted of cells only and pDNA only while positive controls consisted of polyplexes formed 

with Jet-PEI at an N/P=5 and polyplexes formed with G4 at N/P of 20.  Polymer G4 is a 
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polyamidoamine delivery vehicle previously developed by our group that consists of alternating 

meso-galactaramide units and four ethyleneamine groups.9, 42   As shown, the new polymer 

beacons studied herein yielded high pDNA uptake (approximately 100% of cells) and the 

intensity of Cy5 fluorescence was higher than our positive controls, Jet-PEI and G4, indicating 

that these vehicles are promising for further studies.  Figure 6-5 reveals that the toxicity of these 

structures is very low; even at very high polymer concentrations (high N/P ratios), cell viability 

remained very high (between 80-100% cell viability) when compared to our positive control Jet-

PEI (cell viability only 40% at low N/P=5 in protein assay, 75% in MTT).  When the luciferase 

expression was compared (data not shown), these novel systems displayed slightly lower gene 

expression (107-108 RLU/mg) compared to our positive controls, G4 (>109 RLU/mg) and Jet-PEI 

(1010 RLU/mg).  However, as previously discussed, these polymer vehicles yielded higher 

cellular uptake than both positive controls and much lower toxicity than Jet-PEI,43,44 which could 

be due to breaking up the amine density along the backbone with hydrophilic chelating units.   

While we currently do not fully understand the small discrepancy between the uptake and gene 

expression data, the imaging experiments (vide infra) indicate that a much higher fraction of the 

internalized polyplexes are located in the cytoplasm while a lower fraction is found in the 

nucleus.  Thus, nuclear entry may be the main barrier for gene expression.  Indeed, for many 

forms of nucleic acid therapeutics, such as siRNA, antisense agents, and transcription factor 

decoys, high cytoplasmic delivery is the ultimate goal.1-3,6   These novel delivery vehicles could 

be extremely useful in these therapeutic methodologies.  
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6.4.3 Cellular Imaging of the Polymer Beacons. 

Further investigation of the polymer beacons chelated with luminescent Eu3+ was 

examined via fluorescence microscopy.   Hela cells were transfected with polyplexes formulated 

with FITC-labeled pDNA and either Eu3a or Eu3b at an N/P ratio of 40.  After 24 hours, the 

cells were fixed and imaged.  Figures 6-6 and 6-7 each represent one vertical optical slice 

obtained by deconvolution of a Z-stack series.  The intracellular location of both FITC-pDNA 

(Figure 6-6a and 6-7a) and the polymers (Figure 6-6b and 6-7b) can be clearly observed.  By 

overlaying the pDNA and polymer images (Figures 6-6c and 6-7c), co-localization can be 

qualitatively observed by yellow punctuate staining.  Most of the staining resulting from FITC-

pDNA or Eu3+-polymer luminescence is localized to the cytoplasm and a lower fraction appears 

in the nucleus. As previously stated, this observation could be a contributing factor to the lower 

luciferase gene expression but could prove useful in the development of cytoplasmic-targeted 

nucleic acid therapies.  Also, it is clearly noticed that while a small amount of uncomplexed 

pDNA is present within the cells, a larger fraction of free polymer is observed in the cellular 

cytoplasm.  This could be attributed to the excess used to formulate polyplexes at high N/P 

ratios, but may indicate premature pDNA release during cellular uptake and early intracellular 

trafficking (both are concerns in this area but not well understood).  Moreover, for Eu3a, the 

intracellular staining pattern is more punctuate whereas diffuse staining is more apparent for 

Eu3b.  These data could indicate that Eu3a is more localized to endocytic vesicles, whereas 

Eu3b (with more secondary amines per repeat unit) could promote higher endocytic release.  

These data reveal that our “proof of concept” polymer beacons (and future derivatives) will be 

useful in understanding intracellular polymer fate as well as elucidating the mechanisms of 

delivery.  
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Figure 6-6: Deconvoluted micrographs of a HeLa cell transfected with FITC-pDNA/Eu3a 
polyplexes.  a) FITC-pDNA fluorescence (green).  b) Eu3+ luminescence within the Eu3a beacons 
(red).  c) An overlay of the FITC-pDNA and Eu3a images.  Yellow pixels can be qualitatively used 
to visualize regions of co-localization. d) An overlay of image c and a DIC image to show contrast 
of the cell (scale bar = 20μm). 
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Figure 6-7: Deconvoluted micrographs of a HeLa cell transfected with FITC-pDNA/Eu3b 
polyplexes.  a) FITC-pDNA fluorescence (green).  b) Eu3+ luminescence within the Eu3b beacons 
(red).  c) An overlay of the FITC-pDNA and Eu3b images.  Yellow pixels can be qualitatively used to 
visualize regions of co-localization. d) An overlay of image c and a DIC image to show contrast of the 
cell (scale bar = 20μm). 
 

While the Eu3+ polymer analogs can be visualized on the nm/µm scale within cells, the 

Gd3+ analogs provide the ability to understand nucleic acid delivery within tissues on the sub-

mm scale.  The ability of these Gd3+ materials to be detected in tissues can be preliminarily 

examined by determining their relaxivity (r1) and relaxation rate constants (R1).  This 

characteristic of the polymers (r1, determined by plotting 1/T1 versus concentration)  or  

polyplexes (R1, equivalent to 1/T1) is used to understand the contrast enhancement of the 

delivery beacons.   We performed the relaxivity experiments on both the free Gd3a and Gd3b 

polymers (Figure 6-8a) in solution and commercially available MagnevistTM at two different 

magnetic field strengths (60 MHz/1.41T and 400MHz/9.4T at 37oC).  Furthermore, we tested the 

ability of polyplex-incorporated beacons to enhance longitudinal water proton relaxation (Figure 

6-8b).  The relaxivities of both polymers in solution were higher than the clinically-utilized 
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chelate Gd3+-DTPA (MagnevistTM), and a dramatic enhancement was observed at 1.41T, likely 

due to the slower rotational correlation time of the beacons when compared to MagnevistTM.  

When comparing the longitudinal relaxation rates (R1) of free polymer to polyplexes at 1.41T 

(Gd3+ concentration is identical) a dramatic relaxivity increase was observed.  These results were 

expected as it is well-known that at low magnetic fields, relaxivity can be significantly enhanced 

by increasing the rotational correlation time (polyplexes are much larger and have less internal 

flexibility than free polymer).  This difference in relaxivity between free polymer and polyplex 

could provide a unique method to track nucleic acid release within tissues.  

 

 

Figure 6-8: a) Relaxivity (r1) of aqueous solutions containing free polymer (Gd3a and Gd3b 
only) and MagnevistTM at 400MHz (9.4 T) and 60 MHz (1.41T).  Relaxivity was calculated from 
four concentrations (5, 2.5, 1.25, 0 mM) of each agent in water.  b) The relaxation rate constants 
(R1) of polyplexes formed with Gd3a and Gd3b at a concentration of 1mM at 400MHz (9.4 T) 
and 60 MHz (1.41T). 
 

  

To further investigate the MRI contrast capabilities of the Gd3+-chelate materials, HeLa 

cells were transfected with the polyplexes formulated with Gd3a and Gd3b.  Twenty four hours 

after transfection, the cells were collected and gravity pelleted into Eppendorf tubes.  As shown 
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in Figure 6-9a, tubes containing live transfected or untrasfected cells were then inserted into a 

9.4 Tesla Bruker Avance III NMR equipped with a MR imaging probe (3 cm coil).  The samples 

were subjected to a T1-weighted pulse sequence, imaged for tissue contrast, and then analyzed 

for water 1H T1 values.  Untransfected cells that do not contain Gd3a or Gd3b demonstrate 

minimal image brightness/contrast (Figure 6-9a image i) and this control cell pellet has a higher 

T1 value (2.4 s, Figure 6-9c) than cells transfected with Gd3a and Gd3b polyplexes.  Cells 

transfected with Gd3a and Gd3b (Figure 6-9a images ii and iii) show a clear enhancement in the 

cellular image brightness and substantially lower T1 values (0.65 s and 0.83 s, respectively). 

