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Chelates of the macrocycle DOTA and the Gd3 
+ ion serve as contrast agents 

for magnetic resonance imaging (MRI). MRI enhancement depends on the concentration 

of the metal complex agents at the target site. A higher concentration contrast agent 

gives better enhancement. This can be done by increasing the solubility of agents at the 

target site, or by increasing the number ofmetal complexes conjugated to a macro

molecular agent, or by increasing the cellular uptake of the complex at the target site 

using molecules that bind to specific cellular receptors. Two Gd3 
+-DOTA oligodeoxy

nucleotide conjugates were synthesized as potential MRI agents. Preparation of the 

oligodeoxynucleotide decamer was carried out by solid phase synthesis using an ABI 

394 DNA Synthesizer. 

The first oligonucleotide synthesized was destroyed during the purification step. 

A new DNA decamer oligonucleotide was synthesized and purified. The oligomer was 

cleaved from the column using ammonia/methylamine 1: 1. Linkers that were conjugated 

to the oligomer were also synthesized in the lab and characterized with 60MHz NMR. 

However, the resulting oligomer was also denatured in the lab, so a new oligomer 

consisting of nine deoxythymidine nucleotides residue was made with the ninth 



nucleotide derivatized with an amino hexane linker for coupling with DOTA-N

hydroxy-succinamide. This oligomer was purified on poly-pak column. Ultra violet 

spectroscopy showed a strong absorbance peak at 26Onm. However the Gd-DOTA

oligomer conjugate did not have strong absorbance at 260nm. This was attributed to 

possible interference from Gd-DOTA complex. 

We intended to couple theIS, 16-0-(isopropylidene)-4, 7,1 0,13-tetraoxahexa

decylamide-folate liker to the Gd-DOTA-oligomer. The purpose is to deliver Gd3 
+ 

selectively into tumor cells to enhance tumor imaging and thereby aid in the diagnosis 

of cancer. However, this was not successful. 
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1 INTRODUCTION 

Magnetic Resonance Imaging (MRI) is a technique that uses the magnetic 

effect on electrons and protons by chemical agents to image body tissues for clinical 

diagnosis. In addition to MRI, other techniques used for diagnosis include X-rays, 

Computer Tomography, and staining techniques. MRI has several advantages over 

other techniques. These include high sensivity, minimal side effects, and the ability to 

image both hard and soft tissues. MRI primarily relies on the magnetic effect on the 

relaxation of water protons to provide NMR images ofintemal body tissues, organs or 

cells. Differences in the structure and composition ofmetal chelate complexes (contrast 

agents) lead to variations in the ways that they interact with different body molecules. 

This leads to differences in the proton relaxation rates of body water molecules that are 

coordinated to the metal in the complex and enhances the image of targeted tissues 

having high selectivity for the MRI agent. Surrounding tissues are not enhanced. Certain 

receptors, especially folic acid receptors, are more highly enriched in diseased tissues or 

cells than in normal cells. Therefore, MRI agents can be developed that allow exclusive 

targeting of certain body tissues. Diagnosis can be made easily, since images of normal 

organs or tissues can be differentiated from abnormal or diseased ones. Certainly, 

knowledge for developing agents that will give the best image enhancement with minimal 

side effects from toxicity is essential. It is incumbent upon chemists to determine the 

composition, structure, and dosage required for such agents to be used safely and 

effectively. This thesis reports the synthesis ofa Od-DOTA complex conjugated to a 

nine unit deoxythymidine oligonucleotide by an amide condensation with a hexamino 

linker. 
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2 HISTORY 

Paramagnetic enhancement of water proton relaxation rates was first 

observed in ferric nitrate salts by Bloch (103). Proton Relaxation Enhancement 

(PRE) experiments have been carried out by Eisenger, Shulman, and Blumberg 

by increasing the rotational correlation time to enhance water proton relaxation 

from paramagnetic ions bound to DNA (98). In 1973 it was reported that long

itudinal relaxation rates (liT!) of water protons in canine myocardial tissues (104) 

were enhanced relative to infarcted tissues by the preferential localization ofMn 2+ 

ions in the myocardial tissues. The infarcted zone was then distinct from the normal 

myocardial zone. The technique was extended to humans in 1977 and confirmed in 

other experiments done on dog hearts (105,106). 

Ferric chloride administered to enhance the gastrointestinal tract was the 

first human application ofMRI carried out by Young and his co-workers (107). 

Gadolinium (III) was the first paramagnetic agent to be tried for patient diagnosis. 

Gadolinium (III) diethylenetriaminepentaacetate [Gd (DTPA)(H20)f was 

administered intravenously to enhance lesions in the regions of cerebral capillary 

breakdown in patients with cerebral tumors (1). 
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3 NUCLEAR MAGNETIC RESONANCE 

MRI (Magnetic Resonance Imaging), previously known as Nuclear 

Magnetic Resonance Imaging, requires that atomic nuclei have odd or half nuclear 

spins. Relaxation of excited hydrogens of water molecules is the basis ofmedical 

MRI (45). Spins of atomic nuclei can exist in two energy states, namely, the ground 

state and the excited state. At every temperature there are a number of spins directed 

towards the applied field (lower state) or against the field. The frequency of the spin 

of atomic nuclei in a magnetic field strength B can be expressed as: 

v = yB where v is the gyromagnetic ratio and y is the gyromagnetic ratio (144). 

The atomic nuclei will absorb photons of energy corresponding to the energy gap 

between the ground and excited states. This is typically in the range of 60 to 

800MHz for NMR spectroscopy and 15 to 80MHz for MRI hydrogen imaging. The 

energy E is described by ; 

E = hv = hyB where h is Planck's constant. 

At equilibrium, the vector direction ofnet magnetization of the interaction ofmagnetic 

force due to spins of the atomic nuclei and that of the applied external magnetic 

field is directed towards the Z-axis (longitudinal component). There is no transverse 

component (x or y). 

If the radiofrequency energy that matches the energy gap between spin states 

is supplied, the energy is absorbed to increase the spin states of the atomic nuclei. 

This changes the direction of the net magnetization from the Z-axis and possibly to 

zero if enough energy is supplied to saturate the system. The energy is released as 

nuclei return to the ground state. This can be converted into signals that give 

information about the chemical environment of the spinning nuclei. The time 
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constant that describes the return of nuclear spins to equilibrium along the X-Y 

plane is called the Spin-Spin Relaxation Time (T2)' Molecular interactions and 

external magnetic field variations leads to decay of transverse magnetization. 

Processes leading to transverse and longitudinal relaxation occur simultaneously, 

but T2 is always less than or equal to T) (26,28). The energy emitted as the nuclei 

return to equilibrium in both T) and T2 can be converted to electrical signals and 

used for analyzing the chemical environment of the protons (27,45). 

REQUIREMENTS FOR MRI CONTRAST AGENTS 

In addition to biocompartibility, water solubility, and shelf stability, the 

other requirements for good agents are relaxivity, specific in vivo distribution, 

in vivo stability, excretability, and lack of toxicity (1). Agents should be designed 

to satisfy clinical and FDA (Food and Drug Administration) standards (13). A good 

MRI agent must have high and fast uptake at the target site, high target to background 

ratio, long residence time at the target site, and fast excretion from the body. The 

high uptake at the target site and fast renal clearance improves the target-to-background 

enhancement ratio and reduces toxicity to other normal organs such as kidneys, 

liver, and bone marrow. Agents must have high purity and high kinetic and 

thermodynamic stability in solution. MRI agents are usually made (complexed) 

immediately before injection (13). 

RELAXIVITY OF METAL COMPLEXES 

Gd3 
+ is more widely used as an MRI agent than other metal agents such as Fe2 

+ 

or Mn2 
+. Highly paramagnetic Gd(III), with seven unpaired electrons (spin 

state 7/2) leads to a much slower electronic relaxation rate. Unpaired electron 

spins reinforce each other. The dipolar interaction between unpaired Gd3 
+ electrons 
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and the water nuclei causes relaxivity to increase, since the water proton frequency is 

closely tuned with that of the Gd3 
+ electrons (l09). 

Contrast agents are chemicals that can promote marked changes in the relaxation 

rate of tissues protons (99). Positive contrast agents are paramagnetic complexes, 

mostly containing Gd(III) or Mn(II) ions, which affect relaxation rates ofbulk water 

protons through the exchange of water molecules in coordination spheres. 

MRI depends on the longitudinal relaxation rate (lIT1) and the transverse 

relaxation rate (1/T2) of water protons. Longitudinal and transverse relaxation rates 

of solvent nuclei are both increased by paramagnetic agents. The increase in l/Tj 

and liT2 is about the same for these agents and is best used to give brighter T1

weighted images since l/T j is usually significantly longer than l/T2 in most targeted 

biological tissues, resulting in a higher percentage change for liT] than for l/T2 (99). 

Negative contrast agents, e.g., iron oxide particles, are used to shorten l/T2, 

(or increase T2), leading to improved contrast and reducing the water signal in 

T2-weighted images. Large changes in magnetic susceptibility around the particles 

determine their function (l, 99). This can be used for paramagnetic lanthanides 

confined in microcompartments, such as capillary vessels. Chemicals containing 

mobile protons may act as T2 agents through decreased water proton relaxation 

time by an exchange process (99). The observed relaxation rate is a sum of 

diamagnetic and paramagnetic components: 

(lITi) obs = (l/Ti)d + (l/Ti)p (i = 1 or 2) where 1 or 2 refers to longitudinal and 

transverse relaxation respectively) (1). The term (l/Ti)obsv is the observed solvent 

relaxation rate in the presence of paramagnetic species, (l/Ti)d is diamagnetic 
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solvent relaxation rate in absence of paramagnetic species, and (1/Ti)p is the 

additional paramagnetic contribution. 

Relaxivity (R) (measured in M"s-' or commonly mM-'s·') is the slope of the 

plot of observed solvent relaxation rate (1/Ti)obsv against concentration of 

paramagnetic species [M]. (lITi)obsv = (1/Ti)d + R j [M] (i = lor 2). Longitudinal 

relaxivity rl refers to change in the liT) per millimolar of agent r2 while transverse 

relaxivity accompanies the change in lIT2. The ratio r1/r2 ratio is usually 1 to 2 for 

T I agents such as Gd3+,but 10 or more for T2 agents such as iron oxide (2). 

Large fluctuating local magnetic fields near paramagnetic centers needed for 

solvent nuclei relaxation diminish with distance. Of vital consideration is the random 

translational diffusion of the solvent molecules and complex, as well as specific 

chemical interactions (H-bonding, Van der Waals, etc.) that bring solvent molecules 

within O.5nm of the metal ions (1). 

Figure 1a. Interactions of water molecules with Gd-DOTA complex 
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Figure 1b. Interactions of water molecules with MRI metal complexes 

Two types of interactions are considered, namely, direct coordination of water 

molecules to metal ions (Figure 1) which undergo periodic exchanges with molecules 

in bulk solvent (inner sphere relaxation) (2), and dipolar interactions from hydrogen 

bonding of bulk water molecules with atoms of chelates and metal atoms (second 

sphere relaxation), and the translational diffusion of water molecules past the chelate. 

Second sphere relaxation and translational diffusion of water molecules past the 

chelate all constitute Outer Sphere Relaxation (110, Ill). 

Total relaxation that is measured is a sum of inner and outer sphere relaxation 

(l/Tj)p = (lITj)jnner sphere + (lITi)outer sphere (i = 1 or 2), 

where (l/TJ p is the total relaxivity of the paramagnetic agent. 

