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Preface

Magnetic Resonance Imaging (MRI) is a rapidly growing field in diagnostic
medicine. In radiology, MRI has revolutionized the diagnosis of numerous types
of illnesses. The clinical utility of MRI became visible exactly at the same time
when for the classic radiological discipline, x-ray imaging, a revolution took
place, i.e. at the advent of computed tomography (CT) in the 1970s. At that time,
a new and infant method such as MRI was not considered necessary in face of
the significant improvement observed for CT. Nonetheless, MRI not only was
able to catch up with CT, but in many diagnostic areas, such as first observed for
the detection and characterization of brain tumors, rapidly passed by CT.

This progress, however, was only possible due to the concomitant develop-
ment and use of MRI contrast agents, which contributed significantly to the
improvement of images. At the early times of MRI, it was predicted that for this
modality the use of contrast agents was not necessary at all due to the excellent
quality of unenhanced images. It was commonly accepted that in no case would
the extent of contrast-enhanced procedures exceed 10%. Today, more than 30%
of all MRI diagnoses use contrast enhancement.

The first type of contrast agents was similar in its characteristics and its func-
tion to that of compounds used for x-ray imaging, i.e. they were extracellularly
distributed and were excreted exclusively via the kidneys. For a long time, the
only available contrast agent was Gd-DTPA. Accordingly, the term “gadolinium”
has been used synonymously for MRI contrast agent by most of the radiologists.

Further development proceeded in analogy to that observed for x-ray contrast
agents twenty years earlier. After the ionic DTPA, nonionic compounds emerged.
After the open-chain structures, macrocyclic substances were developed.

All these agents had in common that they were extremely useful for the delin-
eation of anatomy and of anatomical deviations from normal, i.e. for “static”
images. Later on, it was recognized that, in addition, albeit to a limited extent,
they were also useful for functional measurements. This was possible by using
their pharmacokinetics, particularly their kinetics of distribution. Now the
function of blood distribution systems could be investigated. This includes both
the heart and the blood vessels. However, regarding the heart, machine technol-
ogy lagged behind for a long time. The acquisition times were too long to allow
for a conclusive diagnosis of the functioning of the heart. Significant improve-
ments have been achieved recently.

However, whereas for the x-ray techniques development has not proceeded
past extracellular compounds, for MRI the next stage of development has already
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been reached, tissue-specific contrast agents that accumulate in specific tissues
and organs and allow for an improved diagnosis of these body regions. The first
tissue that could be targeted was the liver. Contrast agents that accumulate in
this organ are now available to the radiologists.

The search for new MRI contrast agents is an actively pursued field of
research both in industry and in academia. Recently, an excellent monograph
has been published by E. Téth and A. Merbach. Most of the authors of that volume
agreed to participate in an updated book on MRI contrast agent research demon-
strating the rapid progress in their respective areas.

The first chapter of this new monograph summarizes extracellular MRI con-
trast agents, both the currently available products and those in development
including those characteristics most relevant for their efficacy and tolerability,
such as relaxivity, hydrophilicity, osmolality, viscosity, LDs, and their pharma-
cokinetics. Additionally, the synthetic routes to these compounds are described.
Gadolinium-containing chelates consist of a plethora of isomers, which are able
to convert into each other in aqueous solutions. This phenomenon is detailed
in the second chapter where the different configurations and conformations of
lanthanide complexes are dealt with, both for presently available agents and for
new, targeted compounds that are able to recognize different regions of interest
or different body conditions including areas with modified pH value.

Relaxivity is the key determinant for the efficacy of lanthanide chelates. The
design of improved contrast agents is only possible on the basis of an in-depth
understanding of the underlying principles. The third chapter gives an extensive
introduction into the theory and the determination of relaxivity data, which will
enable the reader to better utilize further optimization efforts.

Since free lanthanide ions are very toxic, the stability of chelates have to be
considered as a key factor influencing the tolerability of gadolinium-based MRI
contrast agents. The fourth chapter describes molecular moieties, influences
of the solution and potential components of body fluids affecting the kinetic
stability of the agents. For the presently available substances, which are rapidly
excreted, kinetic stability has a different impact than for future, potentially long-
circulating compounds or agents that accumulate in body sites. For these new
agents, the impact of stability will gain even more in importance.

An overview on new research ideas is given in chapter 5 where for example
blood-pool agents based on macromolecular derivatives or agents imaging
gene expression are described. Other targets include temperature, pH, ions and
enzymes that may influence the signal of these types of contrast agents.

Data on non-gadolinium based compounds are summarized in chapters six
and seven describing both tissue-specific and blood-pool agents.

MRI presently is fostering its position in radiology and in life sciences in
general. The reasons are not only its lack of ionizing radiation or use of radio-
isotopes but rather the great wealth of information gained, which is unsurpassed
by other modalities. Contrast agents have contributed a significant proportion
to this information and will increase to do so in the future.

Berlin, November 2001 Werner Krause
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Extracellular MRI Contrast Agents
Based on Gadolinium
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A summary of the development of extracellular MRI contrast agents during the last twenty
years is given. Focal points are chemistry, physico-chemical properties and pharmacokinetic
behaviour of gadolinium complexes. The synthesis of acyclic and macrocyclic ligands is
described, particularly of derivatives of the ligands DTPA and DOTA. Stability, relaxivity
and formulations of the gadolinium complexes are issues of special interest as well as their
toxicological and clinical aspects. An outlook on the future development of clinically useful
extracellular MRI contrast agents is provided.

Keywords. Extracellular MRI contrast agents, gadolinium complexes with acyclic and macro-
cyclic ligands, Gd-DTPA Gd-DOTA derivatives of Gd-DO3A, [Na,Gd,(OHEC)], oligomeric
gadolinium complexes, Nitroxyles
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2 H. Gries

1
Introduction

Extracellular MRI and X-ray contrast agents are characterized by their pharma-
cokinetic behaviour. After intravascular injection their plasma-level time curve
is characeterized by two phases. The agents are rapidly distributed between
plasma and interstitial spaces followed by renal elimination with a terminal
half-live of approximatly 1-2 hours. They are excreted via the kidneys in
unchanged form by glomerular filtration.

Extracellular water-soluble contrast agents to be applied for X-ray imaging
were introduced into clinical practice in 1923. Since that time they have proved
to be most valuable tools in diagnostics.They contain iodine as the element of
choice with a sufficiently high atomic weight difference to organic tissue. As
positive contrast agents their attenuation of radiation is higher compared with
the attenuation of the surrounding tissue. By this contrast enhancement X-ray
diagnostics could be improved dramatically.

In 2,4,6-triiodobenzoic acid derivatives iodine is firmly bound. Nowadays
diamides of the 2,4,6-triiodo-5-acylamino-isophthalic acid like iopromide
(Ultravist, Fig. 1) are used as non-ionic (neutral) X-ray contrast agents in most
cases [1].

About twenty years ago magnetic resonance imaging (MRI) has been intro-
duced as a new technique. The physical basis of MRI is totally different from that
of X-ray imaging. Whereas for the latter the absorption of X-rays is the decisive
factor, it is the influence on the relaxation rate of the protons in the body water
that induces the efficacy of the method. Consequently, the chemical nature of
MRI contrast agents has to be totally different from that of the iodinated X-ray
contrast agents. Furthermore the agent itself is not visible in MRI but only its
effect on protons in its immediate neighborhood can be monitored. In MRI, a
magnetic field is applied to the region of interest which is subsequently modu-
lated by a radio pulse. The change in distribution of the magnetic moments of
the protons from random to directed and their return to normal constitutes the
MRI signal. MRI contrast agents are able to affect this return to normal called
relaxation by shortening particularly the relaxation time T1 (see below). As a
result, the signal intensity is increased improving the imaging. However, in the
early days it was rather questionable whether contrast agents at all could be of
any benefit for the user of the new technique since MRI signals depend on a wide
range of parameters.

CON(CH,)CH,CHOHCH,OH
I [

CHSOCHZCOITI CONHCH,CHOHCH,OH

Fig. 1. Iopromide H
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2
Metal Chelates as MRI Contrast Agents

A compound that is able to influence the relaxation times of water protons has
to be paramagnetic. In the Periodic System paramagnetic ions are to be found
amongst the transition metals and the rare earth metals (lanthanides). However,
it was well known, that the free ions of heavy metals are toxic. Lanthanide ions
form soluble complexes with ligands such as phospholipids, amino acids and
proteins that are present in plasma. The liver and the skeleton are the major sites
of accumulation of free metal ions. Uptake in the liver is mediated by the hepa-
tocytes [2].

The challenge was to render the metal ions safe without impairing their para-
magnetic properties. This problem could succesfully be solved by the complex-
ation of the metal ions with suitable ligands.

Many heavy metal ions are able to produce metal-ligand complexes (metal
chelates) that are very stable. As an acceptor the cation forms coordinate bonds
with electron-donating ligands. All d-,s-,and p-metal ions can form a great vari-
ety of complexes. There are two coordination spheres surrounding the central
metal ion. The primary coordination sphere consists of ligands directly bound
to the cation possibly completed by electrostatically bound solvent molecules.
The number of ligands in this sphere is called the coordination number. It
depends mainly on the size of the central metal ion, steric interactions between
the coordinating groups and electronic interactions. Ligands having only one
point of attachment to the cation are called “monodentate” (derived from the
Latin “dens” for tooth). Ligands having several points of attachment are called
“polydentate” ligands. Well known examples of polydentate ligands are amino-
polycarboxylic acids like ethylenediaminetetra-acetic acid (EDTA: Fig. 2a) and
diethylenetriaminepenta-acetic acid (DTPA: Fig. 2b).

These ligands are frequently used as metal ion traps to bind undesired metal
ions, e.g. in formulations of X-ray contrast agents. Chelated cations may asso-
ciate electrostatically with anionic compounds and with solvent molecules by
weak interactions. This results in the formation of an outer coordination sphere.
Instead of the term “complex” the term “chelate” is very frequently used mean-
ing that the metal ion is covered by the ligand like a claw (“chela”: word from the
Greek for claw).

COOH

Hoocii)c> <CT;COOH !/\N/\'L

N

a \_/ b
HOOC COOH COOH COOH

Fig.2. a EDTA, b DTPA
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For the use as a contrast agent the stability of the complex in vivo is most
important. It depends significantly on the thermodynamic stability defined by
Eq.(1).

[ML]
[(M] [L]

K(therm) = (1)

Most frequently the logK(therm)-values of the complexes are used. They have
been compiled in special compendia [3,4]. A variety of approaches for the mea-
surement of stability constants is available. However, thermodynamics alone is
an insufficient predictor of the behaviour of the complexes in the organism.
Other features have to be considered, particularly the stability of the aqueous
solution under the physiological conditions at pH 7.4 which is characterized by
the selective stability constant K (sel) that can be calculated from K (therm) [5].
Normally K (sel) is lower than K (therm). Expectedly, the toxicity of the chelate
correlates best with K (sel).

Furthermore, the kinetic stability which refers to the rate of dissociation of
the central metal ion from the complex must be considered for a possible inter-
action with endogenous ions in the organism (Zn, Ca, Mg, phosphate etc.).

Pharmacological and toxicological studies have shown that demetallation
can occur in vivo with deposition of free metal ions in bone and liver especially
in situations where the chelate has a long residence time in the body. This is the
case with non-extracellular chelates like organ-specific contrast agents or with
intravascular compounds such as polymers.

2.1
Gadolinium Complexes

All currently available extracellular contrast agents are gadolinium chelates.
This rare earth metal ion exhibits the strongest effect of all elements on the
longitudinal relaxation time T1. The ligands of these chelates belong to two dif-
ferent types of structure: Acyclic (open-chain) compounds and macrocyclics.

2.2
Chelates with Acyclic Ligands

2.2.1
Gadolinium-DTPA

Gd-DTPA (gadopentetate, Magnevist) is a good example of a “chelate”, because
the metal ion is covered by the polydentate ligand like a claw (Fig. 3).

The central metal ion has nine coordination sites. It is attached to the three
nitrogen atoms and to five carboxylate moieties (oxygen atoms). A single water
molecule is able to coordinate at the vacant ninth site resulting in a strong
enhancement of the water proton relaxation rate. The chelate can be described
as a distorted capped square antiprism according to X-ray analysis [6].



Extracellular MRI Contrast Agents Based on Gadolinium 5

7

Fig.3. X-ray structure of Gd-DTPA (H,0)?, top view (hydrogen atoms are omitted for clarity)

Table 1. Acute intraveneous toxicity in rats

Generic name LD50 (mmol/kg) body weight References
Gadopentetate 8 [65]
Gadoterate 18 [30]
Gadodiamide 25 [17]
Gadoteridol <15 [29]
Gadobutrol 25 [17]

Its di-meglumine salt is freely soluble in water and the stability of the aque-
ous solution is remarkably high. The logK (therm) was determined as 22.2 [7]
and logK (sel) is calculated as 18.1 at pH 7.4 [8]. Surprisingly enough, the acute
intravenous toxicity LDs in rats is approx. 8 mmol/kg body weight (Table 1).