Figure 6-7b shows the T1–weighted images, using the same pulse conditions as in Figure 6-9a, 

with 1 mM beacon solutions (Figure 6-9b: ii, iii) versus a PBS control.  Because the beacon 

solutions are so bright relative to the saline control, the control becomes unobservable.  This is 

confirmed by their T1 analysis at 9.4T which agrees with the MR imaging experiment (T1 = 2.86 

s, 0.22, 0.20, for PBS, Eu3a, and Eu3b, respectively).  These promising data clearly show the 

potential of our imaging beacons to trace the spatial and temporal delivery of nucleic acids 

within bulk cells and/or tissues. 
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Figure 6-9:  MRI data for cells transfected with Gd3a/pDNA and Gd3b/pDNA polyplexes.  
Cells were washed thoroughly and allowed to settle into pellets in PBS.  a) Transfected cell 
pellets and controls: i) Pellet of untreated HeLa cells, ii) cell pellets transfected with Gd3a 
polyplexes (N/P = 40), and iii) cells transfected with Gd3b polyplexes (N/P = 40).  Solid arrows 
indicate the buffer-cell interface in each sample.  Data was acquired on a Bruker Avance III 
400MHz spectrometer using an imaging probe (30mm coil) and an inversion recovery pulse 
sequence (TR/TI/TE =  3500 ms /1200 ms /8.5 ms, FOV = 3 cm).  The perturbations at the top of 
the buffer (dotted arrows) are due to bubbles at the buffer-air interface.  The darker spots in the 
cell pellet are due to cell density gradients.    b)  MR images of i) PBS buffer, ii) Gd3a ([Gd3+] = 
1 mM), and iii) Gd3b ([Gd3+] = 1 mM) using the same pulse parameters as above.  PBS is 
completely dark in the presence of the detector saturating Gd-containing polymer solutions.  c)  
T1 quantification of cell and solution samples imaged.  Cell samples were allowed to settle into 
NMR tubes for 24h and then analyzed with an inversion recovery pulse sequence to determine 
their relaxation times.     
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6.5 Conclusions   

 This proof-of-concept study has revealed that our novel nucleic acid delivery beacons 

show great promise in the development of innovative techniques to understand the delivery, 

trafficking mechanisms, and fate of nonviral delivery vehicles on differing biological scales.  

The lanthanide metals offer many unique properties which can be exploited to enhance these 

imaging techniques.   The Eu3+-chelated polymers can be visualized by their luminescence 

within cultured cells on the nm/µm scale for tracking the intracellular delivery of polyplexes.  

For larger-scale MR imaging, the paramagnetic nature of the Gd3+-chelated polymers offers a 

safe and noninvasive probe for following nucleic acid delivery within tissues on the sub-mm 

scale.  These scaffolds have potential for monitoring in vivo delivery in a spatial and temporal 

manner and can be used in-tact (without removal of the imaging probe) due to their non-toxic 

and effective delivery profile.  Indeed, these creative and powerful materials can be broadly 

applied and exploited by researchers for the discovery of unique nucleic acid drug/vehicle 

conjugates and to understand and treat many devastating diseases. 
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Chapter 7: Galactaramide-Based Ln-
Chelating Polymers for Nucleic Acid Delivery 
 

7.1 Abstract 

 As discussed in Chapter 6, the delivery of nucleic acids offers great promise in new 

therapeutics.  The poly[(oligoamine)amido (Ln3+)diethylenetriaminetriacetate]  polymers 

discussed in that chapter offer huge diagnostic potential, but suffer from relatively low 

expression of the transgene they carry.  Here, we have developed a new series of Ln-chelating 

polymers that feature the high diagnostic potential offered by the previous generation, but also 

with the potential to promote high gene expression.  These new vehicles contain 

poly[(pentaethylenetetraamine)amido (Ln3+)diethylenetriaminetriacetate] like their predecessors, 

however they also contain galacteramide(pentaethylenetetramine)amido (which have been shown 

to increase transgene expression when combined with oligoamines) repeat units randomly 

decorated throughout the backbone.  We have shown that as the amount of galactose in the 

backbone increases (from 16% to 50%), the luciferase gene expression in HeLa cells also 

increases (106 to 108 RLU/mg, respectively), with little toxicity (cell viability > 80%).  We have 

also found that these polymers promote 20 to 30 times higher cellular uptake using Cy5-labelled 

pDNA compared with Cy5-pDNA only.  Research to visualize these polymers with non-linear 

microscopy technigues is currently underway. 
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7.2 Introduction 

We demonstrated in Chapter 6 that lanthanides show great promise in monitoring 

delivery of pDNA in cells at both the microscopic and macroscopic levels with 

poly[(oligoethyleneamine)amido-(Ln3+)diethylenetriaminetriacetate] polymers.1-2  These 

polymers show high cellular uptake, high cell viability, and great promise as beacons at sub-

cellular levels via florescence microscopy and at the extracellular level via MRI.  One drawback 

of this system is that it has very low transgene expression of genetic materials delivered.  

Another weakness of this system is that there is no clear degradation pathway, which could limit 

its potential for clinical applications.  With these problems in mind, we set out to design a system 

with the diagnostic benefits of our first series of poly[(oligoethyleneamine)amido-

(Ln3+)diethylenetriaminetriacetate] polymers, without the drawbacks stated above.  

 Previous work carried out by our group3-6 indicates that integrating carbohydrates into the 

repeat unit (Figure 1) along an oligoamine backbone can promote high transgene expression with 

minimal cytotoxicity.  Adding a carbohydrate in the backbone is advantageous for several 

reasons.  First, carbohydrates are traditionally considered biocompatible in gene delivery 

applications, as they have high hydration volumes and few toxic interactions.7,8  Secondly, 

binding studies have shown they actually promote pDNA binding through H-bonding 

interactions.9,10  Finally, we have also found that the alpha and beta hydroxyl groups on the 

carbohydrate promote hydrolysis of the proximal amide in neutral media.11  These three factors 

make carbohydrates ideal candidates for adding higher transgene expression and degradability 

into the first generation poly[(oligoethyleneamine)amido-(Ln3+)diethylenetriaminetriacetate] 

polymers. 
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Scientists studying non-viral delivery beginning to understand the mechanism of 

transfection and potential drawbacks associated with with the multitude of materials being 

developed as polymeric nucleic acid carriers.11-13 Delivery vehicle plays a central role in the 

mechanisms, kinetics, efficacy, and toxicity of nucleic acid medicines, but little is known about 

how the vehicle structure affects drug delivery both in vitro and in vivo.   For this reason, 

diagnostic-therapeutic “theranostic” agents are being developed that provide therapeutic 

delivery, diagnostic imaging, and the ability to monitor and study treatment efficacy.14-16   The 

fist attempts towards this goal were to use fluorescent dyes, but dyes can alter the delivery 

mechanisms and/or increase side-effects, thus misrepresenting the true delivery mechanisms and 

location of the native unlabeled materials.17   This approach is also constrained to one imaging 

modality, which has huge limitations in vivo.  The development of new material-based delivery 

systems that allow monitoring of both the nucleic acid and the delivery vehicle, on the cellular 

and tissue scales, is essential to improve the delivery efficiency, optimize the vehicle structure, 

and monitor treatment efficacy in living systems. 