Image enhancement is largely dependent on the longitudinal relaxation 

enhancement which is described in the equation; (1/T j ) inner sphere = Pmq/(T lm + 1 m), 

where Pm is the mole fraction of metal ions, q is number of water molecules bound 

per metal atom, Tim is the relaxation time of bound water protons, and 1 m is the 

residence lifetime of bound water. The Solomon-Bloembergen equation (98) accounts 

for relaxation rate of bound water protons. This consists of dipolar (through - space) 

and scalar or contact (through bonds) contributions as described in the following 

expressiOn: 

t_1_ =.!- '"(f'g!S(S +1)f1[ 7Tc + __8_"t__ ] +~StS +--l)(~)2[ T ] 

Tn. 15 r" (1 + ~¥f't;.'t) U + 4l1~1"}) 3 h 1 + w,/r/: 
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where y is the proton gyromagneto ratio, g is electronic g factor, S is total electron 

spin of metal ion, ~ is Bohr magneton, r is proton - metal ion distance, COs is 

electronic Lamor precession, COj is proton Lamor frequency and (A1H) is electronic 

-nuclear hyperfine coupling constant. 

In the following expression, 

1h c = 11T le + l/'tm + 1hR 1he = 11Tle + l/'tm 

'te and 'tc are overall correlational time for contact relaxation and dipolar relaxation 

respectively. Tie is longitudinal electronic spin relaxation time, 'tm is water residence 

time and 'tR is the rotational tumbling time of the entire metal-water unit (112-116). 

The 'tRis expressed by the equation 'tR = 4na311/(3KT), where a is the radius ofthe 

metal complex as a sphere, 11 is viscosity, T is absolute temperature, and k is Boltzmans' 

constant 

OUTER SPHERE RELAXIVITY 

Inner sphere relaxivity is high for open chain aquo metal ion complexes 

because of their ability to coordinate a high number of water molecules, which increases 

the rotational tumbling time of complexes, compared to metal ions with no bound water 

molecules q = 0 (1). However, outer sphere relaxivity becomes dominant for the highly 

stable multidentate ligands (such as DOTA and other low molecular weight macrocyclic 

complexes), due to the reduced the number of coordinated water molecules, which causes 

less inner sphere relaxation. Total relaxivity is dominated by outer sphere relaxation for 

macrocyclic multidentate ligands. 

In the absence of chemical or electronic interactions, outer sphere relaxivity is 

modulated by electronic-nuclear dipolar interactions from the translational diffusion of 
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water molecules around the complex and by field energy fluctuations (117,118). 

The general equation (118) for outer sphere relaxivity is given as: 

[1..] . C'l'NffYt""~"I[j(S + 1) ['11(~T1J +31"{fIIt'''JrTiJl 
T1 ........ tJt.ro
 

where C is a numerical constant (different in different equations), Ns is the number 

ofmetal ions per cm3
, d is distance of the closest solvent molecule to the metal 

complex, and 'tD is the relative translational diffusion time, 'tD =d2/[3(D\+Ds)], 

where D\ and Ds are the diffusion coefficients of water and the metal complex, 

respectively. These diffusion coefficients are described by the equation 

D = KT/ (61tall), where II and a are viscosity of the medium and the molecular 

radius of complex taken as rigid sphere, respectively. 
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4 LANTHANIDE METAL CHEMISTRY 

IONIC NATURE OF Gd-CHELATE COMPLEX 

The most common oxidation state oflanthanide metal ions is +3. Unlike 

d-block transition metals, the 4f electrons oflanthanides are inner electrons shielded 

from external influences by overlying 5s2
, 5p6, and 6s2 electrons shells (74). The 

ligand field effect is relatively weak and the magnetic properties of metal ions are 

not significantly affected by the coordination environment. The 4f electrons are 

not involved in bonding, therefore interactions between donor atoms and the 

lanthanide metal ions are predominantly ionic (13). 

The large sizes oflanthanides (such as gadolinum) favor high coordination 

numbers in aqueous media. All Gd 3+ based chelates currently approved for use in 

MRI are nine-coordination complexes in which a ligand occupies 8 binding sites 

at the metal center and the ninth coordination site is occupied by a solvent water 

molecule (13). The ionic nature of bonds in Gd-DOTA chelates results in longer 

bond distances for M-N bonds than for M-O bonds, e.g. Gd-N = 0.264-0.265nm 

and Gd-O (carboxylate) = 0.231-Q.238nm (15). 

SOLUTION PROPERTIES 

The naked +3 state that is most often written to represent lanthanide metal ions 

is oversimplified. Metals exist in complexed form bonded with water molecules in 

aqueous solution. Coordination number (number ofwater molecules bonded directly 

to metal ions) is similar to the number of donor atoms found in its metal chelates in 

the solid state and depends largely on the size of the metal ion (74). The coordinated 

water molecules are replaced by chelating agents during metal chelate complex 

formation. Common coordination numbers for lanthanides range from 7 to 10, 
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due to their large size. Gd 3+ is 8 coordinate and is more accurately written as 

[Gd(H20)g]3+ (26). Metal ions such as Gd3
+ have a coordination number of 9. 

Gd-DOTA is an octadentate complex, but [Gd(DOTA) (H20)] - is nonadentate 

complex. In all but Gd3
+, metal-water bonds are labilized by substitution ofwater 

with stronger anion donor ligands (13). 

HYDROLYSIS AND PRECIPITATION 

Hydroxides, phosphates, and carbonates easily precipitate lanthanide metal ions 

in aqueous solutions. Phosphates and carbonates compete for metal ions in the chelate

conjugated complexes, but the competition from hydroxide ion is not significant, since 

its concentration is much lower in vivo. The high affinity oflanthanides for phosphate 

anions may explain their affinity for bones (13). 
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5 TOXICITY AND CHELATE STABILITY 

In vivo stability and tissue clearance behavior can affect the toxicity of an 

agent. In vivo dissociation of a complex should not occur, since the free metal ions 

and free ligands are more toxic at doses used for diagnosis. Excretion of the MRI 

agent must occur within hours after administration (2). 

Because Gd(H20)s]3+ is very highly toxic in vivo, the metal must be complexed 

before administering to patients (14). The free metal ion and the free ligand are more 

toxic than the metal complex. This is due to the fact that both metal ion and ligands 

lose their ability to coordinate upon forming a complex and this markedly reduces 

any chances of binding to proteins or membranes by electrostatic or hydrogen 

bonding interactions or by covalent bonding. In vivo dissociation of complexes 

before excretion directly relates to the degree oftoxicity. The toxicity of Gd 3+ 

stems from it binding to serum proteins and its strongly irreversible incorporation 

into bone. This occurs because Gd3+ can bind to Ca2+sites, often with higher affinity, 

due to its greater charge Iradius ratio (1). 

Detection of Gd 3+ is usually done by using ICP atomic emission or by gamma 

counting for Gd-153 or Gd-159 labeled complexes in skeletal tissues (120-122). The 

free ligand toxicity stems from the ability to bind very important free metal ions such 

as Ca 2+, Mg2+, Na+, K+ --all of which are needed for body metabolism. Therefore, the 

stability of complexes is essential in preventing dissociation into free Od 3+ and chelate. 

Toxicity from intact metal complexes stems from various causes. For example, in the 

case of relatively non-toxic hydrophobic chelates such as [Gd(DOTA)(H20)L injection 

of large doses of the ionic complex with its counter ions increases the concentration 
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of extracellular fluid compared to the intracellular fluid. The large osmotic gradient 

(or difference in osmomolality) draws water out of cells, leading to cell 

damage or circulatory malfunction (75,79). 

Binding of predominantly negatively charged macromolecules (such as DNA, 

RNA etc) and cell surfaces by cations also leads to toxicity. Administered MRI 

agents should remain in the body for minutes or hours before excretion. Therefore, 

the stability required for this short period of time is kinetic, not thermodynamic 

(123,124). The correct multidentate ligand is required to ensure kinetic stability. 

However, thermodynamic stability merely shows the direction of the metal ion 

complexation reaction, and not the rate of dissociation of the metal complex. 

Competition from native cations and anions in the body will result in dissociation 

of the complex. Macrocyclic agents such as DOTA exhibit significantly less acid 

catalyzed release of ions in vivo (125-128) than acyclic agents. However, some 

agents reside in the body long enough to interact with cell surface receptor molecules. 

This can lead to toxicity when these agents are internalized into the body cells. Thus, 

hepatobiliary and tumor agents must have high kinetic and thermodynamic stability 

(129-131). Gd-DOTA complexes are thermodynamically and kinetically inert (132,133). 

The Gadolinium complex must be highly inert to withstand attack from nucleophles or 

electrophiles in vivo. The charged metal complex will be repelled at the charged cell 

surface. Thus, it is unlikely that it will enter cells. The cagelike chelated ion has less 

opportunity for binding to donor groups in proteins and enzymes. 

STABILITY CONSTANTS 

Major ways of expressing relative stabilities of Gd 3+ complexes include: 

I) The thermodynamic stability constant, KML, (stability of complex in the 

basic conditions in which it was formed). 
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2) The conditional stability constant, KML·, or the stability constant at pH 7.4. 

and Gd3+ for ligand at this pH). 

(It is less than the overall stability constant due to competition between H+ 

3) The selectivity constant (log Ksei) ofthe Gd 3+ complex, which is the stability 

constant of the complex formed in the presence of endogenous metal ions. 

This is the stability constant corrected for competition between endogenous 

metal ions and H+ (82). Higher selectivity for Gd3+implies that the 

endogenous metal ions are less able to displace Gd3+ from the chelate. 

4) The degree of conversion of free ligand to chelate complex (Kso1). 

KML= [ML]/ ([M] [L]) M+L<=>ML 

Equilibrium between Gd 3+ and competing endogenous cations and anions 

potentially leads to dissociation of Gd 3+ from the complex. The thermodynamic 

with virtually no free metal ion or ligand present (1,2,13). The equilibrium is described 

[Gd(DOTA)r gives a value of 10 25.6. The equilibrium shift is towards complexation, 

by the following expression; 

stability constant (KOdd is large for all clinically viable agents. For example, 

:r 
Ii 
I' 

,II 

, 
'I~ 

II 
I 

I 
I 
4• 

A high pH medium is usually preferred for complexation. However, in 

neutral or physiological medium (pH 7.4), protons compete with the metal ions 

for ligand binding sites. This is described by the equation; 

Kl' K2, K3.....Kn are stepwise dissociation constant ofligand. KmL* is the conditional 

* J + +2 +n)KmL = KM [(1 +Kl[H ] + KIK2[H] +....+ KIK2Kn[H] ] 

(or pH dependant) stability constant (13). 

KmL is also known as the formal stability constant, KmL*, of chelates measured at 
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pH 7.4. Conditional (ligand protonation) constants (pH 4 and 7.4) and thermo

dynamic stability constants of Gd3+-DOTA complexes have been reported (10). 

The following equations describe the conditional stability constant; 

Log KmL*= 11.2±0.5 at pH 4 and 18.6 at pH 7.4 and log KmL = 25.3 at 25°C 

Kml =Kml * (1 +K1[H+]+K\K2[H+]2+.....Kn[H+t), 

where K"K2,K3...Kn are stepwise protonation constants ofligand. Conditional 

stability is therefore very important in biological studies. Proton competition 

under physiological conditions depends on the basicity of the ligand (10). 