Thus the toxicity of Gd-DTPA is more than tenfold lower than the toxicity of
the gadolinium ion and the ligand DTPA, respectively. Fortunately, the relaxivi-
ty of the chelate remained high enough to give an excellent contrast enhance-
ment. The first clinical trials were conducted at the end of 1983 in the Depart-
ment of Radiology of the Free University of Berlin by Professor R. Felix [9] and
at the Hammersmith Hospital in London by Professor R. Steiner [10]. Since the
first approval by regulatory authorities in the United States and in Germany in
1988 a wealth of diagnostic results has been accumulated in millions of patients
worldwide. Its safety profile is very well established with a remarkably low in-
cidence of adverse events [11-13]. Numerous reports indicate the diagnostic
utility of Gd-DTPA enhancement for MRI assessments in the Central Nervous
System (CNS), of disruptions of the blood brain barrier, of renal functions,
inflammatory lesions, neoplasms, myocardial ischemia and many other indica-
tions.The risk of adverse reactions when the agent is administered intravenous-
ly even up to doses of 0.3 mmol/kg is low. No difference in the incidence of
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adverse reactions following bolus injections with Gd-DTPA as opposed to slow
infusions has been observed.

Special formulations have been developed to visualize the gastrointestinal
tract (see below). Magnevist has also been applied succesfully as an X-ray con-
trast agent in patients who were allergic to iodine because of the attenuation of
X-rays by the gadolinium ion [14].

2.3
Gadolinium-DTPA-Diamides

Analogous to the development of the non-ionic X-ray contrast agents many
years ago neutral chelates have been sythesized to reduce the osmotic pressure
of the aqueous solutions. However, for MRI, injection volumes are used that are
much smaller than for X-ray contrast agents. That means that the osmolality of
the solutions is of minor importance for MRI contrast agents. The increase in
blood osmolality after intraveneous injection of up to 0.3 mmol/kg Gd-DTPA
will not cause disturbance of the organism’s osmotic balance.

Two extracellular contrast agents which contain neutral gadolinium chelates
have entered the market: gadodiamide (Omniscan) (Fig. 4a) and gadoverse-
tamide (Optimark) (Fig.4b).

Both ligands are amides of DTPA and are obtained by treating the dianhy-
dride of DTPA with the corresponding amine (methyl amine [15] and
methoxyethylamine [16] respectively). These gadolinium complexes are freely
soluble in water. As expected, the osmolality of the 0.5 molar solution of gado-
diamide is lower (0.79 osmol/kg water) than that of the 0.5 molar solution of Gd-
DTPA (gadopentetate) (Table 2) [17, 18].

Other parameters such as their physico-chemical properties, pharmacody-
namics and the clinical application are very similar to the “ionic” agents
gadopentetate and gadoterate [19].

rc:oo'
/—N N N
CH,HNOC > o < CONHCH,

a "00C Ccoo
rcoo*
N N N

CH,0H,CH,HNOC od* < CONHCH,CH,OCH,
b -00¢ CoOo

Fig.4. a Gadodiamide (Omniscan). b Gadoversetamide (Optimark)
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Table 2. Physico-chemical properties of formulations of gadolinium complexes

Generic name Concentration Osmolality Viscosity References
(mol/l) (osmol/kg water) (cP)

Gadopentetate 0.5 1.96 2.9 [18]

Gadoterate 0.5 1.35 2.0 [29]
1.0 4.02 11.3 [29]

Gadodiamide 0.5 0.79 1.4 [17,18]
1.0 1.90 3.9 [29]

Gadoteridol 0.5 0.63 1.3 [29]
1.0 1.91 3.9 [29]

Gadobutrol 0.5 0.57 14 [17]
1.0 1.39 3.7 [18]

2.4

Gadolinium Chelates with Macrocyclic Ligands

2.4.1

Gd-DOTA

A second class of MRI contrast agents contains ligands that are derivatives of the
macrocyclic tetramine, 1.4.7.10-tetraazacyclododecane (cyclen). Gadoterate
(Dotarem, Gd-DOTA, Scheme 3, formula 5) was the first macrocyclic gadolini-
um complex which has entered the market.

Several synthetic routes to cyclen as the starting material for the synthesis of
gadoterate are available [20-26]. In Scheme 1 the cyclization of the tosylates 1
and 2 is performed in a high yield since the hydrocarbon segments between the
hetero atoms are short, and relatively equal segments of the target macrocycle
are condensed. After detosylation of 3 the cyclen 4 is obtained.

For the production of cyclen on a larger scale, the tetramerisation of N-ben-
zylaziridine 6 seems to be preferential (Scheme 2).

Tetrabenzylcyclen 7 has been prepared in nearly quantitative yield by reflux-
ing a mixture of 6 and p-toluenesulfonic acid in alcohol for 6 hours. Debenzyla-
tion of 7 can be carried out by treatment with 10% Pd-C under hydrogen. Cyclen
4 is obtained in a high yield. Alkylation with chloro- or bromoacetic acid leads
to the ligand DOTA 9 [25]. Subsequent complexation with gadolinium chloride
or gadolinium oxide in the usual manner yields Gd-DOTA 5 (Scheme 3).

In the macrocyclic structure the metal binding site within the ligand is more
encapsulated and the entropy is decreased upon metal incorporation. As a result
the stability of the majority of macrocyclic metal chelates is higher than that of
acyclic complexes (Table 3) [27,28]. Generally the macrocyclic complexes exhib-
it a higher kinetic stability.

The formulations of Dotarem (Gd-DOTA) consist of aqueous solutions of
gadoterate as its N-methylglucamine salt in concentrations of 0.5 and 1.0 mol/l.
The latter solution displays relatively high osmolality and viscosity (Table 2)
[29].
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Scheme 3. Synthesis of gadoterate
(Gd-DOTA) from cyclen

Scheme 1. Synthesis of Cyclen by cyclization

Table 3. Thermodynamic stability constants and relaxivities in water at 20 MHZ and 40 °C of

commercially available gadolinium chelates

Generic name

logK (therm)  References

1/T1 relaxivity =~ References
(I/mmol-!s71)

Gadopentetate 22.2 [7]
Gadoterate 24.7 [27,28]
Gadodiamide 16.9 [8]
Gadoteridol 23.8 (7]

Gadobutrol 21.8 [33]

3.8 [17]
3.5 [53]
3.9 [53]
3.7 [53]
3.6 [17]
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The LDs, after intraveneous injection in rats is approx. 18 mmol/kg (Table 1)
[30].

Pharmacological behaviour and clinical use of Dotarem correspond to the
acyclic extracellular agents.

2.5
Derivatives of Gd-DO3A

In analogy to the development of non-ionic open-chain metal chelates,
neutral macrocyclic gadolinium chelates have also been synthesized. Two of
them have been launched as extracellular MRI contrast agents: gadobutrol
(Gadovist) (Fig. 5b) and gadoteridol (ProHance) (Fig. 5¢). Both are derivatives
of 1,4,7-tricarboxymethyl-1,4,7,10-tetraazacoclododecane (DO3A), (Fig.5a)
[31,32].

There are several routes leading to derivatives of the key compound DO3A
starting from cyclen. For example gadobutrol 10 can be synthesized via the route
outlined in Scheme 4 [30].
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The first step is the treatment of cyclen 4 in toluene with dimethylformamide
dimethyl acetal giving the tricyclic compound 1,4,7,10-tetraazatricyclo [5.5.1.0]
tridecane 12, which without further purification is reacted with 4,4-dimethyl-
3,5,8-trioxabicyclo [5.1.0] octane yielding an intermediate which without isola-
tion gives the formyl derivative 13 in a 73 % yield upon solvolysis. Spectroscop-
ic investigations indicate the formation of the 1,7-disubstituted isomer; the 1,4-
disubstituted product is not observed. Presumably, the steric hindrance
imposed by the substituted dioxepanyl ring prevents the formation of the 1,4-
isomer. Alkaline treatment of 13 removes the formyl group and results in the for-
mation of the mono-substituted cyclen derivative 14 in a 93 % yield. Alkylation
of 14 with chloroacetic acid sodium salt in water at pH 9-10 gives the ligand
DO3A-butrol 15. For purification, an acidic solution of 15 is adsorbed on a
cation-exchange column. Elution with 2 M aqueous ammonia provides the puri-
fied ligand, which is isolated and crystallized on treatment with methanol.

For the preparation of gadobutrol 10 on a larger scale the approach described
in Scheme 5 is preferred [25].

/" \ .4Hcl
NH  NH 1. (CHy,N-CH(OCH,), NH - NH CICH2COONa
) -
[ ] R v [ OH conc. HCI
NH  NH 25 )0 NN
o
W > _/
3. HCl "
4 oH OH
OH
HO_ _oO OT
\E /N
N N
[ j OH

Scheme 5. Synthesis of the ligand butrol

Thus, in analogy to the above outlined procedure cyclen is converted to 12
and without isolation reacted with 4,4-dimethyl-3,5,8-trioxabicyclo [5.1.0]
octane to give the formyl derivative 13 which also without isolation is treated
with aqueous hydrochoric acid under heat. Under these conditions both the
formyl group is removed and the dioxepanyl ring gives rise to the free butrol
side chain yielding the monosubstituted cyclen derivative in the form of its
tetrahydrochloride 16. The overall yield for this reaction sequence is about 81%
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based on cyclen. Similar to the conversion of 14 to 15 (Scheme 4), 16 is reacted
with chloroacetic acid to give 15 (yield 65%).

The ligand contains two chiral carbons at C13 and C14 (numbering adopted
from Fig. 6) and thus represents a racemic mixture of (13R,14S)- and (13S,14R)-
DO3A-butrol. For clarity, only one enantiomer is shown in Scheme 4 and
Scheme 5.

The final step of the synthesis of 1,4,7-tris(carboxymethyl)-10-(1-hydro-
xymethyl)-2,3-dihydroxypropyl)-1,4,7,10-tetraazacyclododecanato gadolinium
(gadobutrol 10), the complexation of 15 with Gd,O; is accomplished by the same
procedure described for the production of gadopentetate (see below).

Analogously the calcium complex of 15 is obtained with CaCOj; in an aqueous
suspension. This compound is used as an additive in the pharmaceutical formu-
lation.

Gadobutrol is a neutral and highly stable compound. However, its thermody-
namic stability constant (logK(therm) = 21,8 in 0.1 M KCl) [33] is nearly two
orders of magnitudes lower compared with both Gd-DTPA and Gd-DOTA
(Table 3). This is not unexpected since it is generally accepted that the hard
Lewis acid Gd (III) is more tightly bond to negatively charged atoms rather than
to neutral ones. A comparison of the stabilities of gadobutrol and gadoteridol
shows that the introduction of additional hydroxyl groups in one of the side
chains decreases the stability (Table 3). The lower thermodynamic stability of
gadobutrol is without any consequence for its use in patients, since the complex
exhibits excellent kinetic stability. In this connection it was of interest to deter-
mine the dissociation rates of these clinically used macrocyclic complexes. They
were studied spectrophotometrically at pH 3.2-5.3 following the exchange reac-
tions with Eu(III). The dissociation rate of gadobutrol proved to be about ten
times lower than that of gadoteridol, which might be due to the bulkier 1-
(hydroxymethyl)-2,3-dihydroxypropyl side chain of 10 compared with the
2-hydroxypropyl group of the latter [31].

In Fig. 6 a graphical presentation of gadobutrol (1) showing the atomic num-
bering scheme is given. The nine-coordinated Gd(III) has the four nitrogens of
the aza crown, three oxygens of each of the three carboxylic groups,and one oxy-
gen of the 1-(hydroxymethyl)-2,3-dihydroxypropyl side chain in its primary
coordination sphere. In related compounds, the ninth coordination atom usual-
ly is the oxygen of a water molecule. In this structure, however, the ninth coor-
dination partner surprisingly is a carboxylate oxygen provided by a further cen-
trosymmetrically related complex molecule. The geometry of the coordination
polyhedron can be approximated by a monocapped square antiprism.

From a structural point of view a number of different isomers could be pre-
sent. In principal the three different hydroxyl groups in the ligand are able to
interact with the central metal ion thus giving rise to three different constitu-
tional isomers. The stereochemistry of the different configurational isomers of
gadobutrol is best described in view of the stereochemistry of the parent com-
pound Gd-DOTA. In this complex chirality results from the restriction of free
rotation around the bonds of the ligand caused by the inclusion of the central
metal ion. Thus four stereoisomers are generated upon complexation of Gd(III)
by DOTA.
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Fig.6. Structure of Gadobutrol in the crystal showing the “cap atom” 0181

In gadobutrol, the replacement of one of the acetic acid groups of Gd-DOTA
by the chiral 1-(hydroxymethyl)-2,3-dihydroxypropyl group gives rise to a
diastereomatic differentiation of the four stereoisomers. Therefore, for each of
the three possible constitutional isomers four diastereomers have been taken
into account, thus, generating 12 diastereomers and a total of 24 stereoisomers.
In the HPLC chromatogram of an aqueous solution of gadobutrol, however, it is
rather probable that it contains only one diastereomer.