 

 

Figure 7-1.  Structure of poly-galactoamidoamine polymer for nucleic acid delivery.3 

A new polymer design is needed to benefit from the diagnostic benefits of the first 

generation lanthanide polymers with the high transgene expression of poly-glycoamidoamines.  

The system that accomplishes this consists of 
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diethylenetriaminetriacetatebisamideoligoamineamido (DTPA-oligoamine) units similar to the 

polymers discussed in chapter 6, with galacteramide moieties randomly dispersed throughout the 

backbone in various ratios.  We created four groups of novel copolymers that incorporate 

different ratios of galactose-oligoamine to DTPA-oligoamine in the backbone (see figure 7-2).  

Here, we describe the synthesis and properties of these polymers, and their performance in vitro. 

 

Figure 7-2.  Structure of novel Ln-chelating nucleic acid delivery polymers.  This polymer 
features a Ln-chelating domain (x) and a galactose chelating domain (y), in controlled ratios, 
randomly arranged throughout the polymer backbone.  Comonomer ratios are described in 
nomenclature with lanthanide (Ln), x fraction (X), and y fraction (Y): LnX:Y. 

 

7.3 Materials and Methods 

7.3.1 Materials   

Diethylenetriaminepentacetic acid and ethyl trifluoroacetate were obtained from Alfa 

Aesar Chemical Co. (Ward Hill, MA).  All other reagents and solvents used in the synthesis were 

obtained from Aldrich Chemical Co. (Milwaukee, WI) and were used without further 

purification.  Dried solvents were obtained from a MBRAUNN 5-port solvent purification 

system.  N’, N’’, N’’’, N’’’’ – Tetrakis(tert-butylcarbomate)pentaethylenehexamine, 
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diethylenetriaminepentacetic acid bisanhydride (DTPA-BA), and dimethylgalactarate were 

prepared using standard procedures.6,18,19  

7.3.2 Cell Culture Materials 

Media and supplements were purchased from Gibco/Invitrogen (Carlsbad, CA).  HeLa 

cells were purchased from ATCC (Rockville, MD) and cultured according to specified 

conditions. Plasmid DNAs: pCMVb and gWiz-Luc, were purchased from PlasmidFactory 

(Bielefeld, Germany), and Aldeveron (Fargo, ND), respectively.  Nuclease free water, Opti-

MEM, and DMEM (supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, 

100 μg/mL streptomycin, and 0.25 μg/mL amphotericin) and PBS were all purchased from 

Invitrogen (Carlsbad, CA).  Luciferase substrate reagent and cell culture lysis buffer used in the 

transfection efficiency assays were purchased from Promega (Madison, WI).  A Bio-RAD DC 

protein assay kit used in the viability assay was purchased from Bio-Rad (Hercules, CA).  FITC-

labeled pDNA and the Cy5 nucleic acid labeling kit were purchased from Mirus (Madison, WI). 

 

7.3.3 Synthesis 

Comonomer ratios for specific polymers are described in nomenclature in the form LnX:Y where 

Ln is the lanthanide (Eu(III) or Gd(III)), X is the (oligoamine)amidodiethylenetriaminetriacetate 

fraction, and Y is the galacteramidopentaethylenehexamine fraction (Y). Before Ln is chelated in 

the polymer structure their name is simply denoted by ratio the ratio of 

(oligoamine)amidodiethylenetriaminetriacetate to galacteramidopentaethylenehexamine; X:Y 

(See Figure 7-2).  A series of ratios was attempet based on starting monomer ratios: 5:1, 3:1, 2:1, 

and 1:1.  

[132] 
 



poly[penta(oligoamine)amidodiethylenetriaminetriacetate- 

galacteramidopentaethylenehexamine], 5:1.  N’, N’’, N’’’, N’’’’ – Tetrakis(tert-

butylcarbamate)pentaethylenehexamine (1.47 g, 2.32 mmol), dimethylgalactarate (0.092 g, 0.38 

mmol), and catalytic 4-dimethylaminopyridine (DMAP, 0.141 g, 1.16 mmol) were dissolved in 

dry methanol (25 ml) at room temperature and allowed to stir for 24h.  After this time period, the 

methanol was removed via evaporation and replaced with 10 ml of DMSO.  

Diethylenetriaminepentacetic acid dianhydride (0.690 g, 1.93 mmol) dissolved in 15 ml of 

DMSO was added to the stirring polymer solution and allowed to react for an additional 24h.  

The reaction mixture was then deposited into a 3500 MW dialysis membrane and dialyzed 

against methanol (4 x 500 ml) for 24 h to remove all DMSO in the reaction mixture.  The 

dialysis solution was recovered and evaporated to yield a waxy white solid, which was then 

subjected to BOC group removal using neat trifluoroacetic acid (TFA, 25 ml).  After removing 

the TFA with evaporation, the polymer was dissolved in NaHCO3 buffered water and dialyzed 

for 24 h against ultrapure water (6 x 3000 mL).  The dialyzed solution was recovered and 

lyophilized to yield a fluffy off white solid, 5:1.    Yield = 436 mg, 33 %.  1H-NMR (D2O): δ = 

2.64 – 3.15 (bm, 100H), 3.2 (bm, 40H), 3.3 (bs, 50H), 3.82 (s, 2H), 4.24 (s, 2H).  GPC-MALS: 

Molecular Weight = 10,966 Da, PDI = 1.16.  FTIR (cm-1): 3265.2, 2924.7, 2832.0, 2368.7, 

1636.0, 1575.5. 

poly[tri(oligoamine)amidodiethylenetriaminetriacetate- 

galacteramidopentaethylenehexamine], 3:1.  N’, N’’, N’’’, N’’’’ – Tetrakis(tert-

butylcarbamate)pentaethylenehexamine (1.47 g, 2.32 mmol), dimethylgalactarate (0.138 g, 0.58 

mmol), and a catalytic amount of DMAP (0.141 g, 1.16 mmol) were dissolved in dry methanol 

(25 ml) at room temperature and allowed to stir for 24h.  After this time period the methanol was 
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removed via evaporation and replaced with 10 ml of DMSO.  Diethylenetriaminepentacetic acid 

dianhydride (0.621 g, 1.74 mmol) dissolved in 15 ml of DMSO was added to the stirring 

polymer solution and allowed to react for an additional 24h.  The reaction mixture was then 

deposited into a 3500 MW dialysis membrane and dialyzed against methanol (4 x 500 ml) for 24 

h to remove all DMSO in the reaction mixture.  The dialysis solution was recovered and 

evaporated to yield a waxy white solid, which was then subjected to BOC group removal using 

neat TFA (25 ml).  After removing the TFA with evaporation, the polymer was dissolved in 

NaHCO3 buffered water and dialyzed for 24 h against ultrapure water (6 x 3000 mL).  The 

dialyzed solution was recovered and lyophilized to yield a fluffy off-white solid, 3:1.  Yield = 

325 mg, 25 %.  1H-NMR (D2O): δ = 2.78 – 2.99 (bm, 80H), 3.04 (bs, 12H), 3.16 – 3.45 (bm, 

54H), 3.85 (s, 2H), 4.26 (s, 2H).  GPC-MALS: Molecular Weight 11,591 Da, PDI = 1.14.  FTIR 

(cm-1): 3271.1, 2922.5, 2848.2, 1628.0, 1575.7. 