Competition by Ca2+, Cu2+, Zn2+, P04
3-, CO{, OH- and H+, with Gd3+ 

and ligand depends on the relative affinity ofligand for these metal ions (stability 

3constants) and H+ (ligand protonation constants) and the relative affinity of P04 -, 

CO{, and OH- for Gd3+ions compared to the ligand. Low solubility products of 

Gd(P04) and Gd(OH)3 are sufficient enough tocause precipitation of Gd 3+ from 

the chelates with relatively low stability constants (and kinetic inertness). 

Ksei values for DOTA, and Gadolinium-I, 4, 7-triazacyclononane-N, N', N"

triacetic acid [Gd(NOTA)] are 8.3 and -1.94, respectively. This means that DOTA 

has higher selectivity for Gd in vivo than NOTA (5,6,8,122). In vivo metal displacement 

and hence toxicity will be higher for NOTA than DOTA (9,82). At equilibrium, a 

ligand with a high gadolinium selectivity factor (Ksei) binds Gd(III) more strongly in 

the presence of competing metal ions [Ca2+,Cu2+, and Zn2+ etc] than ligands with a 

lower selectivity factors (log Ksei). Selectivity is not applicable to Gd(III) complexes 

ofmacrocylicpolyamino carboxylate ligand such as DOTA, because of their high 

thermodynamic and kinetic stability. However, it is applied for complexes in 
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which dissociation and substitution are so rapid that transmetalation occurs in vivo. 

Gd-DOTA complex is thermodynamically stable and kinetically inert (2). 

Different donor atoms have different affinities for the lanthanide ions in the complex. 

In general, electron donating groups attached to the donor atom of the chelate 

increases the donor strength (2, 97). Dissociation of the complex, is influenced by 

many factors. One ofthese is competition for coordination binding sites of the chelate 

by water protons and abundant metal ions such as Ca 2+, Cu 2+, Zn 2+ and Fe 3+ in the 

bloodstream. Another factor is competition of the ligand for the metal ions by 

hydroxides, phosphates, and native chelators such as amino acids and transferrin 

in the bloodstream (88). If an anion forms a precipitate, a chelate with a high thermo

dynamic stability could solubilize that precipitate. This is described by the 

expression; Ki = Ka/KmL where Ki, Ka and Kml are the dissociative rate constant, 

associative rate constant, and thermodynamic associative constant respectively (1,13). 

Gd3 
+ forms thermodynamically stable complexes with phosphates and carbonates, 

while Fe3 
+ forms complexes with hydroxides. The Mn2 

+ generally do not form 

appreciable complexes with these anions (54). A high thermodynamic stability 

of complex to precipitate in serum might imply that the ligand can solubilize the ion 

from its precipitate. This can be described by the equation Kso1 = [ML]/TL, where 

Kso], TL, and [ML] are the degree of conversion of free ligand to metal chelate, total 

concentration ofligand, and concentration of the complex respectively (13). 

Low Kso1 means ligands cannot solubilize the ion. The complex will be 

unstable because the metal forms a highly stable precipitate with other oppositely 

charged ions. Very high Ksol implies that the metal-ligand complex is thermo

dynamically stable and that the metal ion will not precipitate in the presence 
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ofother ions (13). [Gd(DOTA)(H20)r is stable in vivo (29). The free ligand 

concentration is consumed in the Ca2+5mM physiological medium due to high 

KmL of [Ca(DOTA)f+ complex. Therefore, Ksol is lower than expected, despite 

a higher KmL for the Gd-DOTA complex. The conformational stability of 

[Gd(DOTA)(H20r and its macrocyc1ic nature renders its dissociation kinetics 

very slow. The KI is 10-5 M-1s-1for acid-eatalyzed dissociation. At pH 1, the 

complex has a half -life of approximately 11 days and at pH 6 and its half-life is 

over 2000 years (102). This shows that thermodynamics alone cannot be used to 

predict the biological properties of the complex (1). Stability or dissociation of 

chelates depends on charge density, ring size, number of donor atoms, and ring 

and side arm substituents (6,81,97). Macrocyc1ic polyamino complexes show 

variations such as preorganization of free ligand, conformation, cavity size, 

ligand basicity and rigidity (4,7,80,16). 

Generally, the thermodynamic and kinetic stability of metal-ligand lanthanide 

complexes ofhepta-, and octadentate macrocyc1ic polyaminocarboxylates increases 

with increasing charge density and with smaller ionic radii ofthe metal ions, even 

though this does not correlate well with [Gd(DOTA)T complexes (6,15,78). 

Multiple regression analysis from results of calculations of quantum mechanical 

descriptors and topological indices has been used to investigate the relationship between 

the structures of ligands and their stability constants of gadolinium (III) complexes. A 

mathematical model was proposed to predict the properties of proposed and existing 

compounds (Table 1)(18). 
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Table 1. Stability constant for cyclic and acyclic complexes of Gd (III) 

DO. hlllDd. losCaa. DO. tipD4 lo&Co& 
1 DTPA-BMEA. 115.. &4 IS DTPA-BA:M lS.lO 
2 D'TPA-BMMBA. 17.68 16 DTPA-ci&~ IS.56 
3 D'TPA-BMA 16.85 11 DTPA-OAM 17.44 
4 DTTA-BY 13.12 18 NOTA 13.70 
5 DTTA-HP 23.6S 19 DBTA 15.10 
6 DOTA 25.300 20 MerDETA 10.40 
7 D03MA 25.30 ]] Pe2A 16.dO 
a D03A 21.10 22 BP2A 14.50 
~ DOTP 21.80 23 NA-L. 16.27 

10 HP-D03A 23.&0 24 N,os-L1 11.40 
11 HJP-D03A J3.90 2S NIOrLz U1.07 
12 HE-D03A 22.300 26 NA-L:a 17.23 
13 DnA-BAM 11.1S 27 TIARA. 19.00 
1-4 DTPA-PAM 14.49 28 PEDTA IS.56 

The basicity ofligand nitrogen (7,77, 78, 79) increases with the presence of 

electron donating groups, provided desirable parameters such as degree of preorgan

ization and conformation are not destroyed. This contributes to the stability of Gd3 
+ 

complexes (82). 
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BASIC REQUIREMENTS FOR BIFUNTIONAL CHELATORS AND 

COMPLEX FORMATION 

A Bifunctional chelator usually consists of 3 parts: the binding unit, the 

ligand framework, and the conjugating group. The bifunctional chelate metal

complex must have a high thermodynamic and kinetic stability at neutral pH in 

order to keep the metal complex intact under physiological conditions and avoid 

toxicity from dissociation. The metal complex formed must have minimal number 

of isomers. Improved blood clearance and renal excretion is achieved with 

highly hydrophilic complexes. The conjugating group should easily bind to 

biomolecules (13). 

Complexes are usually conjugated to macromolecules to target specific 

tissues, lesions, and cells. The chelate is usually conjugated via amide or ester 

linkages by simply mixing a readily available dianhydride form ofthe chelate with 

the macromolecule. However, formation ofmono- and di-conjugated polyamine 

chelates would result in reduced affinities for the metal ion, leading to an increased 

number of inner sphere water molecules and greater toxicity. However, this does 

not happen because the weakly bound carbonyl oxygens of the amides and esters 

interact well enough to prevent both the dissociation of the complex and the 

entrance of additional water molecules into inner sphere ofthe Gd3 
+ complex (55). 

The problem of forming multiple carboxamides from DOTA, DTPA, and other 

polyaminocarboxylate agents is overcome by protecting the carboxylate groups in the 

form of activated esters of good leaving groups. For example, the three carboxylates 

of DOTA can be protected in the form of compound 1, tris (tert-butyl) ester, or 
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compound 2 tris(phenylmethyl) ester (see figure 2). The main advantage of the latter 

derivative over the former is that the latter is easily coupled to a variety of carriers 

bearing amino groups. It also requires mildly acidic to neutral conditions for 

deprotection to the DaTA monoamide form, while the former requires more strongly 

acidic conditions (22). 

S~?) ~l~J~ 
N N Sr()()C-/,N N..... C0CJ41B~--/ 'L-i ,-COOH U 

1 2 

Figure 2. Protected derivatives of DOTA 

DENTICITY REQUIREMENTS 

Denticity depends on the size and coordination geometry of the metal ion. 

The large the size of lanthanides (such as gadolinum) favors high coordination numbers 

(7, 8 to 9 donor atoms) to complete the coordination sphere and form stable complexes 

with macrocyclic chelators, such as DaTA and its derivatives, in aqueous media. 

Chelators for lanthanide MRI contrast agents are mostly hepta-, octa- or nona

dentate with at least one site open for water ligand exchange to enhance the water 

proton relaxation rates. All Od 3+ based chelates approved for use in MRI are nine-

coordinate complexes in which a ligand occupies 8 binding sites at metal center and 

ninth coordination site is occupied by a solvent water molecule for proton relaxation. 

In contrast, radiopharmaceuticals require higher denticity to provide enhanced thermo

dynamic stability and improved kinetic inertness (13), since they do not depend on 

water protons for imaging. 
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LIGAND FRAMEWORK 

Ligand framework refers to the spatial arrangement of the bonding units of the 

uncomplexed chelate. Polydentate ligands with 3-dimensional cavities can adopt a 

preorganized conformation in uncomplexed form. A high degree of preorganization 

of uncompiexed ligand increases stability and kinetic inertness of the complex. 

Preorganization minimizes the freedom of motion of the donor atoms and ligand frame

work during the complexation process in such a way that free ligand has a conforma

tion more similar to that in the complexed state. The restricted freedom of motion 

minimizes the loss of entropy in forming the complex, leading to increased thermo

dynamic stability of the metal complex. For example, [Gd(DOTA)r has half-life 

of60.2 hours in O.IM Hel while [Gd(DTPA)t, of similar thermodynamic stability, 

has tl/2 ~ Imin (13). 

The position by which the chelate is conjugated to a biomolecule can 

result in differences in stereochemistry and stability in three ways, as shown 

in Figure 3 (13). 
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Figure 3. Different ways of conjugating macromolecules to DOTA ligand. 

In cases 1 and 2, the conjugation with a biomolecule does not lead to a 

significant change in thermodynamic stability and kinetic inertness of the metal 
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complex relative to intact the DOTA -metal complex. However, conjugation of a 

biomolecule through an amide CO-NH bond fonnation with acetate group (case 3) 

lowers the thennodynamic stability of the metal due to the weak donor strength 

of the carbonyl oxygen compared to carboxylate oxygen. However, kinetic inertness 

remains unchanged, so the complex is highly stable in solution (13). 

METAL ION COMPLEXATION 

DOTA fonns stable complexes with several di- and trivalent metal ion 

complexes (3,56-58). In neutral solution, metal loading occurs in two steps as 

illustrated in Figure 4. 
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Figure 4. Mechanism of a) metal ion (Y3) complexation by singly protonated 
DOTA in neutral solutions and b) deprotonation of ligand nitrogen 
by an OH- ion prior to Gd3 

+ complexation. 