Following the procedures described above, the other neutral macrocyclic
extracellular contrast agent, gadoteridol (ProHance), (Fig. 5.3) can be produced
in an anologous way [32]. As an additive, the calcium salt of the calcium chelate
of the ligand (calteridol) is used in the pharmaceutical formulation, prepared by
treatment of the ligand 1,4,7-triscarboxymethyl-10-(2-hydroxypropyl)-1,4,7,10-
tetraazacyclododecane with an aqueous suspension of CaCO; [34].

The LD;, of gadoteridol after intravenous injection has been determined as
<15 mmol/kg (in rats), the LDs, of gadobutrol is as approx. 25 mmol/kg show-
ing higher tolerability of the latter chelate (Table 1).

Both chelates have been launched as extracellular contrast agents using dos-
es up to 3 mmol/kg body weight. Both can be formulated as 1.0 molar aqueous
solutions with acceptable viscosity (Table 2). These highly concentrated agents
are useful in fast dynamic studies such as brain perfusion and fast magnetic res-
onance angiography (MRA).



14 H. Gries

2.6
[Na,Gd,(OHEC)]

A point of special interest with respect to the design of new extracellular con-
trast agents is (i) slowing down of the molecular tumbling of the complexes in
order to achieve enhanced proton relaxivity by increasing the ligand bulk and
(ii) binding of more than one gadolinium to the monomeric ligand for this pur-
pose. To achieve this effect the ligand 1,4,7,10,14,17,20,23-octaazacyclohexa-
cosane-1,4,7,10,14,17,20,23-octaacetic acid (“H;OHEC”) has been synthesized
[35]. The preparation of the macrocyclic octaamine 24 follows a modification of
the well known procedure for the synthesis of 1,4,7,10,13,16,19,22-octaazacy-
clotetracosane by Richman and Atkins [36]. The reaction sequence for the syn-
thesis of the ligand is shown in Scheme 6.

The critical step is the detosylation of the protected amines. Satisfactory
yields (50% up to 75%) are obtained by heating the tosylated compounds in
concentrated sulfuric acid (3 h, 110°C) or in a mixture of glacial acetic acid and
concentrated sulfuric acid (3 h, 110°C). Varying amounts of water-insoluble side
products are formed during the treatment with sulfuric acid which can be easi-
ly removed. The amount of these precipitated side products increases upon
increasing the duration of treatment.

Carboxymethylation of the octaamine with tert-butylbromoacetate, followed
by hydrolysis gives high yields of the octaacetic ligand 26. The carboxymethyla-
tion requires careful control of the stoichiometry and the reaction conditions.
Otherwise, mixtures of quaternary products are formed.

The dinuclear Gd(III) complex has been obtained by treating the ligand with
gadolinium oxide, Gd,0s3, or with gadolinium hydroxide, freshly prepared from
the chloride or triflate under basic conditions (pH adjusted to 8.5 with NaOH)
in aqueous solution according to equation (2):

2 Gd(OH);+ 26 + 2NaOH = [Na,Gd,(OHEC)] + 8 H,0 2)

Yield: 52 % as a white powder which was stable and highly soluble in water.
Mass spectrometry unambiguously showed complexation of two cations per
ligand molecule.

2.7
Oligomeric Complexes

A further approach to achieve enhanced proton relaxivity by binding of more
than one lanthanide ion per chelant molecule has been realized by synthesizing
acyclic and macrocyclic oligomers of DTPA and DOTA as ligands [37]. The
process of preparation of such compounds comprises the steps of (i) obtaining
from a polycarboxylate monochelant starting compound an activated polycar-
boxylate containing one or more reactive groups, e.g.imide, amide, anhydride or
other activated carboxyl groups (ii) forming an amide or ester linkage between
said activated compound and a polyamine or polyol linking compound thereby
to obtain a chelant-linker compound, and (iii) forming an amide or ester link-
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age between said chelate-linker compound and a second activated polycarboxy-
late compound to obtain an oligomeric chelant.
The synthesis of a dimeric DTPA is outlined in Scheme 7.

DTPA

1. isobutylchloroformat

2. CH,NH,
I/COOH
HooC ’\g_\‘ < CONHCH3
HOOC COOH
27
l AcOH

rCOOH
0TI
HooC 0
HOOC CO‘NCHs
28

H,N-(CH,),-NH,

r(:OOH
HoOC CONH(CH,);NH,
HOOC CONHCH,
29
DBN
+28

COOH

NN
HOOC/_ > < _\CONHCHZ CH;

HOOC CONHCH,

30

Scheme 7. Synthesis of a dimeric DTPA ligand
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The first step follows a modification of the well known procedure of Krej-
carek and Tucker [38] yielding the monomethylamide of DTPA 27. After dehy-
dration with glacial acetic acid the monomethylimide 28 has been obtained as
an activated polycarboxylate compound. Subsequent reaction with 1,3-
diaminopropane yielded the DTPA-mono(methyl-propylamino)amide Hydro-
choride 29. The reaction of 29 with 28 afforded the dimeric ligand 30.

The synthesis of the trimeric macrocyclic chelant 32 is outlined in Scheme 8.

DOTA-Tetraethylester

KOH

etooc—\ / \ /TCOOK

N Nj
[N N
EtoO0C—_/ \ / \——COOEt

31

1.DCC
2. 1-Hydroxybenzotriazol
3. tris (2-aminoethyl)amine

/~ \ /~COOH
CH,CH,NH-R co™

N N
N%CH2CH2NH-R R= [ ]

N N
CH,CH,NH-R HOOC—/ /" \_—COOH
32

Scheme 8. Synthesis of the trimeric ligand TREN(DOTA); nonaacid

Starting with the tetraethyl ester of DOTA the potassium salt of the triester 31
has been obtained by a partial saponification. To the solution of this compound
in anhydrous tetrahydrofuran dicyclohexylcarbodiimide and 1-hydroxybenzo-
triazole has been added followed by tris(2-aminoethyl)amine. Subsequent
hydrolysis of the ester groups yielded the nonaacid 32.
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Neutral bis-and tris-gadolinium complexes of the oligomeric ligands have
been obtained in the usual manner with gadolinium oxide and the correspond-
ing dysprosium complexes by reaction with dysprosium oxide The latter might
be useful as X-ray contrast agents.

In recent years a multitude of oligomeric lanthanide complexes has been pub-
lished [39-41].

3
Nitroxyles

Besides the metal complexes there is another class of paramagnetic compounds
which have been suggested as MRI contrast agents: the nitroxyls (nitroxides).
These heterocyclic compounds are Stable Free Radicals characterized by a ster-
ically hindered unpaired electron in a nitrogen-oxygen N-O'-bond.The most
conspicuous role played by these compounds is that of a reporter group in the
study of biological systems using electron spin resonance (ESR) spectroscopy
(spin labeling). This technique was first introduced by McConnell [42]. It has
rapidly evolved into a most powerful biophysical tool. For instance, nitroxyles
have been used as in vitro-enhancers in proton-relaxation studies of protein
configurations and membrane dynamics [43,44]. Nitroxyls with an intracellular
distribution might be selected to monitor redox potential and oxygen tension
within the cell [44]. The proton relaxation efficacy of these compounds is much
weaker than that of gadolinium complexes [45]. Nevertheless, they could poten-
tially be useful as intracellular MRI contrast agents [46].

Two compounds of this structure type have been tested in preclinical studies
as extracellular agents: (%) 2,2,5,5-tetramethylpyrrolidine-1-oxyl-3-carboxylic
acid (“PCA”, Fig.7a) and N-(1-hydroxymethyl-2,3-dihydroxypropyl)- (&)
2,2,5,5-tetramethylpyrrolidine-1-oxyl-3-carboxamide (“NAT”, Fig. 7b).

PCA was prepared by the method of Rozantsev and Krinitzkaya [47].

The synthesis of NAT was performed by reaction of the methylester of PCA
with the acetonide of 1,3,4-trihydroxybut-2-yl amine. After saponification with
diluted sulfuric acid the neutral (non-ionic) compound NAT has been obtained
[48].

Both compounds are freely soluble in water, PCA as sodium salt. The LD5, of
PCA after intraveneous injection in rats has been determined as 15 mmol/kg,
the LDs, of NAT was even more favourable (as high as 25 mmol/kg).The relaxiv-
ity and the imaging capability have been studied. Both compounds revealed a

COH o) o

o—z
o]

a b O-
Fig.7. aPCA; b NAT
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pharmacological behaviour analogous to the extracellular gadolinium complex-
es and a remarkably high resistance to bioreduction. However, in consideration
of the minor paramagnetic efficacy no nitroxyl compound has been developed
as extracellular MRI contrast agent in spite of the good preclinical results with
NAT [49]. A possible use of them for performing electron spin resonance
enhanced “Overhauser-MRI” in ultra-low field imaging up to 20 Gauss seems to
be still under investigation [50].

4
Formulations of Extracellular Gadolinium Contrast Agents

4.1
Physico-Chemical Properties

4.1.1
Relaxivity

Relaxivity is described by the equations of Solomon [51] and Bloembergen [52].
A very simplified form is the equation (3) [53] where T, is the longitudinal relax-
ation time, k is a constant for a given metal, r is the distance between metal and
proton and 7, is the effective correlation time.

1 1
T—=k'F'f(Tc) (3)

1

The increase in relaxation rate is directly proportional to the concentration of
the paramagnetic agent and to the square of its magnetic moment but inversely
proportional to r®. Thus, a small increase in the interatomic distance causes a
dramatic reduction in relaxation effects. At low concentrations of paramagnetic
agents such as gadopentetate the enhancement of signal intensity by the
increase of 1/T, is usually the dominant effect whereas at high concentrations
the decrease in signal intensity by the effect on T, is usually dominant. Thus,
depending on the concentration, the signal intensity reaches a maximum before
it decreases.

Enhancement of relaxation is also dependent on the effective correlation time
7o which depends on molecular motion, on the rate of relaxation of the electron
spins and on the exchange rate between free and bound water. 7., is given by the
equation (4).

1 1 1 1
11,11 (@)
I. T Ts Iy

where 7y, is the residence time of the water molecule in the first hydration sphere
of the metal; 1 is the electron correlation time and ry is the rotation correlation
time. Only 7y apears easily modifiable. Slowing down the rotation by increasing
the molecular weight of the complex or by chelating the metal ion with bulky
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ligands will result in an optimized rotational correlation time that could elicit
relaxivities of up to 50 /mmol/s. Low molecular weight gadolinium complexes
such as gadopentetate, gadodiamide and gadoteridol exhibit very similar relax-
ivities of 3.5-3.8 I/mmol~!/s™! (Table 3).

The magnetic field dependence of 1/T, has been investigated in detail by the
measurement of NMR dispersion (NMRD profiles) [54]. The studies have shown
that the relaxivity of metal chelates varies with changes in magnetic field. In
small metal chelates the relaxivity decreases with increasing field strength. How-
ever, this effect on low molecular weight gadolinium complexes at the field
strength used in the clinical MRI (0.1-2 T), is relatively small.

Gadolinjium and dysprosium, both elements of the lanthanide family, differ in
the electronic occupancy of their f-shells. As a result, they are very similar chem-
ically but very different magnetically. The relaxivity 1/T, of Dy-DTPA is as low
as ~0.1 I/mol~'s™!. However, dysprosium has a pronounced ability to influence
transiently the residual magnetic susceptibility of tissues as it passes through.
This effect of Dy-DTPA seems to be ideal for cerebral perfusion imaging and
may be useful for the quantitation of partial occlusions and reperfusion.

4.1.2
Hydrophilicity

All the gadolinium complexes described above are highly soluble in water. The
affinity of substances to water is called hydrophilicity. A high solubility in water
correlates with a high hydrophilicity. The standard method of measuring this
property is the determination of the partition coefficient. The compound is dis-
solved in buffer, then n-butanol or n-octanol is added. The mixture is vigorous-
ly shaken to allow the compound under investigation to reach an equilibrium
concentration in n-butanol or n-octanol and buffer. The relative concentrations
in the solvents are measured and the hydrophilicity is expressed as the corre-
sponding coefficients. The extracellular gadolinium complexes are so hydro-
philic that the concentrations in n-butanol are hardly measurable. The partition
coefficient are lower (<0.01) than those of iodinated X-ray contrast agents.