 

poly[di(oligoamine)amidodiethylenetriaminetriacetate- 

galacteramidopentaethylenehexamine], 2:1 N’, N’’, N’’’, N’’’’ – Tetrakis(tert-

butylcarbamate)pentaethylenehexamine (1.47 g, 2.32 mmol), dimethylgalactarate (0.184 g, 0.77 

mmol), and a catalytic amount of DMAP (0.141 g, 1.16 mmol) were dissolved in dry methanol 

(25 ml) at room temperature and allowed to stir for 24h.  After this time period the methanol was 

removed via evaporation and replaced with 10 ml of DMSO.  Diethylenetriaminepentacetic acid 

dianhydride (0.552 g, 1.55 mmol) dissolved in 15 ml of DMSO was added to the stirring 

polymer solution and allowed to react for an additional 24h.  The reaction mixture was then 

deposited into a 3500 MW dialysis membrane and dialyzed against methanol (4 x 500 ml) for 24 

h to remove all DMSO in the reaction mixture.  The dialysis solution was recovered and 
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evaporated to yield a waxy white solid, which was then subjected to BOC group removal using 

neat TFA (25 ml).  After removing the TFA with evaporation, the polymer was dissolved in 

NaHCO3 buffered water and dialyzed for 24 h against ultrapure water (6 x 3000 mL).  The 

dialyzed solution was recovered and lyophilized to yield a crusty yellow-white solid, 2:1.  Yield 

= 519 mg, 41 %.    1H-NMR (D2O): δ = 2.79 – 2.93 (bm, 60H), 3.04 (s, 8H), 3.12 (bs, 8H), 3.22 -

3.64 (bs, 32H), 3.86 (s, 2H), 4.27 (s, 2H).  GPC-MALS: Molecular Weight = 9,228 Da, PDI = 

1.12.  FTIR (cm-1): 3270.6, 2905.2, 2848.8, 3796.2, 1631.1, 1577.1. 

 

poly[(oligoamine)amidodiethylenetriaminetriacetate- 

galacteramidopentaethylenehexamine], 1:1  N’, N’’, N’’’, N’’’’ – Tetrakis(tert-

butylcarbomate)pentaethylenehexamine (1.47 g, 2.32 mmol), dimethylgalactarate (184 mg, 0.77 

mmol), and catalytic DMAP (0.141mg, 1.16 mmol) were dissolved in dry methanol (25 ml) at 

room temperature and allowed to stir for 24h.  After this time period, the methanol was removed 

via evaporation and replaced with 10 ml of DMSO.  Diethylenetriaminepentacetic acid 

dianhydride (0.552 g, 1.55 mmol) dissolved in 15 ml of DMSO was added to the stirring 

polymer solution and allowed to react for an additional 24h.  The reaction mixture was then 

deposited into a 3500 MW dialysis membrane and dialyzed against methanol (4 x 500 ml) for 24 

h to remove all DMSO in the reaction mixture.  The dialysis solution was recovered and 

evaporated to yield a waxy white solid, which was then subjected to BOC group removal using 

neat TFA (25 ml).  After removing the TFA with evaporation, the polymer was dissolved in 

NaHCO3 buffered water and dialyzed for 24 h against ultrapure water (6 x 3000 mL).  The 

dialyzed solution was recovered and lyophilized to yield a flakey white solid, 1:1.  Yield = 0.393 

g, 32 %.  1H-NMR (D2O): δ = 2.52 – 2.98 (bm, 40H), 3.04 - 3.32 (bm, 18H) 3.86 (s, 2H), 4.23 (s, 
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2H).  GPC-MALS: Molecular Weight = 9,010 Da, PDI = 1.12.  FTIR (cm-1): 3271.4, 2924.2, 

2370.0, 1631.1, 1576.3. 

General Procedure for chelation of lanthanide with polymer 

The amount of material used in each polymerization varied based on the amount of 

material available from previous steps. For example, 0.5 mmol aliquots of each unchelated 

polymer (based on molar amount of chelate per repeat unit), 5:1, 3:1, 2:1, and 1:1, were 

dissolved in 5 ml of ultrapure water at room temp.  Next, 0.5 mmol of LnCl3 (either EuCl3 or 

GdCl3) was dissolved in 2 ml of water and dripped into the respective polymer solution in 3 

separate aliquots.  The pH was adjusted to pH = 6 after each aliquot addition with NaHCO3.  The 

solution was allowed to stir for 2 h and then was dialyzed in a 3500 Da MWCO bag against 

ultrapure water (4 x 3000 ml) for 24 h.  Dialyzed solutions were lyophilized to yield fluffy off-

white polymers. 

Eu5:1 

Yield = 94.0 mg, 68.2%.  GPC-MALS: Molecular Weight = 10,035 Da, PDI = 1.19.   

FTIR (cm-1): 3263.9, 2918.7, 2849.1, 2340.4, 1592.7. 

Elemental Analysis; Theoretical: C 44.79%; Eu 5.45%; H 7.81%; N 19.59%. 

   Actual:  C 30.98%; Eu 11.8%; H 6.45%; N 12.59% 

Eu3:1 

Yield = 71.8 mg, 65.3%.  GPC-MALS: Molecular Weight = 11,931, PDI = 1.13. 

FTIR (cm-1): 3264.3, 2918.9, 1848.9, 2334, 1592.8. 
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Elemental Analysis; Theoretical: C 43.76%; Eu 7.69%; H 7.55%; N 19.14%. 

   Actual:  C 30.87%; Eu 12.8%; H 6.35%; N 12.85% 

Eu2:1 

Yield = 130.3 mg, 61.4 %.  GPC-MALS: Molecular Weight = 11,676 Da, PDI = 1.13. 

FTIR (cm-1): 3261.5, 2867.4, 2854.9, 2368.9, 1580.2 

Elemental Analysis; Theoretical: C 42.85%; Eu 9.68%; H 7.32%; N 18.74%. 

   Actual:  C 32.18%; Eu 16.0%; H 6.54%; N 13.42% 

Eu1:1 

Yield = 43.4 mg, 61.4%.  GPC-MALS: Molecular Weight = 5,712 Da, PDI = 1.13. 

FTIR (cm-1): 3260.3, 2920.6, 2848.6, 1586.2. 

Elemental Analysis; Theoretical: C 41.31%; Eu 13.07%; H 6.93%; N 18.06%. 

   Actual:  C 30.37%; Eu 38.4%; H 6.93%; N 18.06% 

Gd5:1 

Yield = 98.7 mg, 71.6%. GPC-MALS: Molecular Weight = 12,444 Da, PDI = 1.23.   

FTIR (cm-1): 3260.8, 2920.1, 2874.8, 2340.0, 1579.5. 

Elemental Analysis; Theoretical: C 44.70%; Gd 7.77%; H 5.63%; N 19.55%. 

   Actual:  C 33.72%; Gd 16.4%; H 6.54%; N 14.26% 
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Gd3:1 

Yield = 68.2 mg, 62.0%.  GPC-MALS: Molecular Weight = 12,332 Da, PDI = 1.18.  Elemental 

FTIR (cm-1): 3264.9, 2919.6, 2848.9, 2340.7, 1592.5. 

Elemental Analysis; Theoretical: C 43.65%; Gd 8.01%; H 6.85%; N 19.09%. 

   Actual:  C 31.93%; Gd 12.0%; H 6.85%; N 13.32% 

Gd2:1 

Yield = 146.1 mg, 75.3%.  GPC-MALS: Molecular Weight = 9,339 Da, PDI = 1.18.   

FTIR (cm-1): 3259.8, 2919.8, 2848.6, 2326.7, 1593.5. 