The singly protonated fonn of DOTA is 4 four times more reactive than the doubly 

protonated fonn (LHt) at low pH (59). This is due to the repulsion of the Gd3 
+ 

ion by the inner protons. The rate of metal complexation by DOTA is much higher 

at elevated temperatures because of rapid changes in confonnation between the 

two isomers, LH3
- and LH/- (60, 61). The carboxyl groups, amines, and the 

solvent water molecules on protonated DOTA are close enough to fonn hydrogen 

bonds with the protonated nitrogen. This facilitates deprotonation during metal 
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loading (56). Only the bio-conjugated, singly protonated fonn is more efficient in 

metal loading. Metal loading is usually 95% at room temperature in approximately 

one hour, even though conjugated DOTA has a lower metal loading. Metal loading 

is greater at high temperature (> 40°C) and at high pH (63, 64). Metal loading is 

faster in DOTA than in bio-conjugated DOTA because the amide carbonyl is 

less effective at hydrogen bonding than the carboxyl groups (84). 

The stability constant of the Gd3+-EDTA complex (98) is 10 9 
. 
81 (67). 

If a nitrogen is protonated, electrostatic repulsion between Gd3+and protonated 

nitrogen inhibits coordination ofGd3+. Thus, in the intennediate fonn Gd (*HL), 

the Gd3+ ion is coordinated trans to the protonated nitrogen. The preorganized 

ligand is in confonntion of(3, 3, 3, 3) with carboxylate oxygen on one side of the 

nitrogen plane and methylene (-CH2) groups alternating around the ring above 

and below the nitrogen plane. The metal ion is coordinated to the oxygens in 

the oxygen plane and at least one nitrogen the complex (69,65). 

The rate ofmetal complexation is faster for linear ligands than for macro

. ! 

, ' 
, I 

-I

i 
I 

J .. 

cyclic polyamino carboxylate ligands (61,62,66,86). Reactions with more flexible II 
'I 

ligands do not show the protonated intennediates, due to their fast reorganization. 

Thus, the macrocyclic polyamino carboxylates ligands are so rigid that their 

reorganization is slow, which retards deprotonation and exposes the protonated 

intennediate (65). The deprotonation process is assisted by the presence of OH-

ion. The proton is transferred from a protonated amine to the (OH-) hydroxyl. 

However, proton transfer to free water molecules is very unlikely, due to the 

highly unfavorable L\pKa associated with the process. The deprotonation mechanism 
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is a highly concerted process in which Gd3 
+ ion moves into the vicinity of the nitrogen 

and the proton departs (65) to the hydroxyl ion simultaneously (see Figure 4b). 

The structure of the preorganized ligand is such that the nitrogen lone pair 

or attached proton is directed inside the cavity of the macrocycle. However, metal 

complexation probably involves inversion ofthe nitrogen upon binding with the 

metal in the rate determining step. The energy required for rearrangement is 

proportional to the ligand strain energy (69, 70-72). Therefore, complexation is 

possible. 

CONJUGATED GROUPS 

MRI ligands are conjugated to biomolecules to enhance targeting and 

relaxivity. This occurs through condensation via amide formation with active funct

ional groups in the chelate. Ligands can be derivatized with active functional groups 

in the form of disulfide, diazobenzene, acid chloride or anhydride, N-hydroxylsuccin

amide (NHS) ester, aldehydes, and ketones (13,134). The biomolecules may be proteins, 

DNA, or other biologically active molecules. NHS -activated ester is mildly reactive 

towards amines, and has a high selectivity for aliphatic amines. The optimum pH for 

carrying out such a reaction in aqueous systems is 8 to 9. Virtually any molecule con

taining a carboxylic groups can be converted to its NHS ester, making NHS-activated 

ester groups one of the most powerful and most commonly used agents for conjugating 

or attaching molecules to chelate complexes. Water soluble NHS- activated ester is 

often used to conjugate biomolecules to DOTA (13). 
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CHOICE OF BUFFER 

The choice ofbuffer depends on the optimum pH value for complexation. 

Use of phosphates and carbonate !bicarbonate buffers should be avoided, especially 

for acyclic chelates, since both phosphates and carbonate readily form precipitates 

with the lanthanide ions. DOTA forms zwitterions in solution with the conforma

tion determined by the degree of protonation. For example, at pH 3.6 to 5, the 

predominant form is H3 [(DaTA)] -, while it exists primarily (90%) as H2[(DOTA)f 

at pH 6 to 7 (136,137). 
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7 APPLICATIONS 

Total tissue water comprises Intravascular (5%), Interstitial (fluid space 

between cells and capillaries) (15%) and Intracellular space (80%). The 

intracellular component is divided by cellular organelles. A decrease in effective 

tissue relaxation of an agent might occur if water exchange between any of 

the compartments is slow relative to the relaxation rate in compartments with the 

longest TI, because not all tissue water is encountering paramagnetic centers. 

When administered intravenously, the chelate rapidly equilibriates in 

extracellular fluid compartments in the intravascular and interstitial spaces. Agents 

may also pass into cells (including liver and kidney cells) by passive diffusion or 

specific uptake processes. Small molecular mass hydrophilic chelates that do not 

bind to plasma proteins are non-specifically filtered out by the kidneys (glomerular

filtration) and excreted in the urine. MRI agents containing aromatic rings are 

partly hydrophobic and some are taken up by liver cells and excreted into bile 

(hepatobiliary excretion). These molecules can also bind to plasma protein (such 

as albumen), reducing the free fraction available for glomerular filtration. This slows the 

renal excretion rate and prolongs blood half-life and imaging time (1). 

RENAL EXTRACELLULAR AGENTS 

These have dominant use as MRI agents. (110,111,112). They distribute 

non-specifically through the plasma and interstitial spaces ofthe body after injection 

and are excreted by the kidneys with an elimination half-life of 1.5 hours. 

[Gd(DOTA)(HzO)r is a renal non-specific agent or non-selective extracellular 

agent (that is, localization in tissue is not determined by specific cellular process). 

The carboxylate and other charged or hydrogen-bonding groups minimize interact

ions with plasma proteins, other macromolecules, and membranes. The distribution 
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of the complex equilibriates in extracellular space and is removed by renal excretion. 

This application utilizes bulk tissue lIT. dependence on volume distribution for the 

agent (20, 21,138). If water exchange between extracellular and intracellular 

compartment is fast relative to their T.'s, then bulk tissue liT. before injection of the 

agent is: (liT.) pre-inj = fex (liT.)ex,pre + fin (lIT.)in where fex is fraction of water 

protons in extracellular space. The tenn [lIT.]exp,pre represents the extracellular 

relaxation rate in the absence of paramagnetic species, fin,and the intracellular 

fraction is charactrerized by [liT.]in. Extracellularly locallized agents increase 

[liTdex directly: 

Net change in overall tissue liT) is [A(lIT.)] = [lIT.]post,inj - [lITtlpre,inj . 

= fex[l/T.]ex,post + fin [liT•hn-fex[liT]ex,pre- fin[llTl lin 

= fex[(11T1)ex,post - (11T1)ex,pre] 

Tissues have the greatest signal intensity changes if the MRI agent equilibriates 

to roughly the same concentration in extracellular space where (liTl)ex,post is 

relatively constant in different tissues. This occurs in tumors and abscesses where 

there is often increased interstitial volume (116,117,118). 

This is applied in fast imaging of kidneys, and in structural and functional blood 

flow to tissue (perfusion) (114,115), fast imaging of arteries and blood flow to 

the heart, fast imaging detection of cerebral capillary breakdown, brain tumor 

detection and imaging, enhancement of tissues having increased extracellular 

volume, etc. 

In detection ofbrain lesions, nonnal tissues show little enhancement because 

of the impenneable nature of blood capillaries in the brain (blood brain barrier) and 

the small intravascular volume distribution (-5%) ofthe agent gives little enhance

ment to nonnal brain tissues. However, capillaries in the tumor area are penneable, 
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causing blood filtration. The complex then passes into the interstitial space, leading 

to selective MRI enhancement of the tumor (119). 

HEPATOBILIARY AGENTS 

Uptake ofthese agents into liver cells seem to be mediated by specific 

receptor proteins or carrier transport agents. The uptake of these agents is similar to 

the uptake of bilirubin or fatty acids, and dyes, since they are structurally similar. 

These molecules are extracted, even though they bind to blood albumin, therefore, 

some diffusion into hepatocytes may occur at the cell surface. The presence 

ofhydrophobic and hydrophilic groups in high molecular weight compounds (>300 

for RATS and >500 for humans) direct the MRI agents to the bile in preference to 

urine. The lipophilic groups (such as aromatic groups) interact favorably with the 

hydrophobic parts ofmembrane receptors or other transport proteins (113). The 

greater lipophilicity (hydrocarbon chain or aromatic rings) gives greater hepatobiliary 

excretion. High lipophilicity leads to localization of the agent into fat storage sites or 

membrane fat receptors. The lipophilic agent might form aggregates, precipitate in the 

aqueous environment of the blood, and then be removed by reticuloendothelial cells in 

the liver and spleen, resulting in chronic toxicity due to long term retention. Targeting 

of low concentration «lmM) receptor sites is not possible for MRI, due to the high 

concentration of paramagnetic agents needed for image enhancement compared with 

other methods. Hydrophobic groups (such as hydrocarbon groups) on chelates lead to 

hepatobiliary uptake and excretion into bile ducts, gall bladder, and intestines. High 

lipophilicity slows the motion ofthe complex, leading to increased relaxivity. 

A lipophilic gadolinium complex has been synthesized and formulated as 

mixed micelles (see figure 4) to enhance uptake by the hepatobiliary cells of the 

liver. 
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Figure 5. Gd-DOTA lipophilic agents with long hydrocarbon esters 

Compound 8 (Figure 5a) in mixed micelles (multicompatible non-ionic surfactant 

mixed with lipophilic gadolinium complex) has been syntheisized for magnetic 

resonance imaging. This gave high relaxivities and long blood residence time in 

rats. However, there was poor elimination. Seven days after injection in rats, only 

50% of 8 was eliminated by the liver while the rest remained in the animals body. 

However compound 9 (Figure 5b) was more easily eliminated due to presence of the 

two palmitic ester groups. These are easily hydrolyzed in vivo to produce a small 

hydrophilic gadolinium complex that is easily eliminated. Seven days after injection 

in rats, 67% of9 was eliminated and 7% of the injected dose was found in urine. This 

provides indirect evidence of partial hydrolysis in vivo (22). Thus, hepatobiliary agents 

can be used in the imaging of the liver, bile duct, intestines, and gall bladder. Possible 

diagnostic applications include detection of small lesions such as metastatic tumors 

(focal liver disease) and diffused liver disease (such as liver cirrhosis), by imaging of 

the bile ducts and the gall bladder (l). 
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BLOOD POOL AGENTS 

Blood pool agents are lipophilic agents that are targeted to bind to blood 

proteins such as human serum albumen (HSA) or bovine serum albumen (BSA) 

for imaging blood vessels in the body and examining blood perfusion. The large 

molecular mass, together with the high protein binding affinity, results in a longer 

residence time in the body and improved blood imaging. High lipophilicity and 

greater protein binding affinity slows the motion of the complex, leading to 

increased relaxivity (101,139). 

Trapping of paramagnetic agents in intravascular spaces, either because of 

to molecular size or binding to plasma proteins, would enable enhancement of 

normal, perfused tissues relative to infarcted tissues (tissues with decreased blood !'I 

supply). This can enhance smaller blood vessels as well. These agents are either 

paramagnetically labeled proteins or polymers of greater than 60,000 molecular 

weight. HSA can also be used for small molecule weight chelates that bind 

strongly (1,101). 