The protein binding of compounds with such low partition coefficients is vir-
tually non-existent as demonstrated by MRI and pharmacokinetic studies. The
low protein binding of the extracellular gadolinium complexes currently used in
clinical practice correlates very well with their excellent safety profile.

Standard formulations of the extracellular gadolinium complexes have a con-
centration of 0.5 mol/l. Gadobutrol and gadoteridol can be formulated even as
1.0-molar solutions with acceptable viscosity (Table 2).

These highly concentrated solutions are useful in fast dynamic studies such
as brain perfusion and in magnetic resonance angiography (MRA) [56, 57].

As an example of a standard formulation, the preparation of a 0.5-molar solu-
tion of the pentameglumine salt of gadopentetic acid (Magnevist) for parenter-
al application is given: 97.6 g (0.5 mol) of N-methylglucamine is dissolved under
sterile conditions in 500 ml water for injection. After addition of 196.6 g
(0.5 mol) of DTPA and 90.6 g (0.25 mol) of gadolinium oxide, Gd,O;, the batch is
refluxed for two hours and the clear solution is brought to pH 7.2 by adding
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another 97.6 g (0.5 mol) of N-methylglucamine. Then, a second solution of
197 mg (0.5 mmol) of DTPA and 488 mg (2.5 mmol) of N-methylglucamine in
100 ml water p.i. is added sterile to produce an overall volume of 1000 ml. The
solution is finally ultrafiltred, placed in a vial and heat sterilized and is ready for
parenteral use.

In this procedure the pentameglumine salt of the ligand DTPA was added to
prevent any undesired release of the gadolinium ion from the chelate. Gadolini-
um-complex formulations normally contain a small amount of excess ligand
either in its free or calcium-complexed form. As mentioned above, Pro-Hance
(gadoteridol) contains calteridol, the calcium salt of the relatively weak calcium
complex of the ligand for instance.

Special gadolinium-complex formulations were developed to visualize the
gastrointestinal (GI) tract. An aqueous formulation of gadopentetate (1.0 mol/l)
and mannitol (15 g/L) is clinically used especially to improve the delineation of
pancreatic head and ventral outline. Because of the osmotic effect of mannitol,
water is not absorbed from the GI tract. The recommended dose of the contrast
agents is 100-1000 ml depending on the region of interest. Due to the para-
magnetic effect of the gadolinium an intense signal on T,-weighted sequences is
obtained increasing the contrast of the bowel and improving the delineation of
pathological structures. The problem of ghosting artefacts can be reduced by
hyoscine-N-butyl-bromide (Buscopan).

Diluted Magnevist formulations are used in MR arthrography, MR cisternog-
raphy and MR myelography [58-63]. Dilution with saline is necesseary to avoid
dominant T2 shortening effects.Optimal signal intensities have been observed
after administration of solutions with a concentration between 0.5 and 1.0 mol/l.

413
Osmolality

The osmotic activity of a dissolved substance is characterized by its osmolarity
and/or osmolality and the osmotic pressure. Osmolarity and osmolality are
defined as follows:

Osmolarity (osm/l solution) = g substance/L solution

Osmolality (osm/kg water) = g substance/ kg water

The concentration in g/kg water is calculated from the specific gravity of the
solution (usually measured at 20°C or 25°C) which is theoretically half of the
value of the salt of an analogous ionic compound which has two ionic species.

The osmolality of a solution is proportional to the sum of the concentrations
of the different molecular or ionic moieties contained in the solution. In the case
of neutral structures, the osmolality is proportional to the concentration of the
dissolved substance.

The osmotic activity is characterized further by the osmotic pressure of the
aqueous solution which is defined as the force that must be applied to counter-
balance the force arising from the flow of water across a semipermeable mem-
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brane [64]. The following equation 5 applies approximately to the osmolality at
37°C (osm/kg water):

Osmotic pressure (at 37°C)
25.4

5)

This simple relationship follows from the equation for the state of an ideal
gas. In practice, deviations are frequently observed which are attributed to dis-
sociation or association phenomena.

The development of low osmolar non-ionic X-ray contrast agents has result-
ed in a distinct reduction in the toxicity and the observed side-effects in
patients. However, as already mentioned the osmotic activity of MRI contrast
agents is less important in view of the smaller injection volumes which are used.
All the formulations of extracellular gadolinium chelates are hypertonic when
compared with blood. But the overall increase in osmolality after injection of
even 0.3 mmol/kg body weight is insignificant. Osmololatiy-induced adverse
reactions have been observed rarely not only because of the relatively small
injection volumes but also because of the rapid dilution of the injected agent in
the blood.

4.2
Toxicology and Pharmacokinetics

The major concern with the use of metal chelates in vivo is the potential release
of the toxic heavy metal ion from the complex. However acute and subacute tox-
icity studies with gadopentetate and other extracellular gadolinium chelates
have not elicited findings of any significant release of the metal in the organism.
The chelation of the lanthanides drastically improves their tolerability profile
and changes favourably their pharmacological behaviour. After intraveneous
administration in rats the gadolinium chloride and the ligand DTPA each dis-
played a LDs; of about 0.5 mmol/kg body weight. The chelate, Gd-DTPA, as men-
tioned above displayed a LDs, as high as about 8 mmol/kg. That means a more
than tenfold incease of the margin of safety. The tolerance of the macrocyclic
chelate gadobutrol was even better (LD5,: about 25 mmol/kg) (Table 1):

Very large doses of the commercially available agents would be required to
reach the lethal dose in humans which is roughly 100 times higher than the diag-
nostic dose providing an excellent margin of safety for all commercally available
extracellular MRI agents.

The extra-renal excretion of the extracellular gadolinium complexes is negli-
gible and no significant absorption after enteral application has been observed.
The elimination half-life depends on the glomerular filtration rate, and on the
cardiovascular function. No significant differences between the gadolinium
chelates have been observed, their terminal half-lives in blood are in the range
of 15 to 75 minutes in animals and 1-2 h in humans [65-67].

Since the gadolinium chelates are unable to pass the intact blood brain barri-
er (BBB), they are very suitable for investigating any disturbances in this region
of interest. They are particullarly useful for increasing the detection rate of
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metastases and small tumors and for tumor classification, the latter by allowing
the differentiation of vital tumor tissue (BBB: well perfused and/or impaired or
absent) from central necrosis and from surrounding oedema [68].

The pharmacokinetic parameters of the extracellular gadolinium chelates do
not exhibit any dose dependency. The analysis of plasma and urine samples gave
no evidence for any biotransformation of the compounds [69-71].

Pharmacokinetic results in humans have confirmed the favourable findings
in animal studies. Thus the clinical use of extracellular gadolinium complexes as
diagnostic tools in MRI has become routine practice in many fields of interest
among others for diagnosing tumours, infections, inflammations and infarc-
tions particularly in the Central Nervous System (CNS).

The combination of advanced imaging techniques tailored to the optimal effi-
cacy of the extracellular gadolinium complexes will further improve the diag-
nostic potential of MRI in the future.
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Abbreviations

CA contrast agent for magnetic resonance imaging;
CSAP  monocapped square antiprism;

MRI magnetic resonance imaging;

NMRD nuclear magnetic relaxation dispersion
LIS lanthanide induced shifts;

SAP square antiprism;

TTP tricapped trigonal prism

1
Introduction

Chelates of Gd** have found widespread application as contrast agents (CA’s) for
magnetic resonance imaging (MRI). The paramagnetic Gd** ion in these com-
pounds has an enhancing effect on the relaxation rate of the water protons in its
proximity, which may lead to an increase of the contrast in the images and a
decrease of the recording time. Encapsulation of Gd** in a strongly chelating li-
gand is necessary, since the Gd** aquo ion is highly toxic, whereas the chelates
are not. Thus an important requirement that a Gd>* complex must meet for in
vivo applicability is high stability, both thermodynamic and kinetic. Practically,
this means that suitable ligands are generally octadentate. The chelating ligand
preferably should leave enough space on the Gd** ion for coordination of water.
The Gd** coordinated water exchanges with the bulk and as a result an overall
contrast enhancement (reduction of the water proton relaxation rate) may be
obtained. Currently, commercially available CA’s are derivatives of: (i) DTPA
(DTPA = diethylenetriamine-N,N,N’,N”,N”-pentaacetate) and (ii) the macro-
cyclic ligand DOTA (DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetate).

The overwhelming success of the CA’s and the rapid development of the MRI
technique have given rise to a continuing demand for new generations of CA’s
that are more effective and selective. Theory shows that the currently commer-
cially available CA’s are far from optimal with regard to relaxation enhancement.
An improvement may be achieved via rational design of the ligands, which
requires insight into the parameters that govern the relaxivity, r, (enhancement
of the water proton relaxation rate, expressed in s"'mM~! Gd**). Extensive stud-
ies in this field have shown that each of these parameters is related to the solu-
tion structures and dynamics of the concerning complexes. Higher relaxivities
may be achieved by, for example, (i) the design of the environment of the water
coordination site, so that the water exchange rate will not limit the overall relax-
ivity (,, < T}, with 7, being the residence time of a water molecule in the first
coordination sphere, and T, its proton longitudinal relaxation time), (ii) an
increase of the molecular weight of the compounds, in order to increase the rota-
tional correlation time, 7y, or (iii) an increase of the rigidity of the complex,
which gives rise to an increase of the electronic relaxation time of the Gd**ion,
T,o. Furthermore, contrast improvements may be achieved by attaching sub-
stituents on the ligand such that higher organ or tissue specificity is obtained.
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New generations of CA’s are being developed that are reporters of their bio-
chemical environment, allowing, for example, visualization of pH differences,
oxygen concentrations, gene expression and therapeutic drug delivery. Molecu-
lar recognition and its translation into relaxivity are important issues in these
studies.

Here we overview the solution structures of lanthanide complexes of rele-
vance to MRI, with a focus on the progress made during the last decade.

2
Complexes of DTPA and Derivatives

2.1
DTPA and DTPA-Bisamides
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Structures 1

DTPA and all DTPA-bisamides reported up to now bind Ln** ions in a 8-coordi-
nate fashion through the three N atoms of the diethylenetriamine backbone and
five carboxylate and/or amide O-atoms, both in the solid and in solution. An
inspection of crystal structures shows that diethylenetriamine moieties in these
complexes always occur either in the A1 or in the 66 conformation [1,2]. In these
conformations, steric interactions are minimized. The coordination sphere is
completed by one water molecule or, in some crystal structures, by the O-atom
of a neighboring carboxylate group. In a recently reported low temperature
(173 K) X-ray structure of K, [Yb(DTPA)(H,0)] second sphere waters were
observed adjacent to the carboxylate oxygens [3]. The inner-sphere water is the
most important source of the relaxivity of the corresponding Gd** complex, but
the second sphere water molecules contribute significantly to it as well [3].
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Solution structures have been extensively studied by NMR techniques [2] and
by luminescence [4].

The ligation of Ln** by DTPA, DTPA-BPA, DTPA-BGLUCA, and DTPA-BEN-
GALAA has been derived from Nd**-C distances as evaluated from Nd**-
induced 3C relaxation rate enhancements [5-8]. The distances obtained are in
agreement with those observed in crystal structures of this class of compounds.
'H NMR studies on various paramagnetic [Ln(DTPA)]*~ complexes [9, 10] and
3C relaxation rate measurements on the diamagnetic [La(DTPA)]?- confirm this
mode of coordination [11]. A detailed X-ray absorption spectroscopy study of
[GA(DTPA)?"] also showed that the local structure around the Gd** ion in aque-
ous solution is similar to that in crystals [12].

The inversion of the N-atoms in the diethylenetriamine backbone is preclud-
ed. The central N-atom is always chiral, since the ethylene bridges around it have
different conformations (6 and A). Furthermore, the two other N-atoms are chi-
ral as well in the bisamides and chirality of the metal ion should be taken into
account. DTPA derivatives with three chiral N-atoms can be wrapped around the
Ln** ion in 16 different ways (8 diastereomeric pairs, see Fig. 1). In crystal struc-
tures of these compounds the Ln** coordination polyhedron can generally
be best described as a tricapped trigonal prism (TTP). For [Ln(DTPA)]*
A,=A,=A;=B,=B,, and, consequently, only two enantiomers remain (1/1").
Analogously, it can be seen that the DTPA-bisamides can have 4 diastereomeric
pairs.

Dynamic NMR studies [7-10] have shown that two exchange processes occur
in these complexes: (i) Interconversion between the conformations of the ethyl-
ene bridges (66 = AA). This process can be achieved by a rearrangement in the
coordination polyhedron and is characterized by a AG* value between 49 and
57 kJ mol L. It should be noted that the shuffle in the coordination polyhedra
converts 1 and 4 into their mirror images (1=1" and 4 =4"), whereas 2 and 3 are
converted into each others mirror images (2 =3" and 3 =2"). (ii) A relatively
slow racemization of the terminal N-atoms (AG*=65-71 k] mol™'), requiring
decoordination of the terminal N-atoms and their pending arms.