Elemental Analysis; Theoretical: C 42.71%; Gd 9.98%; H 7.30%; N 18.68%. 

   Actual:  C 33.46%; Gd 11.6%; H 6.93%; N 13.68% 

Gd1:1 

Yield = 48.1 mg, 67.4%.  GPC-MALS: Molecular Weight = 8,295 Da, PDI = 1.26.  

FTIR (cm-1): 3260.4, 2920.4, 2874.1, 2367.4, 1586.7. 

Elemental Analysis; Theoretical: C 41.36%; Gd 13.67%; H 6.90%; N 18.07%. 

   Actual:  C 32.13%; Gd 8.2%; H 6.59%; N 12.19% 
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7.3.4 Polymer Characterization.   

The molecular weight and polydispersity for polymers 5:1, 3:1, 2:1, 1:1, Eu5:1, Eu3:1, 

Eu2:1, Eu1:1, Gd5:1, Gd3:1, Gd2:1, and Gd1:1, were measured with a Viscotek GPCmax 

instrument equipped with a GMPWxl (aqueous phase, Tosoh Biosciences, New York, NY) 

column coupled to a triple detection system (static light scattering, viscometry, and refractive 

index) as shown in Table 3.  A solution of 0.5M sodium acetate containing 20% acetonitrile was 

used as the mobile phase.  Each sample was dissolved in the mobile phase, injected into the 

instrument (100uL loop, 8-12mg/mL), and eluted at a flow rate of 0.80 ml/min.  A monodisperse 

polyethylene oxide standard weighing 22 kDa was used as a reference standard for these 

experiments.  NMR spectra were acquired on a Bruker AV-400 MHz spectrometer.  1H NMR 

data are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, bs = broad singlet, bm = broad multiplet), and the peak 

integration.  It should be mentioned that neither 1H nor 13C NMR data could be collected for 

Eu5:1, Gd5:1, Eu3:1, Gd3:1, Eu2:1, Gd2:1, Gd1:1, and Eu1:1, due to the paramagnetic nature 

of these materials.  These materials were studied with elemental analaysis.  IR spectra were 

measured on a Perkins-Elmer FTIR.     

7.3.5 Thermo Gravimetric Analysis (TGA) 

In hopes of relating thermal degradation to polymer composition, polymers Gd5:1, 

Gd3:1, Gd2:1, and Gd1:1, were studied for their thermal stability profiles using TGA.  Sample 

sizes between 5 – 10 mg were deposited on to a tared platinum sampling pan and loaded into the 

TGA.  Sample degradation was monitored from 25°C to 800°C.  Samples were compared for 

degradation similarities based upon their comonomer ratio composition.   
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7.3.6 Gel Electrophoreses Shift Assay  

Polymers Gd5:1, Gd3:1, Gd2:1, Gd1:1, Eu5:1, Eu3:1, Eu2:1, and Eu1:1, were studied 

for their ability to bind pDNA using gel electrophoreses.  Each polymer was dissolve in 

nuclease-free water (Gibco, Carlsbad, CA). Next, solutions of pDNA (1μg, 0.1μg/μL) were 

titrated with equal volumes of polymer solutions to form polyplexes at N/P ratios varying from 

0-50 (N = secondary amines on polymer, P = phosphate groups on the pDNA) and allowed to 

incubate for 30min at room temperature.  Loading buffer (2µl) was added to each of the prepared 

polymer-pDNA solutions (Blue Juice, Invitrogen, Carlsbad, CA).  The gel composition was 

agarose 0.6% w/v, which contained ethidium bromide (0.6 μg/mL) and was prepared in TAE 

buffer (40 mM Tris-acetate, 1 mM EDTA).  Aliquots (20ul) of each polyplex solution were 

deposited into each well.  An applied field of 60V was used to facilitate pDNA migration.  

Polymer-pDNA complex formation is illustrated by lack of pDNA band migration in the 

electrophoretic field, illustrating charge neutralization of the DNA phosphates. 

7.3.7 Polymer Relaxivity 

T1 measurements were carried out on Varian 400-MR NMR (9.4T) and Anasazi FT-NMR 

60MHz (1.41T) NMR spectrometers.  The longitudinal relaxation time (T1) for each solution was 

measured using an inversion recovery pulse sequence (180° – dt – 90° – acquire) at 298K.  

Arrayed data [n(dt) = 10] was processed using Acorn NUTS software and fit to a three-parameter 

model.  The inverse of the T1 data was used to determine the longitudinal relaxation rate 

constants (R1) imparted by the polyplexes.  Solution concentration data for beacons Gd5:1, 

Gd3:1, Gd2:1, and Gd1:1, were used to calculate relaxivity (r1) by generating a curve fit to 

(1/T1) = [Gd3+](r1) + b, where b = (1/ T1) for the working solvent (water). 
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7.3.8 Cellular uptake in HeLa cells 

Flow cytometry studies were carried out in collaboration with Patrick McLendon, a 

member of the Reineke group.  Twenty-four hours prior to transfection, HeLa cells were seeded 

in 6 well plates at a density of 250,000 cells/well and incubated in supplemented DMEM (10% 

FBS) at 37°C and 5 % CO2.  Polyplexes were formulated by adding 250µL solutions of each 

polymer dissolved in water (concentration calculated based on N/P ratios of 40 and 60) to 5 µg 

of Cy5-labeled pDNA (250 µL solution).  Polyplexes of Jet-PEI and G4 were formulated using 

the same methodology.  Polyplexes were incubated at room temperature for 1 hour.  Just prior to 

transfection, 1mL of Opti-MEM was added to each solution.  Cells were aspirated of old media, 

washed with 1mL PBS, and the appropriate polyplex solution was added to each well.  Cells 

were then incubated at 37°C under a 5% CO2 atmosphere for 4 hours.  The cell suspensions were 

then prepared for analysis as previously described.  HeLa cell suspensions were analyzed on a 

FACS Canto II flow cytometer equipped with a 633 nm helium-neon laser.  Mean Cy5 

fluorescence intensity was measured using the appropriate forward and side scatter gates.  A 

control of untransfected cells was used to create a gate such that less than 1% of cell-associated 

autofluorescence is detected in the Cy5 channel.  This gating strategy was used for subsequent 

samples of transfected cells to determine the percent of cells transfected. 

7.3.9 Luciferase assay in HeLa cells 

For gene expression analysis, polyplexes were formulated in an identical manner as 

above except with GWiz-luc pDNA and allowed to transfect cells for 48 hr prior to assaying for 

luciferase activity.  Cell viability was characterized by measuring the amount of protein in cell 
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lysates using a Bio-Rad DC protein assay kit (Hercules, CA) in triplicate.  Viability is reported as 

the fraction of protein in each sample normalized to a control of untransfected cells.   

7.4 Results and Discussion 

The design of these polymers was inspired by the characteristics of previous successful 

cationic nucleic acid delivery vehicles.  The amine-containing co-monomer precursors were 

synthesized using a series of protection/deprotection reactions previously published by our lab to 

obtain 1 (Scheme 1).6 These oligoamines were first polymerized with the appropriate portions of 

dimethylgalactarate, in methanol for 24h at RT.  Next, diethylenetriaminepentaacetic acid 

bisanhydride was added to this reaction mixture in dimethylsulfoxide at room temperature for 24 

hours to form four new random copolymer structures, consisting of protected 

oligoethyleneamine, galactaramide, and pendant carboxylates from the anhydride ring opening 

during polymerization, in various monomer ratios (Scheme 7-1). The Boc protecting groups were 

removed via conventional methods yielding the unchelated polymers 5:1, 3:1, 2:1, and 1:1.  