Preparation and characterization of the gadolinium complexes ofpoly-L

lysine Poly-(diethylenetriamine-N,N' ,N" ,N'"-pentaacetic acid), Gd-PL-DTPA 

(Figure 6a), poly-L-Iysine-poly(1 ,4,7,1 O-tetraazacyc1ododecane-N,N' ,N",N" ' 

tetraacetic acid), Gd-PL-DOTA (Figure 6b), and their conjugates with Human Serum 

Albumin (HSA) (Figure 6c) has been carried out (17). N-acylation ofpoly-L-Iysine 

with a mixed anhydride of the chelating ligand DTPA or DOTA allowed 60 to 90 

chelating groups to be attached to each molecule of polylysine and HSA. This resulted 

in 2-3 fold increased molar relaxivities compared to the monomeric complexes 

[Gd(DTPA)] and [Gd(DOTA)] (12). 

i 
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Figure 6b. Structure of PL-DOTA
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Figure 6c. Structure of PL-Gd(III)DOTA conjugated to HSA 
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8 MACROMOLECULAR CONJUGATES 

Low molecular weight MRI agents such as Gd(DTPAt and Gd(DOTAy 

are rapidly and totally excreted through the urine because of their small molecular 

size. Therefore, several doses are needed NMR imaging, which in prolonged clinical 

tests, increases in vivo toxicity (92). The problem can be avoided by conjugating 

to polymers or macromolecules such asmonoclonal antibodies (134,135) proteins 

(albumins, immunoglobins), DNA, RNA, polysaccharides (93), dextrans (1), dendrimers, 

and other polymers (such as polylysine) to slow the rotational speed of the MRI agent 

and increase relaxivity (101). This also increases the plasma persistence and plasma half

life which can be used in blood pool tracers (95). 

High molecular weight conjugates, which are retained in vascular tissues 

due to their large molecular size, aid blood imaging of tissues and blood perfusion. 

Multiple ligands are attached by polymerization. Chemical processes for attaching 

ofmolecules to ligands involve functionalization of primary amines using acylation, 

alkylation, urea or thiourea formation, and reductive amination (2,13). 

DEXTRANS 

Polydextrans can be used to hold several chelates, due to the availability of 

many attachment points. They occur in different molecular weights. They have 

high solubility in the plasma, which makes them useful as plasma volume expanders 

(2) and also potential transfer agents for solublizing MRI agents. Binding to 

cyclodextrins slows the molecular tumbling time ('tR) and increases relaxivity. 

A Gadolinium-DTPA complex conjugated to dextrans (see Figure 6a) has been 

synthesized for MRI. This MRI agent has good paramagnetic properties and long 
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intravascular persistence, biocompartibility, and biodegradability. The partially 

cross-linked polymer with reduced complexation capacity was found to have 2.5 

times higher relaxivity than free GdDTPA2- (11). The large molecular mass 

increases plasma halflife relative to the free ligand or dextran polymer. Also, 

due to the high relaxivity per mole of Gd, a lower concentration of the conjugate 

is needed to obtain a contrast than with the free ligand complex (92). 

Increasing the length of the methylene chain spacer arms (29) does not 

affect relaxivity, however, it reduces toxicity ofthe contrast agent because ofthe 

increased molecular mass (96). This shows that even though conjugation to 

macromolecule reduces the tumbling and thus the rotational correlation time, 

it is unnecessary to lengthen polymer chains because electron spin relaxational 

time and water proton exchange relaxation time are sufficiently short and this 

limits any additional increase in overall relaxational correlation time (94). 

Another similar agent that has been synthesized for MRI is a Gd(DOTA) complex 

conjugated to Gd(DOTA) complex conjugated to ~-cyclodextrans (Figure 7b). 

Relaxivity ofthese modified CMD polymers ranges from 6-11 mM-ls-1 at 37°C 

at 20MHz (8,10,32,33). 
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Figure 7b. Macrocyclic CMD-A2-Gd-DOTA 

DENDRIMERS 

Dendrimers are 3-dimensional, oligomeric structures made by repeated 

reaction sequences starting from a smaller core. Gd(III) chelate dendrimer conjugates 

have uniform surface chemistry, reduced molecular weight distribution, and shape 

variations. Their rigid structures, together with the overall tumbling of the molecules, 

contribute to their increased rotational correlational time. 
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Rotational correlational time of carbon on the surface is doubled relative 

to that of the carbons at the core. Prolonged retention oflarge macromolecular 

MRI agents (albumin or dendrimer cores) used for blood vessel imaging contributes 

to toxicity and limits their clinical use. Less degradation of dendrimer MRI agents 

leads to improved vascular visualization, but these compounds are more quickly 

excreted by the kidneys. This transient accumulation in renal tubules can be used 

to visualize renal structural and functional damages (1). Dendrimers Diamino (DAB) 

generation 2 and 3 and polyamidoamine (PAMAM) core [PAMAMG4-(IB4M-Gd) 

64 or PAMAM-G4 (Figure 8) used on mice have been synthesized (100). 

z 

Figure 8. Generation-2-PAMAM thiourea dendrimer. 

If rapid rotation of the attached chelate is the limiting factor, then there should be 

an increase in relaxivity by conjugating MRI agents to dendrimers. 

Unlike dendrimers, linear polymers have slow water exchange, which limits 

relaxivity (Tm). Rigid dendrimeric structures result in fewer degrees of freedom for 

A 
I 
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conjugated gadolinium chelates, along with high tR and high relaxivity. For example, 

Gd-DOTA chelate conjugated to PAMMAM starburst dendrimer has the largest 

number of Gd(III) ions per macromolecule (142,143). 

BIOMOLECULES 

Proteins, polysaccharides, and nucleic acids monoclonal antibodies (19,23,24) 

are naturally occurring polymers that are often conjugated to MRI agents. For example, 

human serum albumin or bovine serum albumen conjugated to Gd-DTPA is used as 

the "gold standard"for blood pool agents (2,13). Slow excretion results in the 

metabolism of macromolecular Gd 3+ complexes and release the of Gd 3+ions, causing 

toxicity. This is solved by using conjugates that are easilycleaved by endogenous 

body molecules, which speeds up excretion from the body. 

Poly-(L-glutamic acid}-cystamine-[Gd(III)DOTA] (see Figure 9) has been 

synthesized by conjugation of DOTA to PGA (M.W. == 50000) by cystamine 

(cleavable spacer) and then complexing with GdCh. Endogenous plasma thiol 

cysteine in the body will cleave Gd(III)DOTA chelate from the polymer, resulting 

in excretion of the complex by renal filtration. Tests on male mice bearing OVCAR-3 

human ovarian carcinoma xenographs, shows impaired blood pool contrast 

enhancement compared with that from Gd(DTPA-BMA), a smaller molecule (25). 

The macromolecules remain intact during the imaging process while Gd(III) 

chelate complex is released from the polymer by endogenous biomoleculesthat 

cleave the spacer. Excretion of the agent is controlled by injecting exogenous 

substances after imaging (25). The Gd(III) complex is an extracellular agent and 

the low concentration of thiol in the plasma (15 ~M) will slow the rate of cleavage 
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of the disulfide spacer and excretion of agent, allowing an acceptable time window 

for effective diagnostic imaging. However, cleavage rate and excretion of the Gd(III) 

agent can be accelerated by dministering exogenous thiols after MRI exams (25). 
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Figure	 9. Poly (L-glutamic acid) -cystamine-[Gd(IIDDOTA] 
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TUMOR TARGETING 

Tumor targeting relies on the fact that certain body receptors are over

expressed in diseased tissues, but are limited in normal tissues. Receptors on 

vascular endothelial cells at diseased sites are an interesting target and simplify 

diagnosis of several diseases. High and upregulated levels of activation-related 

receptors are expressed in blood vessels of inflamed and angiogenic tissues such 

as tumors, atheroscelerotic plaques, and rheumatic joints (36). 

TUMOR RECEPTORS 

Several different receptors occur in tumors. Some of these, a-receptors, 

appear in melanoma, breast cancer, prostate cancer, and small cell cancer of the lungs 

(30). Their function is not very well known. There are also receptors for peptides 

and other small molecules that are overexpressed in breast cancer and other tumors. 

Some ofthese receptors include G-protein-coupled receptors, type-2 somatostatin 

receptors, tyrosine kinase receptors, (such as vasoendothelial growth factor receptor 

(VEGF-R», insulin receptors, insulin-like growth factor type-l receptor, epidermal 

growth factor receptor (EGF-R), ibroblast growth factor receptor (types 4 and 1) 

nontyrosine kinase receptor, and the p-subunit for the interleukin-2 receptor (30). 

FOLIC ACID RECEPTORS 

Cell accummulation of folic acid (FA) and its derivatives is mediated by 

membrane cell surface folic acid receptors. Occurrance of these receptors is limited in 

normal tissues but widespread in certain tumor cells especially ovarian carcinomas, 

breast cancers, epithelial cancers, colorectal, lung, renal, and brain metastases 

(30, 44, 48). 
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Limited distribution of folic acid receptors occur in normal human tissues, 

mainly in the kidneys, lungs, choroid plexus, and placenta. The receptor in each 

of these tissues (except placenta) are localized in the apical membrane and thus 

are not accessible to FA conjugates administered intravenously (44,48). 

QUALITIES OF A GOOD FOLATED AGENT 

Some unique properties of folic acid that make it suitable for targeting 

receptors include the following: 

a) It has a low molecular weight, so it is quickly filtered offby the kidneys. 

b) High affinity folic acid receptors are greatly enriched in cancer or tumor cells 

c) It allows targeting of agents to neoplasmic tissues. 

d) It easily conjugates to PEG through amide or peptide linkage 

e) There is no allergic immune response to the use of folate agents. 

f) Folate mediates endocytosis of agents into non-lysosomal compartments. 

g) Folate ligand is inexpensive, stable during storage and in vivo circulation, 

intrinsically nontoxic, and easy to conjugate to desired agents (39). 

USE OF POLYETHYLENE GLYCOL (PEG) LINKER AND ITS LIMITATIONS 

Conjugated target agents or surface modified agents are susceptible to 

agglomeration due to large or increased surface-to-volume ratios. Agglomerated 

agents lose their functionality and are also quickly cleared by macrophages of the 

reticuloendothelial system or mononuclear phagocyte system (liver and spleen) 

before they can reach target cells. The problem is solved by use of a PEG linker in 

the agent. PEG attached to liposomal bilayer builds up a sterically repulsive shield 

that protects the liposomal surface to prevent aggregation, agglomeration, and 

nonspecific binding to plasma proteins. Thus, they interfere with liposomal recognition 
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and clearance from circulation by the macrophages of the reticuloendothelial system. 

PEG-coated agents are nonimmunogenic, nonantigenic, and protein resistant (40). 

They have long circulation times, leading to increased localization in tumor tissues 

with high microvascular permeability (42). However, the increased molecular weight 

reduces the cell uptake and biological activity of the drug (31,53), which resides 

mostly in the extracellular medium. 

Liposomal formulation containing distearoylphosphatidylethanolamine 

(DSPE) linked with PEG to a biological cell adhesive YIGSR peptide or Sialyl 

Lewis x oligosaccharide (Figure 10) was synthesized for in vivo drug delivery 

studies with long circulating liposomes (44,46). Increase in folate receptor binding 

was observed with increased molecular mass of the PEG tether from 200-3350 Da, 

especially when binding inhibitor mPEG (methoxy-PEG) is present. 
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Figure 10. HS-distearoylphosphatidylethanolamine (DSPE) liposomal agent linked 
with PEG. 