The NMR spectra of the paramagnetic DTPA-bisamide complexes show that
the four diastereomeric pairs are populated in solution [7, 8]. NMR spectra of
the diamagnetic complexes also show the presence of multiple isomers,
although the number of NMR signals usually is lower than expected for four
diastereomeric pairs [13-15]. This is probably due to superimposition of reso-
nances or to rapid exchange between isomers on the NMR time scale. In the sol-
id state DTPA-BBA has a cis configuration [14, 16], whereas all other Ln-DTPA-
bisamide complexes occur in the trans configuration [17-19].



Structures of MRI Contrast Agents in Solution 29
A\ NN A1=hA2=A3=C00
1 N; N> e
B, / < \—Bz B1 =B2 = CO-NH-R
As
N» N
A14—A2 A1\ A2
N85 B — Ny
1 - B 1
%/ OH - B N2
N4 }1 2 H0 L~ 2
trans Az A3
f] 1

N1 A1 )
anti A3 v P
SO\ /
AN e
w N
SN
A\ 4 ’/// \\j
N, £
A,
NP/
4 /
N1>\ /31 OH,
/-
cis A3

Fig.1. Possible ways of wrapping a DTPA derivative around a Ln** ion in a TTP coordination
polyhedron. Another set of mirror images is possible. For a monocapped square antprism
similar structures can be depicted. The shuffle in the coordination polyhedron related to the
66/AA isomerization of the ehtylene bridges is indicated with arrows in isomer 1
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2.2
DTPA-Bisamides Incorporated in Macrocycles
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In the crystal structures of the La** and Eu®* complexes of Ln(18-DTPA-dien)
oligomerization was observed [20]. The coordination of the Ln** ion by each
DTPA unit, however, was similar to that in the linear bisamides. Vapor pressure
osmometry indicated that oligomerization in solution does not occur under the
conditions applied (0.2-0.5 M). Because of the constraints imposed by linking
the two amide functions in the macrocycle, the isomers 1,1’ and 3,3” depicted in
Fig. 1 are sterically very unfavorable. In line with this, resonances for only two
pairs of enantiomers were observed in the 'H spectra of the Ln(18-DTPA-dien)
complexes. The dynamic behavior showed that one pair was rather static, where-
as the other was rapidly interconverting. The AG* for the interconversion (65 k]
mol~') was about the same as those observed for the §6 =AA isomerization in
other DTPA-derivatives. In the Ln(18-DTPA-dien) complex such an isomeriza-
tion is only possible between mirror images 2 and 2. All other isomerizations
require decoordination and, therefore, are much slower.

Similar species occur in solutions of Ln** complexes of a 30-membered
macrocycle Ln,(30-DTPA-en-DTPA-en) constructed of two DTPA units linked
by two ethylenediamine bridges [21]. For the 15-membered macrocycle 15-
DTPA-EAM, however, only the equilibrium 2 =2” was observed for the heavier
Ln** ions [21]. Dy** induced 170 NMR shifts showed that the hydration number
of this complex is 0.8+0.2. A Eu** luminescence study indicated g =2.3 + 0.5 for
the corresponding Eu’* complex at low concentration (5 pM) [22]. Usually, the
results of the 70O NMR method and luminescence are in good agreement with
each other, and therefore it is assumed that the hydration number of the Ln(15-
DTPA-EAM) complexes changes between Eu®* and Dy** [21]. Unfortunately, the
complexes of the lighter Ln* ions were insoluble under conditions required for
NMR, probably due to the formation of dimeric complexes, similar to those
observed in the solid state for various Ln** complexes of this ligand [23, 24]. The
stoichiometries, hydration numbers, stabilities, conformations, and Eu**-Eu’*
distances of a series of Eu** complexes of amide based macrocycles, including
30-DTPA-en-DTPA-en and 15-DTPA-EAM have been studied in solution by Eu**
luminescence and molecular mechanics [22]. From a single peak observed in the
"Fy — °D, excitation spectrum, it was concluded that a single isomeric form is
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present in solution for all complexes. This is, however in conflict with the results
of the NMR studies [20, 21]. Apparently, it is not possible to discriminate such
closely related isomers with luminescence spectroscopy.

The complex formation of Eu(18-DTPA-dien) has been studied by laser-excit-
ed luminescence [25]. Immediately upon mixing the metal ion and the ligand,
both the final complex and a long-lived intermediate were observed. It has been
proposed that the intermediate is a “blind alley” in the reaction pathways. Based
on the wavelength in the Fy— 5D, excitation spectrum and its excited lifetime
(in H,0 and D,0), it has been suggested that in the intermediate the ligand is
coordinated to Eu** with three carboxylates (in up-down-up configuration with
respect to the macrocycle), three amino nitrogen atoms, and a water molecule.
Transformation of this intermediate into the final product requires some
decomplexation, which explains the relatively low rate of this reaction.

2.3
Monosubstituded DTPA Derivatives
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For Ln** complexes of DTPA-monoamides with the amide function on the cen-
tral glycine moiety, similar isomers as in the parent system may be envisaged.
This has been confirmed by a 'H NMR study of [Ln(DTPA-N"-MA)]- (Ln = La,
Lu) [26]. Two AB multiplets were found for the acetate methylene, thus, the life-
time of Ln-N bond is long on the NMR time scale. The ethane bridges in the
coordinated ligand exist in two different conformations, which interconvert by
wagging via an eclipsed transition state. Simulation of the '"H NMR spectrum
leads to the conclusion that the two N-atoms on the bridge are in the gauche
position, the dihedral angle between them is somewhat larger than 60°.
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For Ln’* complexes of DTPA derivatives with a single substituent at another
position than the central glycine unit, the number of possible ways by which the
ligand can be wrapped around a Ln** ion can be derived from Fig. 1. It should be
taken into account that the interconversion between the 66- and AA-conformers
of the triethylenediamine backbone does not result in interconversion of mirror
images in this case. Therefore, a second set of isomers is possible which are mir-
ror images of the first. Discrimination between pairs of mirror images is not
possible by NMR and interconversion between them is expected to be extreme-
ly slow because it requires decoordination of at least seven of the eight donor
sites of the ligand. The 'H and ®C NMR spectra of the less symmetrical
[Ln(DTPA-N-MA)]- are rich in signals and reveal the presence of at least three,
presumably all four expected species in solution [26]. The intensities of the sig-
nals are different and probably the chemical shifts of the signals for two of the
species are about the same.

A solid state Eu** complex of DTPA-cs124 was studied [27]. It was found that
it is present as dimeric units, the carbostyril moiety of one unit is bound to the
lanthanide of the other unit via the quinolinone a-oxygen atom. In this case, no
water molecule is coordinated directly to Eu**. This unusual behavior is ascribed
to stacking properties of the carbostyril unit and to the presence of the a-oxy-
gen atom in a position advantageous for coordination.

The 1*C NMR spectra of the La** and Lu** complexes of BOPTA display about
20 resonances in the aliphatic region at 60°C [28], which broaden upon lowering
of the temperature. This suggests that a dynamic process is slowing down. It can
be concluded that this compound occurs as at least two pairs of interconverting
isomers [28]. In principle, the chirality in the benzyloxymethyl chain can give
rise to doubling of the number of isomers, however, they are probably not
observable in the NMR spectra of the diamagnetic La** and Lu®>* complexes due
to small chemical shift differences between them. In the solid state structure of
Na,[Gd(BOPTA)], two enantiomeric forms (trans, see Fig. 1) occur in each unit
cell [28].

Two diastereomeric Gd(S-EOB-DTPA) complexes have been isolated by
preparative HPLC [29]. The interconversion between these complexes is very
slow; the half-life time of one of the isomers of the Gd** complex is 13100 h at
pH 9 and 25°C. At the thermodynamic equilibrium, the ratio of the isomers is
65:35. The first order rate constant for the interconversion between isomers is
pH dependent, suggesting that the isomerization is an acid-catalyzed process
similar to the dissociation of the complex. NMR studies on the two correspond-
ing diamagnetic La** complexes gave no evidence for the presence of enan-
tiomers that differ in the orientation of the acetate groups [29]. In principle, four
isomers are possible for these systems, however two of them are mirror images
of the other two and, therefore, discrimination by NMR is impossible. Dy**
induced water 7O shifts indicated that g = 1.2 for Dy(EOB-DTPA)?- which is
similar to Dy(DTPA)?- [30, 31]. Relaxivity studies on the Gd** complexes of
BOPTA [28], EOB-DTPA [30, 31], 4-Bz-DTPA [32] and MS-325 [33] indicated
that the relaxivity of these compounds is higher than expected on the basis of
the relevant correlation times. This may originate from a reduced distance
between Gd** and the inner-sphere water protons (about 0.29 nm) as compared
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to the value usually reported for GA(DTPA)?*~ (0.31 nm) [31]. This shortening
only concerns the Gd-H distance because similar Gd-O distances are found by
crystallography for GA(DTPA)?- and Gd(BOPTA)?- [28]. The apparent reduction
of the Gd-H distance appears to be characteristic for Gd** complexes carrying
substituents with aromatic groups at the ethylene bridge and is accompanied
by a shortening of 7;. Normal distances were obtained from simulations of
'H NMRD data of the Gd** complexes of DTPA-bis(benzylamide) and DTPA-
bis(benzylester) [32]. This effect may be attributed to a true reduction of the
Gd-H distance or to a reorganization of the second hydration shell by the
hydrophobic group [32]
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The crystal structures of the [NA(EGTA)]™ and [Er(EGTA)]" complexes are dif-
ferent, showing a 10- and 9-fold coordination, respectively [34]. The coordina-
tion polyhedron for [Nd(EGTA)(H,0)]~ can be described as a bicapped square
antiprism, where the two N-atoms are in the capping positions. The two square
faces, linked by the diether bridge, are formed by two O-atoms of adjacent
acetate arms, one O-atom belonging to the ether bridge and an O-atom of either
water or a carboxylate of an adjacent molecule. By contrast, the coordination
cage of the complex [Er(EGTA)(H,0)]" in the solid state can be described by a
TTP with the capping positions occupied by the two N-atoms and by the inner
sphere water molecule and the trigonal faces are formed both by one ether and
by two carboxyl O-atoms.

The solution structure of the EGTA lanthanide complexes was investigated
using the 'H and *C NMR spectra of the various lanthanide complexes and the
Lanthanide Induced Shift (LIS) for one of the acetate resonances for a series of
Ln-EGTA complexes. The spectra of the lighter lanthanides up to Sm show five
resonances in the 'H spectrum and seven in the 1*C spectrum at room tempera-
ture. This pattern is consistent with a 10-coordinate structure characterized by
a C, symmetry axis undergoing a fast rearrangement that averages the signals of



34 L. Frullano et al.

pairs of atoms. The most probable conformational change, which could deter-
mine such averaging, is the rotation around the central diether bridge that
scrambles the acetate groups.

The heavier lanthanides, at room temperature, show ten resonances in the 'H
spectrum and seven in the *C spectrum, which is consistent with a 9-coordinat-
ed solution structure where all the atoms are magnetically inequivalent, and
undergoing a fast rearrangement that averages signals of pairs of atoms. Such
behaviour is explainable by the scrambling of the two carboxylate groups sitting
on adjacent vertices of the two trigonal planes and connected by the edge oppo-
site to the capping position occupied by the water molecule.

A thorough analysis of "H LIS data indicates the presence of a common struc-
ture for the lighter lanthanides, a change in structure near Eu, and probably
another change between Tm and Yb. This view is supported by UV measure-
ments that for the Ce** complex show the presence of two species which were
assigned to the equilibrium between 9- and 10-coordinated complexes on the
basis of the large ionic radius of Ce**, whereas the UV measurements for the
Eu** complex show a single absorption band at 580 nm for the "F;— D, transi-
tion, which was assigned to the 9-coordinate species. The last two members of
the lanthanide series presumably adopt another structure, probably an 8-coor-
dinate state without inner sphere water molecules.

The change in structure along the lanthanide series, going from La** to Lu’*,
can be ascribed to the decrease in ionic radius of the metal center which causes
an increase of the rigidity and in the steric constraint on the water binding site
[35, 36]. For this reason the 9-coordinate Gd complex shows a remarkably high
water exchange rate.