NMR analysis indicated that intended monomer ratios used for polymerization carried over into 

the unchelated polymer structure (Figure 7-3).  The deprotected precursors were then chelated 

with the chloride salts of Eu3+ and Gd3+, while maintaining a neutral pH, using NaHCO3.  This 

chelation is confirmed via shifting of the FT-IR carbonyl stretch absorbance bands from ~1575 

cm-1 to between 1580 cm-1 and 1592 cm-1. 
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Figure 7-3.  NMR comparison to determine galacteramide content relative to 
diethylenetriaminetriacetic acid diamide content. 

 

Elemental analysis (see Materials and Methods) indicates that Ln levels are significantly 

higher than theoretical values predict.  Unfortunately, it seems that significant degradation is 

occurring in the dialysis step after chelation.  After galactaramide hydrolysis, it seems a 
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significant amount of cleaved oligomer is washing out of the dialysis bag.  This elemental 

analysis data is further supported by the molecular weight loss observed in later experiments 

(vide infra).  Because of the degradation happening during this step, dialysis is likely not a viable 

option for purification of these chelated polymers in future work.  Non-aqueous purification of 

centrifugal membrane purification might indeed be a more successful option.   

The unchelated and Ln-chelated polymers were analyzed via GPC using a triple detection 

system (refractive index, static light scattering, viscometry) to determine the weight averaged 

molecular weight (Mw) and polydispersity index (Mw/Mn) (Table 7-1 and Figure 7-4).  Molecular 

weight varied between the polymer structures 5:1, 3:1, 2:1, 1:1, Eu5:1, Eu3:1, Eu2:1, Eu1:1, 

Gd5:1, Gd3:1, Gd2:1, and Gd1:1.  This is likely due to the amount of hydrolysable amide 

bonds in each structure, which are attributed to the galactaramide linkages,7 and can hydrolyze 

during the dialysis purification they are subjected to.  This is also likely why very low yields 

were recovered after each step.  Possible degradation via hydrolysis is further confirmed by the 

loss of Mw (determined by GPC-light scattering, Figure 7-4) between the non-chelated 1:1 

polymer and its chelated analogues (Table 7-1). 
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Scheme 7-1. Synthesis of Ln-DTPA-poly-galactoamidoamine copolymers.a 
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a i)  Reagents 1 and 3, DMAP, MeOH, 24h RT. followed with reagents 1, 2, and 3, DMAP, 
DMSO, 24h, RT. ii)  TFA neat, 1h, RT, iii) LnCl3, NaHCO3, H2O, 1h.  χ represents the molar 
ratios of each monomer, which carriy through to the final structure. 
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 Polymer Mw (Da) Mw/Mn 

5:1 10,966 1.16 

3:1 11,591 1.14 

2:1 9,228 1.12 

1:1 9,010 1.12 

Gd5:1 12,444 1.23 

Gd3:1 

Gd2:1 

Gd1:1 

Eu5:1 

Eu3:1 

Eu2:1 

Eu1:1 

12,332 

9,339 

8,205 

10,035 

11,931 

11,676 

5,712 

1.18 

1.18 

1.23 

1.10 

1.13 

1.13 

1.13 

 

 

 

 

 

 

 

 

 

Table 7-1. Polymer Mw and PDI as determined by GPC light scattering. 
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Figure 7-4.  GPC right angle light scattering traces of 5:1 (black), 3:1 (red), 2:1 (blue), and 1:1 
(green); show a monomodal light scattering trace for each polymer sample.  

Because of the large amount of degradation observed between the chelated and 

unchelated polymers in the GPC experiments and in attempt to try to understand the stability 

differences between the random copolymers, especially relating to the amount of galactose 

comonomer, the polymers were evaluated with thermo gravimetric analysis (Figure 7-5).  Gd5:1, 

Gd3:1, Gd2:1, and Gd1:1 were analyzed between 35 oC and 800 oC.  All polymers, especially 

samples with higher amounts of Gd-DTPA comonomer, showed two distinct weight loss regions.  

The first transition occurs around 300 oC and is likely related to the amount of galactose 

comonomer since the amount of degradation at this temperature increases as a function of 

galactose molar ratio (Gd5:1  Gd1:1).  The second degradation occurs at 475 oC and is likely 

related to the Gd-DTPA comonomer.  The final weight percentage (20% - 30%) is likely 

comprised of non-thermally degradable remnants, probably gadolinium oxides.  Interestingly, the 
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“char” remaining in the TGA pan is a white fluffy powder which indicates these likely are Ln-

oxides.  

 

Figure 7-5. TGA profiles for family of Gd-containing polymers.  Degradation traces for the Gd-
chelated polymers Gd5:1 (blue), Gd3:1 (red), Gd2:1 (green), and Gd1:1 (purple). 

 

The polymers, Gd5:1, Gd3:1, Gd2:1, and Gd1:1 were examined for their ability to 

complex pDNA using a gel shift assay (Figure 7-6).  Polyplexes were formulated at N/P ratios 

(N = the polymer secondary amine number and P = the DNA phosphate number) between 0 and 

50 before being electrophoresed in an agarose gel.  N/P ratio was calculated based on the 

molecular weight for the total repeat unit.  In the case of Gd5:1, each 

(pentaethylenetetraamine)amido-(Gd3+)diethylenetriaminetriacetate unit has a MW = 744.92 Da 

and each galacteramideamidopentaethylenetetramine has an MW = 450.55 Da.  There are five 
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(pentaethylenetetraamine)amido-(Gd3+)diethylenetriaminetriacetate units and one 

galacteramideamidopentaethylenetetramine unit per repeat, giving a MW = 4175.2 Da per repeat 

unit.  This value and the total amount of secondary amines in the repeat unit (24) are used to 

calculate N/P.  Polymers Gd5:1, Gd3:1, Gd2:1, and Gd1:1 began to hinder gel migration at N/P 

ratio of 0.5, and pDNA migration was mostly suppressed between an N/P of 20 – 30 in all cases 

except for Gd1:1.  With these polymers, the N/P ratio needed to fully inhibit gel migration of 

pDNA was slightly higher than expected when compared to similar polyamidoamine vehicles 

created in our laboratory.3-6  The bulkiness of the lanthanide chelate and the presence of the 

carboxylate groups could have an effect on suppressing the binding through steric hindrance and 

lower cationic charge on the polymer backbone.  As carbohydrate ratio increases in the polymer 

backbone, gel binding seems to decrease.  Based on H-bonding interactions from galactaramide, 

quite the opposite was expected, but the small sizes of these polymers likely are the limiting 

parameter in binding.  As observed with the first generation polymers, the non-chelated polymers 

(5:1 and 3:1, data not shown) do not bind with pDNA, likely due to their zwitterionic nature at 

physiological pH, imparted by their free carboxylate arms. 
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Figure 7-6. Gel binding of polymers Gd5:1, Gd3:1, Gd2:1, and Gd1:1. 

After finding that these novel polymers can bind pDNA and are likely easily degraded via 

hydrolysis, we wanted to probe their biological properties.  Human cervical cancer (HeLa) cells 

were transfected with Cy5 labeled pDNA that was complexed with the various novel Ln-

containing polymers.  After 4 h these cells were trypsinized, analyzed on a FACS Canto II flow 

cytometer, and compared to both positive (G4 polyplexes (Figure 7-1), linear PEI polyplexes) 

and negative controls (cells only, DNA only).  It seems that as the ratio of galactose to DTPA 

increases, so does the cellular uptake of the related polyplexes (Figure 7-7).  In fact, the Ln1:1 

polymer family seems to have twice as much Cy5 intensity as their non-galactose-containing 
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analogs described in Chapter 6 (Gd3b and Eu3b).  This exciting trend would likely continue to 

approach the uptake of G4, if higher χ galactaramide to χ DTPA ratio polymers are synthesized.  