High expression ofE-selectin ICD62E adhesion molecular markers was 

induced by treatment of human umbilical vein endothelial cells (HUVEC) with 

pro-inflammatory cytokine tumor necrosis factor a (a TNFa). E-selectin is a molecule 

involved in leukocyte vessel wall interactions and is highly upregulated in inflammatory 

cytokines (36). 

Incubation of E-selectin expressing HUVEC with anti-E-selectin targeting 

ligand conjugated to pegylated paramagnetic fluorescently labeled liposomes (see figure 

11) reveal their specific points of contact. Thus, this can be used for imaging diagnosis. 

E-selectin binds to E-selectin molecular markers in HUVEC and are internalized by 

these cells (36). 
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Figure 11. Liposomal Gd-DTPA agent conjugated to E-selectin antibodies for targeting 

HUVEC 

MECHANSIM OF FOLATE RECEPTOR MEDIATED ENDOCYTOSIS 

Folic receptor (FR) is a glycosylphosphatidyl-inositol-linked membrane 

glycoprotein of 38 kDa located in caveolar that participates in the cellular accumu

lation of folates in a number of epithelial cells through the process of protocytosis. 

In this process, ligand bound receptor is sequestered in caveolar, followed by intema

lization into postcaveolar plasma vesicles, released from the receptor through an 

intravesicular reduction in pH, and subsequently transported into the cytoplasm for 

polyglutamation. Reopening ofthe caveolae (34, 35, 38) then recycles the ligand free 

receptor. The folate targeted conjugates are not freely released into the cytosol but are 

directed to acidic cytoplasmic vesicles such as endosomes and lysosomes. Release of 

the agent may be slow and inefficient, thus reducing the cytoxicity of the delivered 

complex (31,37). Folate-derivatized boronated liposomes have higher cellular uptake 

in human KB squamous epithelial cancer cells (see Figure 11) enriched with folate 

receptors expression than nontargeted controlliposomes. This boron neutron capture 

therapy (BNCT) is currently under consideration to be used for therapy and diagnosis 
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of primary and metastatic brain tumors and cutaneous and metastatic melanoma (51) . 
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Figure 12. Folate receptor endocytosis mechanism for delivery of boronated
 
agents for intracellular targeting of DNA of tumor cells (51).
 
Encapsulated boronated agent is then released into the cytosol
 
via endosomal escape and bound to the DNA in the cell nucleus.
 

APPLICATIONS OF FOLATED AGENTS FOR TUMOR TARGETING 

Gd-157 hexanedione (GdH) (Figure 13a) complex was synthesized by 

complexation of Gd3
+ with 2,4-hexanedione as a nanopartic1e matrix or combined 

with either emulsifying wax or PEG--400 monostereate. A folate ligand was synthe

sized by chemically linking folic acid to distearoyl-phosphatidylethanolamine (DSPE) 

via poly(ethylene glycol) (PEG MW 3350) spacer (Figure l3b). The folate ligand 

was linked to the gadolinium complex (as microemulsion at 60°C or as nanopartic1e 

at 25°C). Investigation of efficiency of cell uptake with KB cells (human nasopharyn
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geal epidennal carcinoma cell line) known to be enriched with folate receptors 

showed a 10-fold increase in cellular uptake of folated complex relative to unfolated 

complex at 37°C after 30 minutes. However, uptake at 4°C was 20 fold lower than 

at 37°C (37). 

• - -..- I (a) 

}~y.JJY--t1~~
 
(b) 

Figure 13. a) Gadolinium hexanedione (GdH) complex. b) Structure of folate 
-PEG-DSPE-synthesized by linking folic acid to DSPE via a PEG 
spacer (M.W. 3350). 

Conjugates of folic acid-poly (ethylene glycol)-distearoylphosphatidyl

ethanol-amine (FA-PEG-DSPE), derived from PEG with molecular masses of 

2000 and 3350 Da, were synthesized by a carbodiimide coupling of FA to H2N

PEG-DSPE (see Figure 14). This was used to significantly enhance liposome 

binding to tumor cells (44). 



•• 

45 

s r _..J. 0$ i~ ~~_~ H 

"I ~ H« 0 

""''1''' r,Y~'C"I<"H~ H 

Fc*:Add ~ ~E 

DCC 
II OMSO I P,IIch 

@ 0 0 

> , -Q1. ""'" .' cI-c,..."",. I •~+otYV'+ry""" 
o 

F~ 

Figure 14. Synthesis of folic acid conjugated to DSPE via PEG spacer. 

Binding of FA-targeted liposomes to KB cells would be competitively 

inhibited by excess free folic acid or by an antiserum against FA receptor. This 

shows that the process is mediated by cell surface FA-binding protein (44,47,48). 

Folic acid derivatized at the a---<;arbonyl group has a high affinity for folate 

receptor (Ka - 1010 Mol) (102). 

Carboplatin (see Figure 15a), a platinum containing antitumor agent, has been 

conjugated to folate-targeted PEG carriers. FA-PEG -Pt and FA-PEG -FITC were 

synthesized and their cell uptake, DNA binding, and cytotoxicity were studied by 

fluorescent microscospy, FACS, and platinum analysis. It was found that cell uptake 

occurs efficiently by folate-receptor mediated endocytosis. However, DNA binding 

and cytoxicity were lower compared to non-folated non-targeted PEG analogues (31). 
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Figure 15. Structure of carboplatin (a) and folic acid (b). 

Folic acid (figure ISb) conjugated to deferoxamine (DF) by an amide formation 

with a and y-earbonyl group on folic acid has been synthesized (Figure 16) (48). The 

cellular uptake of the radiolabeled form of the y-isomer Ga-DF-folate- (y) was found to 

be folate receptor mediated and is time, temperature, and concentration dependent. 

Uptake half-life was found to be almost 3 minutes. This has a viable potential of being 

used for tumor detection (31,32,33). 

Figure 16. Synthesis of folic acid conjugated to deferoxamine. 
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It has been reported that when the folate group is covalently conjugated to the 

macromolecule through the a-carboxylate moiety, its affinity for cell surface 

receptors remain essentially unaltered. This property has been successfully 

exploited to deliver folat~conjugated protein toxins and drug/antisense oligo

nucleotides carrying liposomes into cultured tumor cells overexpressing the 

folate receptor (44). 
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10 SOLID-PHASE OLIGONUCLEOTIDE SYNTHESIS
 

In the standard four-step phosphoramidite process (Figure 17), the 5'-0

dimethoxy trityl (OMT) group is removed from a deoxynucleoside linked to polymer 

support. Elongation of the growing chain oligodeoxynucleotide (OON) occurs by the 

initial formation of a phosphite triester intemucleotide bond. A capping agent is 

reacted to esterify failure sequences. The phosphite intemucleotide linkage is 

oxidized to the corresponding phosphotriester. A large excess of trichloroacetic acid 

(TeA) in dichloromethane is used to remove OMT from the growing oligonucleotide. 

This process is repeated to generate an OON of desired length and sequence. 

Treatment of the solid support with NH40H cleaves the OON from the column and 

removes p.cyanoethylphosphate protecting groups (43). 
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Figure 17. DNA synthesis by standard four step phosphoramidite process 
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This process has been used for about 20 years for most biological research, 

such as DNA sequencing, peR, and site-specific mutagenesis. However, a new two-

step approach to ODN synthesis has been developed (Figure 18b) in which the 

5'-dimethoxytrityl blocking group was replaced with an aryloxycarbonyl, while 

the exocyclic amines were protected with N-dimethoxytrityl groups. An aqueous 

solution ofperoxyanion, buffered at pH 9.6, is used to monitor the coupling of each 

2'-deoxynucleoside-3'-phosphoramidite (Figure 18a) to the growing oligodeoxy

nucleotide on the solid support. This removes the carbonate protecting groups and 

oxidizes the phosphite to phosphate internucleotide linkage at the same time (43). 
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Figure 18a. Synthesis of phosphoramidite nucleotide 
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11 SUMMARY OF THESIS 

Small molecule complexes such as DaTA and DPTA that are used as MRI 

contrast agents cannot effectively distinguish diseased tissues from normal ones due to 

their fast removal from the body and the lack of specific body receptors for these 

molecules. It is therefore necessary to couple these molecules with those that can bind to 

receptors in the targeted body cells. However, these should be easy to synthesize and 

have very little toxicity in the body. 

Folic acid is a natural agent that has been used in drug delivery and many other 

processes. Thus, our use of folic acid to target receptors is justified. Folate receptors 

are much more highly enriched in tumor or cancer cells than in normal cells. The aim 

ofthis thesis is to synthesize folate-linked oligonucleotide Od-DOTA conjugates that 

will have a high tumor uptake and thus high MRI enhancement of targeted tumor cells. 
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12 EXPERIMENTAL 

MATERIALS 

TLC was done on a pre-coated silica plate. Column chromatography was 

done with a glass column packed with, glass wool, sand, and 70-230 mesh 60A silica 

gel (Aldrich Chemical company, Milwaukee,Wisconsin). DOTA salt was purchased 

from Macrocycles, Inc. (Dallas, Texas). Evaporation was done using a rotary evaporator 

connected to a vacuum pump and a vacuum dessicator was used for the drying. NMR 

was run on a Perkin Elmer 60MHz instrument and UV measurement was done on a 

Cary 50 Bio UV-Visible spectrophotometer. DNA was synthesized with an Applied 

Biosystems 394 DNA/RNA Synthesizer at the University of Kansas Medical Center, 

Kansas City, Kansas. 

SYNTHESIS OF 5-METHOXYCARBONYLVINYL-2' -DEOXYURIDINE 

5-iodo-2'-deoxyuridine (5.0g) was dissolved in 20ml of dioxane solvent. 

Triphenylphosphine (0.36g), palladium (II) acetate (0.15g), triethylamine (2.5ml) and 

methyl acrylate (2.43ml) were added. Argon gas was bubbled through the mixture to 

keep out moisture. The mixture was stirred for 24 hours at 70°C and then dissolved 

in a minimum amount ofdioxane and left to cystallize overnight. TLC was done 

with 8.5:1.5 ethylacetate/ethanol and then purified by column chromatography using 

the same solvent. The solvent was then evaporated to obtain a yield of2.5g (53%). 

l HNMR in d-6 dimethyl sulfoxide at 60MHz: 

2.0-2.75ppm (medium, multiplets), 3.0ppm (sharp, strong), 4.0-4.5ppm (small), 5.0

5.5ppm (small) 6.0-6.5ppm (small, multiplets), 7.0 -7.5 ppm (small, sharp, multiplets), 

7.5 -8ppm (medium multiplets), 8.55ppm (medium sharp), 11.75ppm (medium, sharp). 
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SYNTHESIS OF 5-METHOXYCARBONYLVINYL-5' -O-(DIMETHOXY 

TRITYL) -2' -DEOXYURIDINE 

5-Methoxycarbonylvinyl-2'-deoxyuridine (826mg) of was added to l2.5ml 

of pyridine along with 804mg of dimethoxytrityl chloride and argon gas was bubbled 

through the mixture for 5 minutes. The mixture was stirred at room temperature for 

twenty four hours to obtain a yellow precipitate. Ice cubes were added to this 

precipitate, followed by four extractions with 30ml of an ice cold, saturated solution 

of sodium bicarbonate (NaHC03) and three more times with saturated sodium 

chloride solution. The bottom organic layer containing the sample was dried with 

powdered CaCh for 30 minutes. 