2.5
TTHA

Two different coordination modes have been reported for various lanthanide
complexes of TTHA in the solid state. Tenfold Ln**-coordination through the
four N-atoms and six carboxylate O-atoms of TTHA has been observed for
[La(HTTHA)]?" [37,38] and [Nd(TTHA)]*- [39]. The coordination polyhedron
can be described as a distorted bicapped square antiprism with the terminal N-
atoms of TTHA at the capping positions. However, for [GA(HTTHA)]*- [37],
[Dy(HTTHA)]* [40], [Ho(TTHA)]?- [41],and [Yb(TTHA)]* [42] the coordina-
tion number is nine. Here, one of the terminal carboxylates is not coordinated
and the coordination polyhedron can be described as a TTP. In crystal structures
of the Ln-TTHA complexes, the ethylene units in the triethylenetetraamine
backbone occur exclusively in the AAé and 661 conformations. The ethylenedi-
amine bridge with the opposing conformation carries a carboxylate group that
is characterized by a relatively long Ln-O binding distance (10-fold coordina-
tion) or that is not bound (9-fold coordination). The crystal structures of dimer-
ic [Nd,(TTHA),]¢" [43] and [Gd,(TTHA),]% [44] complexes revealed both Ln**
ions to be 9-coordinate in a TTP geometry. Each ligand molecule was bound via
three N-atoms and six carboxylate O-atoms, two of which were coordinating the
second Ln** ion. The fourth N-atom remains uncoordinated. In all reported
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Ln-TTHA crystal structures no water molecules were found in the first coordi-
nation sphere of the metal ion.

Comparison of electronic absorption spectra of the Ln-TTHA complexes in
the solid state and in solution has shown that the monomeric species with Ln**
coordination numbers 10 and 9 also occur in solution for the light and heavy
lanthanides, respectively [39, 41, 43]. In addition, these studies suggest the pres-
ence of another species with one uncoordinated N-atom for the Nd** and Eu®*
systems. Absorption spectra [39,41,43],luminescence [45] and 'H Nuclear Mag-
netic Resonance Dispersion (NMRD) studies [46] have shown that oligomeric
species also occur in solution, particularly below pH 5.

The change in coordination number along the lanthanide series is also
demonstrated by the 'H and '3C NMR spectra; aqueous solutions of
[La(TTHA)]* [47,48] and [Nd(TTHA)]*- [49] at pH 6 and room temperature
indicate a single species with an effective plane of symmetry bisecting the cen-
tral C-C bridge of the TTHA ligand, whereas the spectra of the Lu** and Y3*
complexes are very complex. Upon cooling a sample of [Nd(TTHA)]*~ in D,0-
CD;0D, the '*C NMR spectrum showed line-broadening and splitting of each
peak into two new ones [49]. The AG* value for the exchange process was deter-
mined to be 50 kJ mol~!, which is in the same order of magnitude as that
observed for the wagging process in [Ln(DTPA)]~ complexes. Nd-C distances
evaluated from '*C NMR longitudinal relaxation rates confirm that the TTHA
ligand is bound in a 10-coordinate fashion [49]. The binding of TTHA in this
way makes the two central N-atoms chiral and, consequently, the ligand can be
wrapped around the Ln** ion in two diasteromeric forms (rac and meso). The
crystal structures reported up to now exhibit exclusively the racemic form. It is
unlikely that this is also the predominant form in solution, the above described
dynamic process leading to an effective plane of symmetry in the Ln** bound
TTHA ligand would require an extensive decoordination of the ligand followed
by inversion of the two central N-atoms and recoordination. It may be expected
that such a process would be much slower than observed in the [Nd(TTHA)]*-
complex. Therefore, we assume that, in solution, the meso form predominates. A
AAS/ 882 isomerization of the ethylene bridges can then explain the time-aver-
aged plane of symmetry in these complexes.

With the use of a 2D EXSY experiment on a [La(TTHA)]*>- sample, an
exchange between the diastereotopic protons in the terminal acetate groups has
been observed. The activation energy of this process is relatively high
(E, = 69.6 k) [48], which can be accounted for by a mechanism via decoordina-
tion of a terminal N(CH,COO), moiety, followed by inversion and recoordina-
tion.

In the 9-coordinate TTHA complexes of the heavier Ln®* ions, the situation is
more complex, since there also the terminal N-atom bearing the uncoordinated
acetate moiety is chiral. O NMR [49, 50], luminescence [47, 51] and NMRD
measurements [46] have shown that, for both 9- and 10-coordinate Ln(TTHA)3-
complexes, the inner coordination sphere of the metal ion is fully occupied by
donating groups of the ligand, leaving no space for the coordination of water.
Consequently, the water proton relaxation enhancement has no inner sphere
contribution and the [GA(TTHA)]*~ complex is not very suitable for application
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as CA.It has been considered for many years as a model for the outer sphere con-
tribution to the total relaxivity of acyclic polyaminocarboxylates [52], but at pre-
sent, the outer sphere contribution is usually evaluated with the use of the Freed
equations [53]. The negatively charged [Ln(TTHA)]*- complexes have high
affinity for metal ions, and particularly [Dy(TTHA)]*- and [Tm(TTHA)]* have
been shown to be good NMR shift reagents for Na* [54].

3
Complexes of Tripodal Hydroxypyridinonates

Raymond and coworkers have reported that the Gd** complex of the tripodant
ligand TREN-Me-3,2-HOPO has promising potential for application as CA [55].
The X-ray structure of this complex shows that it is 8-coordinate. The organic
ligand is coordinated in a hexadentate fashion through the hydroxypyridone O-
atoms and two water molecules complete the coordination sphere. The relaxivi-
ty appears to be 2.5 times as high as that of [Gd(DTPA)]". Although the organic
ligand is only hexadentate, the thermodynamic stability of the complex is good
(log Bi10=20.3), which may be ascribed to some degree of preorganization and
stability due to internal hydrogen bonds. The complex is more stable than
Gd(DTPA-BMA) toward transmetallation with Zn?* and Ca?*. The solubility of
this compound is too low for practical application, and, therefore, derivatives are
being developed with substituents in the TREN moiety [56, 57], and by attach-
ing two different HOPO chelators to TREN [58]. '"H NMRD and 70 NMR mea-
surements on some of these compound confirmed the presence of two water
molecules in the first coordination sphere of Gd**, which are in very fast
exchange with the bulk water. A low barrier between the 8-coordinate ground
state and 9-coordinate transition state in the associative exchange mechanism
can explain the rapid exchange rates. The small difference in stability between
8- and 9-coordinate complexes of this type is supported by the occurrence of
both coordination structures in a crystal of La[ TREN-Me-3,2-HOPO] [58].

4
Complexes of Cyclen Type Compounds

41
DOTA and Derivatives

Ln’* induced water 70 shifts of [Ln(DOTA)]- solutions show that the hydration
number of the complexes is one across the lanthanide series [59]. The substan-
tial pseudocontact contribution to its LIS indicated that this water ligand has a
preferred location in the complex. Two sets of peaks have been observed in 'H
and *C NMR spectra of [Ln(DOTA)]- complexes at room temperature showing
the presence of two slowly interconverting structural isomers [60-63]. In the
spectra of the paramagnetic complexes, one isomer has larger LIS values than
the other. These structural features have been confirmed by luminescence stud-
ies [51, 64]. The temperature dependence of the 'H and *C NMR spectral
features of both the dia- and paramagnetic Ln** complexes indicates that the
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12-membered macrocyclic ring is very rigid [60, 61]. The Ln’*, too large to fit
inside its internal cavity, is located outside of it, bound to the four N-atoms and
the four carboxylate groups. All ethylene groups adopt an identical gauche con-
formation, either 6 or A, leading to one of two possible square [3333] conforma-
tions of the macrocyclic ring, whose interconversions are in part responsible for
the dynamic phenomena observed in the NMR spectra at higher temperatures
[60]. A structural description of both isomers in solution was carried out using
2D NMR techniques (COSY and EXSY) [62, 63]. Based on the similarity of the
vicinal couplings in the ethylene bridges, it was concluded that the structure of
the macrocyclic ring is the same in the two isomers and that their differences are
in the layout of the acetate arms, through change of the four torsion angles Ln-
N-C-COO. In both isomers, the coordination polyhedron is a capped square
antiprism with two opposite parallel faces occupied by the ligand N (N, plane)
and O (O, plane) donors and a water molecule at the capping position. The twist
angle between the N, and O, planes (6) is positive for one of the isomers (nor-
mal capped square antiprism, CSAP) and negative for the other (twisted or
inverted CSAP) [61].

The relative concentrations of the two species depend on the size of the Ln**
ion, temperature, pressure, and on the concentration of added inorganic salts
[61-63]. While the twisted CSAP geometry is the isomer present with the high-
er percentage (“major” isomer) for the complexes of the larger cations, La’*-
Nd**, the CSAP geometry becomes the most stable for the smaller cations Sm?**-
Er®* [61, 63]. In all these cases, the isomerization process is purely conforma-
tional, as shown by the near zero reaction volumes obtained by high-pressure
NMR [63]. However, for the complexes of the smallest cations (Tm?3*-Lu®*), the
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large positive isomerization volumes obtained show that the “minor” isomer
results from a fast water dissociation process superimposed on the conforma-
tional rearrangement leading to an 8-coordinate square antiprismatic geometry
[63]. High concentrations of non-coordinating salts stabilize the twisted CSAP
geometry relative to the CSAP due to preferential weak ion binding and water
solvent stabilization of the former ligand geometry. Fluoride ions also preferen-
tially replace the coordinated water in the first, more open, geometry [63].

The solution structure of the CSAP isomer is consistent with the X-ray struc-
tures of the Eu®* [65], Gd>* [66, 67], Y** [67] and Lu®* [68] complexes of DOTA
where 6 = 39°. The solution structure of the twisted CSAP isomer is consistent
with the X-ray structure of the La** complex of DOTA where 6 = -22° [69]. An
EXAFS study confirmed that the local environments of Gd>* are similar in solu-
tion and in crystals of [Gd(DOTA)]~ [12]. The similarity between the solid state
and the solution structures of the two isomers was confirmed by the geometric
dependence of the measured paramagnetic NMR shift and relaxation effects.
There was an excellent agreement between the Yb** induced 'H shifts (of the
“major” isomer), which were assumed to be almost purely of pseudocontact ori-
gin, and shifts calculated from the X-ray structure of the Eu** complex, using an
axial symmetry model, since that structure has a C, symmetry axis [60]. Start-
ing from the structure of the “major” isomer, the torsion angle Ln-N-C-COO was
altered stepwise until an optimal fit was obtained between calculated and
observed LIS (*H) for the “minor” isomer [61]. Distances between the Ln** ion
and the ligand protons in the “major” isomer Tb**-Tm>* complexes were evalu-
ated by exploiting the magnetic field dependence of the Curie relaxation contri-
bution, which gave excellent agreement with the values calculated for the CSAP
X-ray structures [61, 70].

With the use of variable temperature *C NMR on the Nd**-complex and 'H
EXSY on the Yb**-complex, it was shown that exchange processes occur between
the isomers [61]. A similar study with the Eu®* and Yb** DOTA complexes led to
the same conclusions [62]. The structure and dynamics of the Ln(DOTA)" sys-
tem are summarized in Fig. 2. The difference in the arrangements of the acetates,
which leads to CSAP and twisted CSAP geometries for the two isomers that can
be described with 6 = 40° for the CSAP geometry and 6 = -20° for the twisted
CSAP geometry. Thus, there are four stereoisomers, two pairs of enantiomers,
which can interconvert in solution by either cooperative ring inversion
(6666 =AAAX) or concerted acetate arm rotation (A = A). Either process alone
results in exchange between the CSAP and twisted CSAP geometries and both
processes combined, either in succession or concerted, result in an exchange
between enantiomeric pairs (see Fig. 2). A thorough quantitative analysis of
variable temperature EXSY spectra of [Yb(DOTA)]™ has been carried out by
completely solving the dynamic matrix [71]. It was shown that each species in
the dynamic equilibrium is exchanging with all other species. The activation
parameters (AG*,q4) for the enantiomerization, arm rotation and ring inversion
processes in [Yb(DOTA)]~ were calculated, showing that, for this system, arm
rotation is faster than ring inversion. This conclusion was confirmed by other 'H
EXSY and variable temperature *C NMR studies [60, 61, 68]. It reflects the high
rigidity of the Ln** complexes of DOTA as compared to those of DTPA deriva-
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Fig. 2. Schematic representation of the structures and dynamics of [Ln(DOTA)]- complexes,
looking down along the Ln-water O bond. The water molecule is omitted for clarity

tives. Protonation of the [Ln(DOTA)]~ complexes in very acid medium slightly
accelerates all the above ligand conformational dynamic processes but signifi-
cantly decreases water exchange rates [72].

The solution structures of the Ln** complexes with the homologous tetracar-
boxylate ligands containing larger tetraaza macrocyclic moieties were elucidat-
ed in a similar way as described above for the DOTA complexes using NMR tech-
niques [73, 74]. The complexes of the 14-membered system TETA, Ln(TETA),
which contain no inner-sphere water, are also very rigid and undergo an
exchange between two equivalent eight-coordinate dodecahedral geometries
[73]. For the 13-membered system (TRITA), the macrocyclic backbone of
Ln(TRITA) prefers a [12433] conformation [74].