 

Figure 7-7. Cellular uptake of polyplexes at N/P = 30.  Cells were transfected with Cy5 labeled 
pDNA and analyzed for cellular uptake via flow cytometry after 4h. Controls are pDNA only 
(DNA), PEI polyplexes (PEI, N/P = 5), and G4 (N/P = 30). 

The whole impetus for creating these new 

poly[galacteramide(pentaethylenetetramine)amido(pentaethylenetetraamine)amido 

(Ln3+)diethylenetriaminetriacetate] (PGAALnDTPAA) polymers was to retain the same 

diagnostic enhancement potential of the generation one series (chapter 6), but to increase their 

ability to promote transgene expression.  To suppoirt if our hypothesis that incorporating 

carbohydrates in the polymer backbone would improve transfection efficiency by promoting 

polymer degradation, a luciferase expression assay was performed.  HeLa cells were treated with 
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pDNA encoded for the luciferase gene and allowed to incubate for 48h, after which they were 

lysed and assayed for luciferase expression.  The results followed a very similar trend to the 

cellular uptake, and indeed supported our hypothesis.  G4 is among the better transfection agents 

currently being used, which makes the similar high expression imparted by Gd1:1 and Eu1:1 

extremely exciting (Figure 7-8).  It is clear that PEI has very high gene expression, but also 

shows high toxicity.  It seems the biocompatibility of G4 also carries over to the 

PGAALnDTPAA random copolymers, as greater than 80% cell viability is noted for all 

polymers, based on a protein content assay.  Indeed, these results indicate that these random 

copolymers could show high potential as theranostic agents. 

 

 
Figure 7-8. Luciferase expression in cells transfected with polyplexes.  Cells were transfected 
with a plasmid encoded with a luciferase gene, lysed after 24h, and assayed for luciferase 
activity.  Controls are pDNA only (DNA), PEI polyplexes (PEI, N/P = 5), and G4 (N/P = 30). 
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 Relaxation enhancement is an important parameter to consider when examining the 

efficacy of a contrast agent.  In attempt to quantify this important attribute, the novel copolymers 

were dissolved in water and subjected to T1 analysis at 400 MHz (Figure 7-9).  Interestingly, the 

relaxivity changes significantly, depending on the structure of the random copolymers.  Gd5:1 

and Gd3:1 both show the greatest enhancement.  As galactose increases in the polymer 

backbone, the relaxivity decreases.    It is most likely due to the pronounced degradation 

occurring in the dialysis step following chelation.  Significant amounts of Gd-oligomer may be 

washing out which leads to unreliable calculations when preparing solutions for this experiment.  

This is attested in the Ln-content analysis where Gd(III) content is low compared to theoretical 

values, which is likely the reason for its low relaxivity.  The relaxivity of these polymers is 

certainly above the threshold level required for effective contrast enhancement in clinical 

applications.   

 

Figure 7-9. Relaxivity of free polymers in solution at 400 MHz.  
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 Extensive studies are being carried out to understand the cellular uptake and trafficking 

pathways of these random copolymers using two-photon confocal microscopy.  This work has 

been designed and carried out using these polymer systems by Patrick McLendon.  The cells in 

the image below have been labeled with a cell wall stain (green) and the Eu-polymer sample is 

represented in the red channel.  It is clear that Eu3:1 polymer seems to accumulate in the 

perinuclear region.  This staining is drastically different than that observed from the polymers in 

Chapter 6, indicating that galactose somehow plays a role in polyplex trafficking to the 

perinuclear region.  There is no label in this case indicating the location of pDNA, so 

unfortunately, no conclusions can be made as to where theses polyplexes release their cargo.  

Ongoing microscopy studies across this entire series will help decipher exactly how these 

random copolymers increase transfection as a function of galactaramide content. 
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Figure 7-10. Eu(III) two photon excitation λ = 780 nm.  Imaged 24 h after transfection.  Scale 
bar equal to 20 mm. 

 

7.5 Conclusions 

 This work demonstrates the development of an efficacious series of transfection reagents 

with high diagnostic potential.  The polymers are likely degradable by the same route as their 

PGAA analogs, which could be a reason for the high transgene expression they promote.   As 

well as great transgene expression, these polymers promote high cellular uptake, which is 
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important when the amount of cell loading is related to diagnostic response.  Overall, these new 

polymers show excellent transgene expression, but are ultimately not well defined and degrade to 

quickly to consider a well characterized material. 
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Chapter 8: Suggested Future Work 

8.1 Targeted inclusion studies with Gd10 

 Inclusion possibilities were the original impetus for synthesizing Gd10 and offer 

unlimited potential for this easily functionalized contrast agent.  Cyclodextrins are well known 

for their hydrophobic inclusion properties.  Several delivery and imaging agents have utilized 

this property to attain organ targetable systems.1  Much like the inclusion explored in Chapter 5, 

targeting agents such as folic acid (Figure 8-1),2 could be conjugated to adamantane via a PEG 

connecting group, and included into the cyclodextrin cup of Gd10.  Folate targeting is interesting 

because the folate receptor is over expressed in activated macrophage cells which are implicated 

in a variety of inflammatory diseases such as: arthritis, atherosclerosis, and Crohn’s disease.  

Thus macrophage activity is directly related to inflammation and could be monitored via MRI.  

An inflammation marker which could serve as a disease predicting label would be a valuable 

diagnostic tool. 
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Figure 8-1. Adamantane-PEO-folic acid for conjugation to Gd10 for selectively targeting active 
macrophage and endothelial cells. 

 

8.2 New Inclusion Mediated Self-Assembly of Gd10 

 Only one hydrophobic inclusion moiety was explored with Gd10 in Chapter 5.  It is 

likely from the size of the aggregates that are formed that multi-lamellar structures could be 

forming.  This type of assembly could occur because the inclusion molecule developed in 

Chapter 5 is not sterically bulky and can therefore bind several Gd10 molecules at one time, 

essentially, non-covalently cross-linking them.   Ideally, new hydrophobic tails could be 

designed that would include with Gd10 that in only one way, preventing this cross-linking effect.  

This means the non-including hydrophobic tail of the guest molecule must be sterically bulky.  

Two suitable options to accomplish this (Figure 8-2) would be hydrophobic adamantane 

containing polymers, similar to those used by Jiang and coworkers.3  These polymers contain 

pendant adamantyl groups conjugated to a hydrophobic backbone.  Because the polymer consists 
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of a long chain with pendant groups, the only appropriate binding location is to the pendant 

adamantane groups because the backbone has no appropriate way to bind.  This could be 

accomplished by forming a random poly-propylene with pentyladamantyl groups randomly 

incorporate within.  To avoid the extra variables encountered by using polymers, adamantane 

conjugated to bulky rigid hydrophobic molecules such as pyrene or others could be a viable 

solution for more well characterized inclusion.4  Pyrene would also add a second imaging 

modality (fluorescence) which would be interesting for multimodal imaging.  Pyrene also shows 

different fluorescence whether it is in a hydrophilic or hydrophobic environment; a phenomenon 

that could be used to study ratios of complexed to un-complexed Gd10.  Perhaps by eliminating 

multimeric binding of guest to host, new inclusion complexes might have properties similar to 

traditional surfactants and thus more predictable self-assembly behavior. 

mn  

Figure 8-2.  Proposed future synthesis: Inclusion molecules that have only one moiety for 
binding Gd10.  
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8.3 I

ded DNA sensors which have been developed by David 

Parker and coworkers at The University of Durham.5  A synthetic plan was developed and 

attempted according to Scheme 8-1.   