The sample was then filtered through a glass wool and evaporated with the 

rotary evaporator. TLC of the sample was carried out with 9.5:0.5 methylene! 

methanol solvent and purified with column chromatography using the same solvent 

system. The solvent was evaporated from the eluate and the solid was dried under 

vacuum. The sample was dissolved in 3ml ofmethylene chloride, the solvent was 

evaporated again, and the product was dried under vacuum. The yield was 565mg (32%). 

SYNTHESIS OF 5-[N(6-AMINOHEXYL)-3-(E)-ACRYLAMIDO]-5'-O

(DIMETHOXY TRITYL) -2'-DEOXYURIDINE 

5'-DMT-5-Methoxycarbonylvinyl-2' -deoxyuridine (565mg), hexamethylenedi

amine (3.006g), and 4-dimethylaminopyridine (O.Olg), were dissolved in 10ml of 

methanol. The reaction was carried out under an argon atmosphere for three days at 

50°C. The sample was then evaporated under vacuum. The sample was twice redissolved 

in 10ml methanol and the solvent was evaporated to obtain a yield of250mg (38%). 
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SYNTHESIS OF 5-[N(6-AMINOHEXYL)-3-(E)-ACRYLAMIDOTRIFLUORO 

ACETYL]-5'-O-(DIMETHOXY TRITYL) -2'-DEOXYURIDINE 

The previous sample, (5-[N (6-Aminohexyl)-3-(E)-acrylamido]- 5'-0

(dimethyltrityl)-2' -deoxyuridine, 136mg), was precipitated by mixing with anhydrous 

ethyl ether, then redissolved in methanol (20ml) and bubbled with argon gas. 

Liquid trifluoroacetic anhydride (0.5ml) was added to it and the mixture was stirred 

for two days at room temperature. The sample was mixed with 0.013g of 4-dimethyl 

amino-pyridine and 0.5ml of ethyltritluoroacetate and stirred again for two days 

at room temperature. The white creamy precipitate was evaporated to dryness 

with the rotary evaporator. TLC was done with 8.5:0.5 methylene chloride/methanol 

and purified by column chromatography with the same solvent. The solvent was 

removed by rotary evaporation to obtain 197mg (65.2%) of product. 

SYNTHESIS OF 5-[N(6-AMINOHEXYL)-3-(E)-ACRYLAMIDO-TRIFLUORO 

ACETYL]-5' -O-(DIMETHOXY TRITYL-2-CYANOETHYLDIISOPROPYL 

CHLOROPHOSPHORAMIDITE) -2' -DEOXYURIDINE 

5-[N (6-Aminohexyl)-3-(E)-acrylamido]- tritluoroactete-5'-0-(dimethyltrityl)

2'-deoxyuridine (136mg) was dissolved in 10ml oftetrahydrofuran (THF) and 0.7ml 

of 2-cyanoethyldiisopropyl-chlorophosphoramidite (chlorophosphoramidite), 1.5ml 

ofN,N-diisopropylethylamine, 0.063g (63mg) of 4-dimethylaminopyridine were 

added. The mixture was stirred continuously under an argon atmosphere in 

an ice bath for one hour. The orange red mixture turned into a yellow solid. The 

mixture was stirred at room temperature for three hours. The sample was added to 

30ml of ethyl acetate and extracted six times with 25ml of saturated NaHC03 
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solution and then five times with 25ml of saturated NaCI solution. The final 

organic layer was separated out, dried with calcium chloride pellets, and the solvent 

was then removed with a rotary evaporator to obtain a yellowish solid. TLC was done 

in a solution of 5.0: 1 ethylacetate/ethanol and then with 4: 1 ethyl acetatelhexane. 

Column chromatography was done with the 4: 1 ethyl acetatelhexane. TLC of the 

sample eluate was done with the same solvent system. Ethyl ether (l.Oml) was added 

to the sample and evaporated again. This was repeated for three times to obtain a yield 

of90mg (49.5%) of product. IHNMR in CDC!) : 1.0-1.5ppm (strong sharp peaks; 

triplets), 2.0ppm (multiplets, small), 2.5-3.0 (quartet, medium), 3-3.5ppm (multiplets), 

3.5-4.0ppm (sharp, medium). 

AUTOMATED DNA SYNTHESIS 

The Applied Biosystem 394 DNA/RNA Synthesizer was rinsed first with 

acetonitrile to flush out all impurities. Argon gas was pumped through the instrument 

to flush out all liquid and remaining impurities, including acetonitrile. Synthesis was 

carried out on 0.03g of solid Universal support in the Control Pore Glass (CPG) 

column support joined to 5'-DMT protected 2'-deoxythymidine. The DMT protecting 

group was removed with trichloroacetic acid followed by activation with tetrazole 

prior to coupling with the normal thymidine phosphoramidite. Oxidation of the 

phosphite to phosphate was done with a solution of aqueous iodine in pyridine. 

Deblocking, coupling, oxidation and capping were repeated until the oligo synthesis 

was complete. The product was rinsed with acetonitrile and treated with 1: 1 the 

ammonia /methylamine to remove oligonucleotide from the CPG in the column. 

The oligonucleotide consisted often nucleotides with the first, fourth, and 

eighth bases having the 6-hexylenediamine acrylamido groups at the 5-positions 
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while the rest are all 2'- deoxythymidine nucleotides, that is d[TTXTTTXTTTX], 

where X is the aminohexyl derivatized bases. This oligomer was synthesized on a 

1.0J.lmole scale, which coupled very successfully during the synthesis. However, 

it was denatured after purification and coupling of DOTA via condensation amidation 

with acrylamido hexylamine group on the oligo. A new DNA was synthesized using 

amino modifier 6-(4-Monothoxytritylamino) hexyl-(2-cyanoethyl)-(N,N-diisopropyl)

phosphate (or simply MMT C6 aminomodifier). The 5'position was occupied by a 

deoxythymidine nucleotide attached to the column support followed by coupling to 

8 more thymidine nucleotides as done in the previous steps to make the nine unit 

oligomer. The decoupling or deprotection step after synthesis was done by adding a 

100J.lL of TEA (Triethylamine) and leaving the solution to stand for an hour followed 

by 17 hours at 40DC. Purification was done using two Poly Pak columns (52) by 

eluting with 3:7 CH3CN/CH2Ch instead of the usual TFA to remove the detritylate. 

This was followed by addition of 80% CH3COOH to each column. The eluate was 

kept for an hour one at room temperature and then dried in a heating block and 

under an air stream. DNA was collected as white residue in 16 vials and kept frozen 

at -10 to -30DC. 

DNA CONJUGATION AND PURIFICATION 

PREPARATION OF BICARBONATE BUFFER (pH 9) 

Anhydrous of sodium carbonate (0.496g) was added to 8.4g of sodium bicarbonate 

(NaHC03) and diluted to 100ml with distilled water. 

PURIFICATION OF DNA 

The oligomer was dissolved in 0.15ml of acetonitrile and transfered into 

1.5ml microcentrifuge plastic cartridges containing sephadex G-25 (SR Gel filtra
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tion cartridges (Edge Bioystems,Gathersburg,Maryland). The sample was centrifuged 

for three minutes in a Micro-centrifuge Model 2358. The filters were removed and 

the solvent was evaporated by using a Centrivap Conccentrator (Lab Conco 

Corporation, Kansas City, Missouri) for six hours at 35°C. 

PREPARATION OF DNA DOTA LINKER 

DOTA-NHS ester, PF6 salt (3Omg) was dissolved in 1.8ml of the Na2C03/ 

NaHC03buffer. An aliquot (0. 15ml) of this solution was added to each DNA sample 

and swirled around to mix well for one minute and allowed to stand for 3 hours. 

This was followed by 3 minutes of gel centrifuge filtration. 

PREPARATION OF Gd (III) AQUEOUS SOLUTION 

GdCb salt (3.717g) was dissolved in 1ami of distilled water. 

EDTA SOLUTION 

Disodium EDTA salt (3.724 g) was dissolved in 20ml of distilled water to 

make a saturated solution. 

PREPARATION OF Gd-DOTA DNA CONJUGATE 

The GdCb solution, in O.lml aliquots, was added to each of the DNA solution 

to form a white creamy precipitate. Approximately 3 of drops of EDTA were added to 

each vial to dissolve the precipitate and form a clear solution. The sample was purified 

by sephadex G-25 gel filtration centrifugation for three minutes and then the solvent was 

evaporated in a centrifuge evaporator at 35°C for 14.5 hours. A pale, almost colorless, 

residue was obtained. 

UV MEASUREMENTS 

The DNA was dissolved in 1.Oml of deionized water and 50~1 of the resulting 
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blank. This was repeated for the Gd-DOTA-oligomer conjugate and the intact Gd

DOTA complex, except that deionized water was replaced with a solution of buffer 

with 3 drops of EDTA solution. UV measurements were taken at 260nm in a Cary 

50 Bio UV-Visible spectrophotometer using a 1.0 cm quartz cuvette. The results 

showed no prominent peak at 260nm. A new DNA was synthesized and its UV 

spectrum was measured which gave a prominent peak at 260nm. 

GEL ELECTROPHORESIS 

PREPARATION OF SOLUTIONS 

30% ACRYLAMIDE 

Acrylamide (38.003g) and bisacrylamide (2.044g) were dissolved to 100ml 

with distilled water. 

BUFFER 

Tris(hydroxyethyl)amine (THAM) (27.016g) and 18.515g Boric acid was 

dissolved to 500ml with distilled water. 

10% AMMONIUM PERSULFATE (APS) 

Ammonium persulfate (1.207g) was dissolved and diluted to I Oml with 

distilled water. 

ACRYLAMIDE-UREA POLYMER 

APS (450Jll), 35JlI ofN, N', N", N'''-tetramethylethylenediamine (TMEDA), 

31.5g of urea, 37.5ml acrylamide and 15ml ofTBE buffer were mixed for about 20 

minutes to dissolve and quickly poured in between two tight glass plates. A comb 

was inserted at the top to create wells (or holes) and the gel was allowed to solidify. 
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DNA ELECTROPHORESIS
 

An aqueous solution (201J-l) of 185IJ-g of DNA in 1.25ml was diluted with 

20IJ-l fonnamide buffer. The top ofthe plate was filled with TRIS buffer. The buffer 

(l2ml) was injected into wells in the sandwiched polyacrylamide gel. A solution of 

Bromophenol blue dye in fonnamide was injected into another well besides that of 

the DNA to monitor the movement of DNA down the gel. Tenninals of the electro

phoresis cell (Bio-Rad Protean HXl Cell) were connected and switched at 502V to 

begin the Electrophoresis, which took about 5 minutes to complete. The cell was 

stopped and the gel was removed from the glass plate and placed on a white fluorescent 

plate. Exposure of the plate to UV light showed no trace of DNA. This was repeated 

again but result was still negative. Another electrophoresis was done at a lower voltage 

(400V) with glycerol instead of fonnamide, but results was still negative. A new DNA 

strand was synthesized and the electrophoresis was measured again at 250V. This also 

gave a negative result due to insufficient amount of DNA on the column. 