In the case of a-substituted DOTA derivatives, the introduction of chiral cen-
ters at all four acetate arms of DOTA leads to further elements of chirality to
consider in the corresponding Ln** complexes. The four stereogenic carbon cen-
ters at the acetate arms, with R or S configurations, generate six ligand stereoiso-
mers: the two enatiomeric pairs RRRR and SSSS, RSSS and SRRR, and the two
achiral diastereoisomers RSRS and RRSS. In the lanthanide complexes of a giv-
en ligand isomer there are the two further independent elements of chirality to
consider, already present on the DOTA complexes, associated with the confor-
mation of the NCCN chelate rings (6 or A) and the helicity (A or A) of the acetate
arms.
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When the four chiral centers at the acetate arms of DOTA have equal con-
tiguration (RRRR or SSSS) four possible diastereoisomers may result upon
chelation. However, the occurrence of only two isomers appears to be a general
phenomenon of Ln** complexes of such DOTA derivatives. This is observed
in [Ln(DOTMA)]- complexes, where the configuration at each chiral carbon
is R [75]. The 'H NMR spectrum of [Yb(DOTMA)]- and the high-resolution
luminescence spectrum of the Eu** complex show only two species in solution
[75], whose relative populations are temperature and solvent dependent [76].
The “major” isomer of the Yb**-complex has a structure corresponding
to the “minor” isomer of [Yb(DOTA)]~ [71]. The isomerizarion process of
[Yb(DOTMA)J, like for [Yb(DOTA)]~ [63], involves exchange of a water mole-
cule in the capping position of the CSAP coordination polyhedron, as shown
by the sign of isomerization entropy values obtained by 'H NMR [76]. Near-
infrared circular dichroism (NIR CD) spectral studies of [Yb(DOTMA)]-
in solution provided an example of coupling chiroptical methods and para-
magnetic NMR to study the absolute configuration of chiral lanthanide com-
plexes [77].

The ligand tetracarboxyethyl DOTA derivative (TCE-DOTA) was synthesized
as a mixture of the six stereoisomers defined by the absolute configuration of the
four chiral carbons, RRRR/SSSS pair, RSSS/SRRR pair, RSRS and RRSS, which
were separated, crystallized and their crystal structures determined [78,79]. The
crystal structures of the Eu®*, Gd>* and Tb** complexes of the TCE-DOTA
(RRRR)/(SSSS) isomer are isostructural and consist of two co-crystallized enan-
tiomers, the (RRRR) and (SSSS) complexes, with the same nine-coordinate CSAP
geometry (twist angle averaging 38.5°) and opposite helicities [78, 79]. Thus, for
an R configuration at carbon, the complex adopted a A (left-handed) arm helic-
ity and a (8666) chelate ring configuration. The (SSSS) enantiomer gave a A
(right-handed) helicity and a (AAAA) chelate ring configuration. A 'H NMR
study of the number of stereoisomers present in solution for each of the Eu’*
and Yb** complexes of the TCE-DOTA isomers was also carried out. The two
diastereoisomers expected - CSAP (M) and twisted CSAP (m) are characterized
by different dipolar shifts and are easily recognized by the NMR spectra. Two
major isomeric species were observed for the (RRRR)-, (RRRS)- and [(RSRS)-
Eu(TCE-DOTA)]> complexes in a relative ratio, M/m of 1:4,2:1 and 4:1, respec-
tively, compared with a M/m ratio of 4:1 for [Eu(DOTA)]". For [(RRSS)-Eu(TCE-
DOTA)]*", only one (M) isomer is present in solution. For the (RRRR)-Eu com-
plex, the major (m) isomer (not present in the crystal) must adopt a A/(AAAA)
configuration, while the minor (M) isomer possesses a A/(8666) configuration.
The absolute configuration of the stereogenic center at C is determining the left-
handed helicity of the complex, so that neither the A/(6669) nor the A/(AAAA)
complexes are present [79]. Two-dimensional 'H EXSY spectra were recorded
for the Eu®* complexes of (RRRR)-, (RRRS)- and (RSRS)-(TCE-DOTA) at 293 K
[79]. The EXSY spectrum of the (RSRS)- complex was very similar to that report-
ed for [Eu(DOTA)]"[60, 61, 71], consistent with relatively fast ring inversion and
arm rotation on the NMR time scale. The EXSY spectra for the (RRRR)- and
(RRRS)- complexes were much simpler, as no cross peaks were observed
between corresponding axial proton resonances of the major and minor iso-
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mers, indicating that concerted arm rotation was occurring two orders of mag-
nitude more slowly than ring inversion.

The introduction of only one chiral center in DOTA by derivatizing one
acetate a-carbon with a para-nitrophenyl group (DOTA-pNB) [80] also results
in four possible diastereomers upon chelation. The Ho** and Yb** complexes of
DOTA-pNB again give '"H NMR spectra showing the presence of only two iso-
mers. In these cases, like for some of the [Eu(TCE-DOTA)]*~ ligand isomers, 'H
EXSY has shown that the two isomers exchange through inversion of the macro-
cyclic ring, whereas no rearrangement of the acetate groups is observed. Thus,
a-carbon derivatization drastically slows down the acetate arm rotation process
so that ring inversion now becomes the faster isomerization process. The ring
inversion results in an exchange between CSAP and twisted CSAP geometries of
the same helicity while the arm rotation would lead to opposite helicities. The
absence of the second process suggests that the configuration of the stereogenic
center at carbon determines the least sterically hindered helical form of the
complex. In fact, the crystal structures of the (RRRR) and (S8SSS) TCE-DOTA
Eu’* complexes show that in both enantiomers the substituent is equatorially
positioned, pointing away from the coordination cage [78,79]. The same obser-
vation was made from the structural analysis of the LIS data for the Yb(DOTA-
pNB)~complex [80]. It is this preference for a particular helicity that reduces the
number of diastereomers from four to two, in agreement with the NMR data for
the DOTMA, TCE-DOTA and DOTA-pNB complexes [75-80].

Amphiphilic DO3A derivatives with long alkyl chains at the 10-N atom dis-
play micellar self-organization leading to an increase of rz, and therefore also of
the relaxivity [81, 82].

4.2
DO3A and Derivatives
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The success of [GA(DOTA)]~as a CA has initiated an intensive search for deriv-
atives with improved properties, such as complexes of DO3A derivatives. The
nonionic reagents GA(HP-DO3A) and Gd(DO3A-butrol), in which one of the
acetate groups of DOTA is replaced by a hydroxyalkyl group, have recently been
introduced.

The crystal structures of the parent GA(DO3A) [67] and of the Gd(DO3MA)
[83] derivatives show the 9-coordinate Gd** to be bound by the ligands in a hep-
tadentate fashion. The coordination geometry is CSAP for the DO3A ligand and
both CSAP and twisted CSAP for the DO3MA ligand. The crystal structure of
Gd(DO3A-L2) [84] shows the 9-coordinate Gd** bound by the ligand in an
octadentate fashion, including the amide oxygen, and by one water molecule, in
a CSAP geometry. In the crystal structures of the Ln(HP-DO3A) complexes
(Ln = Gd,Y), the Ln** ion is again 9-coordinate, bound by the ligand in an
octadentate fashion, including the hydroxyalkyl oxygen, and by one water mol-
ecule, with both the CSAP and twisted CSAP geometries present [85]. However,
the similar Gd(DO3A-butrol) complex has the nine-coordinate Gd** exclusively
in the twisted CSAP geometry [86].

The [Ln(DO3A)(H,0),] (Ln = Eu, Gd) chelates have been shown, by UV-vis-
ible spectrophotometry and 70 NMR, to be present in solution in a hydration
equilibrium (n = 1, 2), strongly shifted towards the bisaqua species [87]. Among
the various Ln(DO3A) derivatives, only Ln(HP-DO3A) was so far studied in
solution [88]. Replacement of an acetate arm by a hydroxypropyl group, which
contains a chiral carbon center, leads to eight possible stereoisomers (four pairs
of enantiomers). A 'H NMR study of Y(HP-DO3A) led to observation of
exchange processes by ROESY spectra, which confirmed the presence of multi-
ple isomeric species. Quantitative analysis of the cross-peaks in terms of the
exchange dynamics gave the exchange rates of the various processes present.
These have shown that the exchange of the methylene groups during ring inver-
sion is faster than the exchange of pendant arms and the exchange of the
hydroxypropyl pendant arm is faster than for the acetate arms. The two
diastereoisomers found in the crystal structures of the Gd*>* and Y>* complexes
[85] are also found in solution and interconvert by ring inversion. Observation
of an exchange process involving rearrangement of the acetate arms indicated
that diastereomers of opposite helicities are present.

The crystal structure of the Gd** complex of ODOTRA (the analog of DO3A
with the macrocyclic NH replaced by an ether oxygen) [89], shows that the Gd**
ion is 9-coordinate, bound to three amine N-atoms, one ether O-atom, four car-
boxylate oxygens (one of which is bridging from a neighbor molecule in an infi-
nite chain) and one water molecule with a twisted CSAP geometry.

Three DO3A derivatives, in which one of the acetate groups of DOTA was
derivatized into an amide containing one or two negatively charged pendant
phosphonate groups or a phosphonate and a carboxylate, were prepared and
their Eu®* and Yb** complexes were characterized in solution by 'H and *'P
NMR [90]. All Yb** complexes occurred exclusively as the isomer of CSAP geom-
etry, whereas the corresponding Eu®* complexes were in a 3:1 CSAP to twisted
CSAP isomeric ratio, quite similar to the parent Ln(DOTA)" chelates [63]. In the
complexes of the asymetrically substituted ligands, the orientation of the sub-
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stituent generated two structural isomers and the consequent doubling of their
NMR resonances. The Gd*>* chelates had reasonably high water relaxivities,
resulting from an inner-sphere water molecule and a second-sphere water mol-
ecule entrapped between the inner-sphere water and the phosphonate or car-
boxylate substituent. The presence of the negatively charged pendant groups in
the external surface of their Gd’* chelates promoted the strong interaction with
positively charged groups of polyaminoacids, such as polyornithine and poly-
arginine, leading to enhanced relaxivities.
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The Ln** complexes of DOTP have been thoroughly investigated using multinu-
clear NMR techniques [90-92]. In these anionic complexes, the octadentate
DOTP ligand coordinates the Ln** ions via the four N atoms of the macrocyclic
ring and four phosphonate O atoms of the pendant arms. Four of the residual
negative charges are localized on the phosphonate O-atoms that are directed
away from the lanthanide coordination site with the fifth averaged over the
bound O-atoms in the coordination cage. 7O NMR measurements of
[Dy(DOTP)]* revealed that this complex lacks an inner-sphere water molecule
[92]. The NMRD profile of [GA(DOTP)]>- shows, however a high relaxivity,
which is consistent with the presence of a second hydration sphere with two
water molecules and an outer-sphere which both contribute to the overall relax-
ivity [93]. The DOTP ligand coordinates the Ln** ions producing anionic com-
plexes with various net charges. Potentiometric studies have indicated four pro-
tonation steps between pH 2 and 10 with H[Ln(DOTP)]*" existing as the pre-
dominant species at pH 7.4 [94].

'H and *C NMR studies of the diamagnetic [La(DOTP)]>~ and [Lu(DOTP)]*>-
complexes revealed a high degree of stereochemical rigidity in these compounds
[91]. In addition, [Ln(DOTP)]>- complexes possess a remarkable thermody-
namic stability with long-lived coordinate bonds rendering them extremely
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inert chelates. The solution structures of the whole paramagnetic series of
[Ln(DOTP)]*>- complexes were studied by 'H, *C, *'P and »Na NMR as well as
molecular mechanics calculations [91]. Structural analysis of the dipolar contri-
bution to the LIS values and MMX force field calculations gave a square antipris-
matic (SAP) arrangement of the ligand and suggested only minor structural
changes throughout the Ln series [91]. An X-ray structure of the [Tm(DOTP)]>-
complex has been reported [95].

Na NMR studies with the [Tm(DOTP)]>~ complex revealed two possible
binding sites for the Na* countercations [94, 96]. One site (A), observed at low
Na*/[Tm(DOTP)]*- ratios, gave rise to an extremely large 2Na LIS (=420 ppm),
indicating a binding position near the 4-fold symmetry axis. MMX calculations
generated a model where the Na* ion interacts with one inner Ln-bound O atom
and an axial O atom of an adjacent phosphonate group (dipolar angle 6 = 26°).
At high Na*/[Tm(DOTP)]>" ratios, there is evidence for at least three sites of a
second type (B) which impart significantly smaller bound shifts (=160 ppm). An
MMX model suggested that the Na* ions are associated with two unbound axial
O-atoms of adjacent phosphonate groups with an average 6 = 34°. The sign of
the LIS for %Na in both cases indicate that the two binding sites are located with-
in the positive shift cone. The magnitudes of the »Na LIS induced by
[Ln(DOTP)]*>- complexes, in particular by [Tm(DOTP)]*, are very large, most
likely due to the formation of strong ion-pairs resulting from the increased neg-
ative charge on the DOTP complexes. Therefore, [Ln(DOTP)]>~ complexes have
been successfully applied as shift reagents for separation of NMR signal degen-
eracy normally observed for intra- and extracellular compartments since they
are impermeable to cell membranes. [Tm(DOTP)]*>- complexes have proven to
be extremely effective shift reagents in perfused organs and in vivo [97-99].