 

 

 

 

 

ntercalating Polymers as Sensors for Gene Release 

Generation one (Chapter 6) and generation two (Chapter 7) of the Ln-containing nucleic 

acid delivery polymers were breakthroughs in diagnostic drug delivery, though their signal is 

related to their location and not an event (such as nucleic acid release).  Newer generation 

polymers could utilize energy transfer from an antenna to sense an event such as gene release.  

Ideally the antenna would be a group that can not only harvest ultraviolet light and transfer the 

energy to the Eu(III) center, but also a group that can intercalate double stranded DNA and be 

deactivated because of the hypochromic effect (see Figure 8-3).  Napthyl-amido groups were 

conjugated to diethylenetriaminetetraacetic acid to incorporate into an oligoamine polymer for 

this purpose.  A napthyl-amido antenna group has a less than desirable emission band for Eu(III) 

excitation though. An ideal group for this is the coumarin II ligand, which absorbs at 360 nm, 

emits at 405 nm, intercalates DNA, and efficiently transfers energy to Eu(III).  Similar systems 

have shown promise as double stran
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Scheme 8-1. Proposed, partially completed synthesis of intercalating Eu(III) polymer. 
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Conjugation of coumarin II to an electrophilic group such as bromoacetate was 

accomplished via two separate amide bond forming routes (Scheme 8-1): secondary amine 

reaction with bromoacetyl bromide and secondary mine reaction with EDCl activated 

bromoacetic acid.  The later route here creates fewer byproducts and doesn’t require workup on a 

silica column, making this the preferable route.  Conjugation of bromoactetylcoumarin II to 

DTTA is accomplished at RT in DMF.  The NMR shows successful coupling has occurred, but 

purification is required to remove excess starting material.  Unfortunately, it seems, that 

coumarin II is hydrolyzed off of the DTTA molecule through its amide bond (making DTPA and 

coumarin II) during this colu

DNA release in cells.  

Synthesizing these types of systems has been initiated in my research and will hopefully continue 

to completion in the hands of newer investigators in the Reineke group. 

  

 

mn purification step.  Perhaps a better workup or synthetic 

modification at this step would allow Scheme 8-1 to proceed. 

It is not well understood how and when non-viral gene delivery agents release their cargo 

in cells.  Answering this question using a clever system would likely be high impact work.  This 

proposed system could become a very useful tool for visualizing 
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Figure 8-3. Proposed structure of intercalating Eu(III) containing polymers as sensors for gene 
release.  When coumarin 2 “antenna” group is intercalated, no energy transfer can occur and the 
emission form Eu(III) is essentially turned off.  Upon DNA release, this group is no longer 
intercalated and therefore will facilitate Eu(III) emission. 

 

8.4 Other Ln-Containing poly-glycoamidoamines and in vivo 

studies 

 To this point, only galactaramideoligoamine-containing Ln(III) polymers have been 

synthesized in four ratios, however the likely hood that our desired structure carries through the 

final step of synthesis before degrading is unlikely.  A new synthetic method is required to arrive 

at these final desired structures.  This new method will require the elimination of aqueous 
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dialysis steps in favor of less degrading purification steps.  One possible solution would be to do 

the purification of these polymers using a size exclusion gel such as sephadex-25 or a quick 

purification step such as centrifugal dialysis.   Another viable option would be to use 

carbohydrates with less labile bonds than α-hydroxylamides.  Connection methodologies such as 

thoughs utilized in the synthesis of Trehalose click polymers might be better suited here. 6 

The trend we observed indicated that as more carbohydrate was integrated into the 

polymer backbone, higher transfection efficiency occurred, however these results are somewhat 

questionable in light of the errant elemental analysis data.  If this trend holds true, it could 

certainly be extended with even higher galacteramide ratios.  Since well defined structures are 

more likely to have clinical use, it would be of interest to make derivatives of these preliminary 

structures with more controlled architectures such as AB-copolymers.  Other logical future 

structures would include other carbohydrates, especially carbohydrates that can promote 

polyplex serum stability such as trehalose.  This project offers a preliminary look at what is 

possible with Ln-containing poly-glycoamidoamines and future work will certainly uncover 

more exciting properties and uses for these vectors. 

All of the Ln-containing polymers discussed in this dissertation have shown interesting 

diagnostic and delivery properties in vitro, but to this point have not been evaluated in vivo.  

Nucleic acid delivery has been studied in vivo with a multitude of cationic macromolecule 

systems.  Until now, researchers have had little success monitoring these delivery processes with 

MRI, especially with fine resolution that the Gd(III) polymers of Chapter 6 have attained in in 

vitro demonstrations.  One very important question in this field right now is: how do these 

polymer-DNA nanoparticles diffuse into tissue?  This question has been answered to a degree 

with labeled DNA, but the location of the associated polymer is not clear and cannot be assumed 
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to be associated with the DNA staining.  Another important question is: how, where, and when, 

are these polymers/polyplexes washed out or metabolized?  The Gd(III) chelating polymers 

might be able to answer these questions based on their spatial MRI profiles over time.  One 

important feature of macromolecular contrast agents is their ability to be retained in tumors.  

Future work could certainly deliver nucleic acids into tumors and perhaps monitor tumor size 

fluctuations as a metric for therapeutic efficacy.  These type of applications ambody the exact 

purpose of a theranostic agent.  These polymers have the aptitude to address these questions and 

further diagnostic, pharmokinetic, and excretion, related in vivo questions, in the future. 
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Appendix A.  Important NMR and Mass Spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure A-1: Proton NMR Spectrum of compound 2, Chapter 3. 
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Figure A-2: ESI-MS Spectrum of compound 2, Chapter 3. 
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Figure A-3: Proton NMR Spectrum of compound 3, Chapter 3. 

 

 

 

 

 

 

 

 

 

 

[172] 

 



 

Figure A-4: Proton NMR Spectrum of compound 4, Chapter 3. 
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Figure A-5: ESI-MS Spectrum of compound 4, Chapter 3. 
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Figure A-6: Proton NMR Spectrum of compound 5, Chapter 3. 
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Figure A-7: ESI-MS Spectrum of compound 5, Chapter 3. 
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Figure A-8: NMR Spectrum of compound 6, Chapter 3. 

 

 

 

 

 

 

 

 

 

 

[177] 

 



 

Figure A-9: ESI-MS Spectrum of compound 6, Chapter 3. 

 

 

 

 

 

 

 

 

 

 

[178] 

 



 

Figure A-10: NMR Spectrum of compound 8, Chapter 3.  ESI-MS of this compound is found in 
Chapter 3. 
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Figure A-11: NMR Spectrum showing the shift between starting material adamantyl acetic acid 
and adamantyl acetyl chloride, compound 1, Chapter 5. 
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Figure A-12: NMR Spectrum showing compound 2, Chapter 5. 
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Figure A-12: ESI-MS Spectrum showing compound 2, Chapter 5. 
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Appendix B: Dynamic Light Scattering 
Measurements for Gd10 and pDNA 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure B-1. Size intensity by volume of Gd10 reported in Chapters 3 – 5, in phosphate buffered 
saline.  The average hydrodynamic radius of Gd10 was 5.52 nm. 
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Figure B-2. Size distribution by volume for pDNA used for studies in chapters 6 and 7.  
Hydrodynamic radius was found to be 102 nm. 
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