SYNTHESIS OF 6-FORMYLPTERIN 

Liquid HBr (6.0ml) (48 %) solution and 4.8ml ofliquid bromine solution 

was added to 1O.Og of folic acid. The mixture was stirred for two and a half hours 

at 93°C on an oil bath. The yellow solid was filtered and washed with distilled water 

and then with hot acetone. The solvent was evaporated from the filtrate with the 

rotary evaporator to obtain a yellow solid product (3.64g, 82.7%) while the filtrate 

residue gave a yield of2.55g (58.6%). Both products were dried under vacuum. 

Various chemical tests for the presence of the carbonyl group were inconclusive. 

Tollen's test showed a dark precipitate for the residue and an orange precipitate for the 



60 

filtrate. Propanal was used as reference. After boiling, the residue was much darker 

than the filtrate. Benedicts' test showed a deep green color for the residue and dull 

green color for filtrate. After boiling, the filtrate became light brown while the residue 

became dark brown. 

'HNMR in DMSO at 60MHz. [(filtrate: S-S.Sppm (sharp, large), 8-9ppm (small), 

2.S-3ppm (trace), residue: 8ppm (medium, sharp),7-7.Sppm (medium, broad), 

2.Sppm (small)]. 

SYNTHESIS OF N-ISOBUTYRYL-6-FORMYLPTERIN 

The filtrate (3 .164g) was mixed with lS8.2ml of isobutyric anhydride while 

0.481g of the residue was also added to 20.SSml ofthe isobutyric anhydride. Each 

reaction mixture was bubbled with argon gas and stirred at 130°C for 30 hours. 

After this, the reaction mixture was allowed to cool down to room temperature 

(2S0C). A dark brown precipitate was obtained for the residue while the filtrate 

was dark brown as before. The two samples were stored at O°C in a refrigerator 

for twenty four hours. 

Each sample was filtered and washed thoroughly with hexane and then 

with 1: Ihexane/2-propanol. Unfortunately, there was no precipitate after filtration 

of both samples. However, the precipitate was later centrifuged and solvent was 

decanted off to obtain 1.90g (48.2%) of yellowish solid product, which was dried 

under vacuum. However, the residue did not produce any product. 

SYNTHESIS OF FOLIC ACID SUCCINAMIDE ESTER 

Dimethylsulfoxide (DMSO) (40ml), dicyclohexylcarbodiimide (O.2Sml) 

and 0.2S7g N-hydroxysuccinamide (NHS) were added to 2.0g of Folic acid. 
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The reaction flask was covered with aluminium foil to exclude light, due to the 

photosensitivity of the reaction. Argon gas was bubbled throughout the mixture 

for about a minute, the flask was capped, and the mixture was then stirred for 24 

hours. A yellow precipitate was obtained; however, no precipitate residue was 

obtained after filtration. A solution of 7: 3 ethyl ether/acetone was added to the 

filtrate solution to form a creamy yellow precipitate and stirred for one hour at 

room temperature. The precipitate was filtered and washed with 10ml of acetone, 

followed by 10ml of diethylether and dried under vacuum. The yield was 2.30g 

(94%). 

SYNTHESIS OF 15,16 -0- (ISOPROPYLIDENE)-4,7,10,13-TETRAOXAHEXA 

DECYLAMINE FOLATE ESTER 

Liquid 15, 16 -0- (isopropylidene)-4, 7, 10, 13-tetraoxahexadecylamine 

(l.Og) was added to l.676g ofthe freshly prepared sample and 70ml ofpreviously 

dried pyridine was added to it. Argon gas was bubbled through the mixture for twenty 

minutes and the mixture was stirred for twenty four hours, after which the solvent 

was evaporated with a rotary evaporator. TLC was done with 1:9 methanol/methylene 

chloride. The sample was purified by column chromatography using the same solvent. 

TLC of the eluate showed it containd only one compound. The yellow eluate was 

filtered through glass wool and the solvent was evaporated with the rotary evaporator. 

The yield was 700mg (22%). 

I HNMR in CDC!) (3 drops) and TMS at 60MHz: 

0.5-0.75 ppm (small, multiplets), 2.50ppm (sharp, strong), 3.5-3.75ppm, (sharp, 

medium). 
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13 RESULTS AND DISCUSSION
 

Compound 2 was prepared from 5-iodo-2'-deoxyuridine (compound 1) 

using a Heck reaction. The reaction was carried out with triphenylphosphine 

(PPh3) and basic triethylamine (CH3CH2)3N in dioxane solvent. The palladium 

acetate stabilizes the negatively charged iodide leaving group. Argon gas was 

used to exclude air and water in the reaction vessel. The 5' - position was coupled 

with Dimethoxytrityl (DMT) which serves as a good protecting group. This occurs 

in the presence of pyridine, since DMT is very stable in base. This under argon 

atmosphere to exclude any trace of acid vapor because DMT is acid labile. This 

led to formation of compound 3. I, 6-diamino-hexane was coupled to compound 

3 via amide formation accompanied by elimination of a methoxy group at 30°C 

to form compound 4 (SCHEME I). 
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Compound 4 was reacted with trifluoroacetic anhydride in methanol to form 

trifluoroacetate derivative 6. The hydroxy group at 3' -position was converted into 

a phosphoramidite group by reaction with diisopropylethylamide and 2-cyanoethyl

diisopropylchlorophosphoamidite in THF and DMAP. This resulted in the formation 

of compound 6 (SCHEME II). 
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DNA synthesis (SCHEME III) yielded compound 7 (SCHEME IV). Deblocking 

was done by removal ofDMT at 5'-position with trichloroacetic acid in methylene 

chloride. Coupling of the phosphoramidite of the nucleotide after activation of the 

hydroxyl (OH-) group of the linker with tetrazole. The weakly basic pyridine activates 

the removal of the proton. The diisopropylamine group was displaced and stabilized 

by pyridine. 
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The oligomer was cleaved by treatment with a mild ammonium hydroxide. 
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Moreover, this also removed the TFA protecting group from the amino linker. This 

CH30 

SCHEME III 

may have caused the oligomer to remain in the Poly-pak cartridge during purification. 

A new oligo was synthesized using compound 4 as the starting nucleoside to yield 

compound 9 (Figure 19). This was purified by filtering through sephadex-G25 gel 

in a centrifuge for 3 minutes. The resulting solution was reacted with DOTA -NHS 

to couple the DOTA to the linker. 
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Figure 19. Structure of compound 9 

Complexation with Gd 3+ was done by reacting compound 9 with aqueous 

GdCh.HzO solution NazC03INaHC03 buffer at pH 9. The thick cloudy precipitate 

dissolved after adding 2 drops of EDTA solution, which complexes the excess free 

Gd 3+ions. The resulting solution was filtered through sephadex G-25 again to obtain 

a pure oligonucleotide. The UV spectrum (see Figure 20) and the electrophoresis 

results revealed that the oligomer was denatured in storage. 
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Figure 20. V.V. Spectrum of denatured DNA oligomer (bottom line is the blank 

absorbance of the buffer) 

This could be due to unsuccessful Poly-pak purification in which the 

ammonium hydroxide that was used to cleave DNA from the column support 

removed the trifluoroacetyl group which was probably retained on the column. 

Thus, we were just working with a residue instead of the expected DNA. Other 

reasons could be,exposure to excessive heat during the centrifuge filtration and 

evaporation or the action of bacteria. 

The second DNA sample was kept frozen and sterile after purification. The 

second DNA sample was already purified by poly pak, so it was not purified by gel 

filtration before reacting with the DOTA. The pH 9.0 COt/HC03- buffer solution 

ensured that the DOTA remained ionized to complex the Gd3 
+ ion. Complexation 

is more effective under basic conditions since it avoids protons competing with 

metal ions for the negatively charged ligand binding sites. More time was allowed 

to enable the DOTA to couple effectively with the amino modifier on the DNA. 

The EDTA was added to remove excess unchelated Gd3 
+ ions. The Monomethoxy

trityl (MMT) functional group that was used required more acidic conditions to be 
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The UV scan showed a very high absorbance of 0.177 at 260nm (Figure 21) 

which is typical of an oligomer and this confirms that the DNA was not denatured. 

However, the absorbance of the oligomer conjugated to Gd-DOTA 

used for the deprotection than did DMT group the dimethoxytrityl. 
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(Figure 22) complex seems to have been modified by absorbance of the Gd-DOTA 

complex (Figure 23). This resulted in a smaller peak at 260nm. 
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Figure 22. V.V.spectrum of oligomer coupled to Gd-DOTA complex 



71 

10 

8 

6 
II> 
.0 
4( 4 

2 

ol--.J \\.c=: ----
i i 

250 300 350 
Wavelength (nm) 

Figure 23. UV Spectrum of Gd-DOTA Complex 

The amount of DNA (l.2mg) used in the electrophoresis was insufficient to give any 

detectable separation of components. Thus, nothing was seen in the gel electrophoresis. 

The reaction synthesis with folic acid (SCHEME VI and VII) was kept in darkness 

due to the photosensitivity of the folic acid. The y-carboxyl group ofthe folic acid 

was protected by reacting with NHS in a basic solution ofDCC. This is a condensation 

reaction with elimination of a water molecule in which NHS-couples exclusively at 

the less sterically hindered y-carboxyl group. This yellow sticky precipitate was reacted 

with 15, l6-0-(isopropylidene)-tetradecylamine via an amide linkage with elimination 

of NHS group. This reaction was run in DMSO under an argon atmosphere. This was 

characterized by TLC and NMR. 
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The compound was supposed to be coupled to the oligodecamer to facilitate 

cellular uptake by folate receptor enriched tumor cells. Other compounds were 

synthesized from folic acid included yellow 6-fonnylpterin and subsequent coupling 

with isobutyric anhydride at 130°C to fonn yellowish solid (N-Isobutyryl-6

fonnylpterin) (SCHEME VII). The latter compound was obtained by centrifugation, 

since filtration did not give any precipitate. 
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The first oligodecamer that was synthesized had but purification was 

unsuccessful. Thus, the Gd(III)DOTA complex was not conjugated to the expected 

oligomer. The new oligomer had an amino linker that contained an 5'-MMT group 

(instead of TFA) which was removed after cartridge purification. The folic acid 

could not be coupled because we were not successful in obtaining an oligo with 

two amino linkers. 



14 

74 

CONCLUSION 

MRI has surely emerged as one of the greatest diagnostic techniques in 

medicine. The ability of this non-invasive technique to give three dimensional 

images of both hard and soft tissues without the danger of ionizing radiation or 

permanent physical injuries to patients makes MRI very safe to use. However, 

more needs to be done to improve the sensitivity and accuracy of MRI. Agents for 

drug delivery are also being utilized to deliver MRI agents to their targets. 

The primary aim of this work was to synthesize Gd3+-DOTA conjugated to 

an oligonucleotide that was coupled to a folate linker, (15,16-0-(isopropylidene)

tetradecylamidide folate. This was to promote selective uptake of the agent by tumor 

cells and enhance the corresponding MRI image. However, the folate linker was yet 

to be attached. It is expected that the high molecular weight would cause it to be 

retained in the vascular vessels thereby prolonging the imaging window of the 

compound. The slower rotational speed would enhance relaxation. The agent should 

be easily degraded and excreted from the body. 

The oligodeoxynucleotides were sensitive to heat, while the folic acid 

derivatives were sensitive to light. Despite the precautions that were taken, these 

were difficult syntheses. Based on the theoretical considerations described earlier, 

the conjugate that was prepared should perform its intended functions very well. 
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