Similar to other cyclen-based macrocycles (e.g. DOTA), two enantiomeric
forms defined by a clockwise or counter-clockwise spiraling of the methyl-
enephosphonate arms may be envisaged for [Ln(DOTP)]- complexes. However,
unlike DOTA complexes, [Ln(DOTP)]>- complexes are believed to exist in solu-
tion as one enantiomeric pair. An isomeric form of [Tm(DOTP)]> correspond-
ing to the minor isomer observed for [Yb(DOTA)]~ (8-coordinate SAP geome-
try) was inferred by comparison of the paramagnetic 'H shifts of the two species
[94]. Although the coordination cage appears to be locked into a single confor-
mation, variable temperature 'H and 1*C NMR spectra suggest dynamic behav-
ior related to the interconversion of the ethylenediamine chelate rings coupled
with the concerted flipping motion of the arms. As a result, [Ln(DOTP)]>~ com-
plexes exist as racemic mixtures in solution with the two enantiomers furnish-
ing indistinguishable NMR signals at room temperature using conventional
NMR techniques. Chiral NMR resolution, using the formation of diastereomer-
ic adducts between the two enantiomers of Ln(DOTP)’~ and a chiral substrate,
has provided indirect, albeit conclusive, evidence for the existence of these two
enantiomers [100, 101]. The ion-pair interactions between lanthanide DOTP
complexes and the chiral organic base, N-methyl-D-(-)-glucamine (Meg), were
investigated by 'H, 1*C and *'P NMR spectroscopies [101]. Addition of Meg to a
solution of [Eu(DOTP)]*- lifted the signal degeneracy of the NMR spectra
resulting in doubling of the corresponding signals. Similar spectral resolution in
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the '"H NMR spectrum of [Eu(DOTP)]>- was achieved by addition of the chiral
transition metal complex, (+)-Co(en)3* [100]. In the *C and *'P NMR spectra of
mixtures of [Tm(DOTP)]> and the positively charged [La(S,S,S,S-THP)]** com-
plex (see below), chiral resolution was observed due to the formation of
diastereomeric 1:2 adducts (AAA and AAA) [102]. The formation of strong elec-
trostatic interactions between lanthanide complexes and organic substrates,
such as valeric acid, butanol, 1-adamantylamine, cyclen, and N-methyl-b-glu-
camine are well documented [103]. The ability of [Ln(DOTP)]*>- complexes to
interact in this manner has been exploited to probe positively charged patches
in protein surfaces.

4.4
Phosphinates and Phosphonate Esters

In principle, lanthanide complexes of alkyl- (phosphinates) or alkoxy- (phos-
phonate esters) DOTP derivatives may give rise to 32 stereoisomers, existing as
16 enantiomeric pairs, which are indistinguishable by NMR spectroscopy. The
isomers originate from chiral elements inherent in these complexes, including
the R or S configuration at each phosphorus and the helicity defined by the pen-
dant arm orientations (A/A). Various Ln** complexes of phosphinate and phos-
phonate ester ligands derived from 1,4,7,10-tetraazacyclododecane (cyclen)
have been described in the literature [104-107].

In the crystal structure of the La(DOTPP)" complex, the phosphinate groups
are orientated corresponding to a RSRS diastereoisomer [108], while for
La(DOTBzP) [109] and Y(DOTMP)~ [106] only the (RRRR) and (SSSS) isomers
were found in the solid state. All Ln** complexes of DOTBzP and DOTMP have
the organic ligand bound in an octadentate fashion (4 N atoms of the cyclen ring
and 4 phosphinate O-atom). The larger cations (e.g. La**) have an additional
water molecule bound in the first coordination sphere, while for smaller metal
ions such as Eu** and Gd**, no inner sphere water molecules were detected. The
coordination geometry is similar for all phosphinate complexes studied and can
be described by a (monocapped) SAP with a twist angle of about 25° (for
DOTPP) or 29° (for DOTBzP, DOTMP). In aqueous solution various diaste-
reoisomers can be formed, as described in the previous paragraph. Based on the
integrals of the signals observed in the *'P NMR spectrum, it was concluded that
the RRRR isomer is the dominant species, which was a general feature for all
ligands studied [110]. The abundance of the other isomers decreases with the
number of S-oriented phosphinates. In a 'H NMR study of the Yb(DOTBzP)-
complex only one set of signals was found in the spectrum, which corresponds
to the minor isomer of the related DOTA complex. The sterically more demand-
ing phosphinate group (in comparison to the acetate group) favors the SAP
coordination geometry. The spectra of the Yb(DOTBzP)~ and the Y** and Eu’*
analogues, remained unchanged on temperature variations (from 278 to 353 K)
indicating a highly rigid coordination cage. An LIS *'P NMR study on the
DOTBzP complexes, performed to test the isostructurality of the different Ln**
complexes, indicated a slightly different structure for the smaller lanthanide
ions (such as Ce**, Pr’**, Nd**) compared to the ions in the middle and second
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half of the series [110]. This phenomenon was explained by the presence of a
bound water molecule present exclusively in the inner sphere of the complexes
with the first elements of the series. This water molecule is not present in com-
plexes with Ln’* = Eu®* — Lu’*, as confirmed by luminescence and relaxometry
studies of the Eu** and Gd** complexes [106, 108-110]. The Ln(DOTPP)~ com-
plexes did not show this irregularity [108] and can be considered as isostructur-
al with an overall hydration number of g = 0.

NMRD studies of Gd** complexes of DOTPME and DOTPMB indicate g < 1
suggesting that the inner coordination sphere of these complexes is obstructed
due to the steric encumbrance of the alkoxy substituents [104].In a multinuclear
NMR study of Ln** complexes (Ln = La, Gd, Dy, Tm and Yb) with a fluorinated
ethyl ester analog of DOTP (F-DOTPME), the '’F NMR spectra reveal up to 16
resonances, which demonstrate that these complexes exist in aqueous solution
as a mixture of stereoisomers [105]. [GA(F-DOTPME)] afforded a water proton
relaxivity typical of non-hydrated complexes. 70O NMR of the Dy** complex con-
firmed the lack of a bound water molecule.

Structural studies have been described for a large number of lanthanide (Eu,
Gd, Tb and Yb) and Y complexes with macrocyclic ligands containing three
phosphinate and one carboxamide arms [93, 111-115]. Among the 32 possible
isomers which may exist, one stereoisomer predominates in aqueous solution,
as verified by 'H, 1*C and *'P NMR spectroscopy. Luminescence studies with the
Eu’* and Tb** complexes are in agreement with the presence of one major iso-
mer in aqueous solution. By comparison with crystal structures of the related
tetra(benzylphosphinate) complexes and considering the steric requirements, it
has been suggested that these complexes adopt the twisted SAP geometry. Spec-
tral resolution of the 3'P NMR resonances was achieved by the addition of a chi-
ral solvating agent (f-cyclodextrin) which demonstrated that the isomer is pre-
sent as a 1:1 mixture of enantiomers [113]. Evaluation of the Curie contribution
to the longitudinal relaxation rates of the *'P resonances allowed for the deter-
mination of Yb-P distances in the Yb(DOTMP-MBBzA), Yb(DOTMP-MBMeA)
and Yb(DOTMP-MHBzA) complexes [113]. The results suggest a certain distor-
tion in the coordination polyhedron compared to the related tetra(benzylphos-
phinate) Y** complex [109]. The degree of distortion induced by the presence of
the carboxamide substituent is dependent on the size of this group. Analysis of
the variable temperature NMRD profiles indicates no coordinated water mole-
cules in the Gd** complexes. Non-integral q values (¢ < 1) determined by lumi-
nescence measurements have been explained by the existence of a well defined
‘second hydration sphere’ promoted by the proximity of the amide carbonyl
functionality which is capable of forming H-bonds with local water mole-
cules [93].

Introducing a chiral center in the amide functionality renders all 32 potential
isomers diastereomeric and thus discernable (in principle) by NMR spec-
troscopy. In practice, the lanthanide complexes formed (Eu, Gd and Tb) with
macrocyclic monoamide tris(phosphinate) ligands bearing a chiral center on
the amide group exist as only two non-interconverting diastereomers in a ratio
of 2:1 and 4:1 for the a-phenylethyl and a-1-napthylethyl derivatives, respec-
tively (DOTMP-MPMeA and DOTMP-MNaphMeA) [114]. The configuration at
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the chiral carbon center (R or §) determines the helicity of the pendant arms and
the conformation of the macrocyclic ring, as demonstrated by 'H and *'P NMR
spectroscopy and circularly polarized luminescence studies. It was suggested
that the major isomers observed in these complexes adopt a twisted SAP geom-
etry with the P-Me groups projected away from the cyclen ring and an RRR or
SSS configuration at phosphorus [114].

4.5
Cationic Macrocyclic Lanthanide Complexes
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Neutral N-derivatized octadentate ligands based on cyclen (1,4,7,10-tetraazacy-
clododecane) form tripositive cationic complexes with the trivalent lanthanides
[116-124]. The N-substituted tetraamide derivatives have proven useful in
understanding the relationship between the solution structure of the Ln** com-
plex and its water exchange rate, a critical issue in attaining optimal relaxation
efficiency of CA’s [125-131].

The solution structure and dynamics of the positively charged Ln** chelates
containing the tetraaza dicarboxylate ligand DO2A [132], [Ln(DO2A)]*, have
been studied by 'H and 7O NMR, relaxometry, UV-Vis and luminescence
[133-135]. 70O water shifts show that the number of inner-sphere water
molecules replacing the two missing acetate arms of DOTA in the
[Ln(DO2A)(H,0) ]* chelates changes from 3 to 2 along the Ln** series [134,
135]. One of the inner-sphere water molecules of the Eu** chelate hydrolyses at
slightly basic pH with a pK;, of 8.1 + 0.3, as shown by luminescence [134]. The
smaller extent of encapsulation of the Ln®* ions by the DO2A ligand leads to a
less rigid macrocyclic [3333] structure than in the DOTA chelates, as indicated
by the 'H NMR resonances of its CH, protons [133].

Detailed crystal and solution structure and dynamics studies have been
reported for the Ln** complexes of the achiral tetraamide ligands DOTAM,
DTMA and DOTTA. Crystal structures have been reported for [Eu(DOTAM)-
(H,0)](CF;5S05); [117], [GA(DTMA)(H,0)](ClO,); [129] and [Dy(DTMA)-
(H,0)](PF¢); [131]. The Ln*" ion is 9-coordinate in the [Eu(DOTAM)(H,0)]**,
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[GA(DTMA)(H,0)]** and [Dy(DTMA)(H,0)]** complexes, bound to four N
atoms of the cyclen ring and four amide carbonyl O atoms and a coordinated
water molecule. The coordination geometry at the Ln3* site is a monocapped
twisted SAP for the Eu** and Gd’* complexes, but monocapped SAP for the
Dy** complex. An X-ray study of [La(DOTAM)]** showed one cation in the
asymmetric unit with an 8-coordinate La** ion [116]. The chiral complex
possesses C, symmetry with the amide moieties arranged in a clockwise
fashion producing a twisted SAP structure. In addition, an X-ray structure
was reported for [La(DOTAM)(EtOH) (CF;SO;)](CF;SO3), [117], where the
La** jon was found to be 10-coordinate, producing an unusual 1, 5, 4 geometry.
The six O atoms (four from the amidic arms, one from ethanol and one from
the coordinated triflate anion) form a pentagonal pyramid with ethanol at the
capping position. This pyramid is stacked base upon apex above a square
pyramid made up of four N atoms from the macrocycle at the base and the
La** ion at the vertex.

The solution structure and dynamics for the tetraamide Ln** complexes of
DOTAM, DTMA and DOTTA have been extensively studied [116, 117, 120,
128-131]. These Ln** complexes may exist as two diastereomeric species in solu-
tion, similar to the Ln(DOTA) complexes. The 'H NMR spectra of the corre-
sponding Eu** complexes reveal the existence of major (M) and minor (m) iso-
mers. For [Eu(DOTAM)]** and [Eu(DTMA)]** the major isomer (M) is defined
by a SAP geometry, similar to [Eu(DOTA)]**, with m/M isomer ratios of 0.25,
0.31 and 0.19, respectively [131], whereas the [Eu(DOTTA)]** has a m/M ratio of
2 with the predominant isomer having the twisted SAP geometry. These results
indicate that a twisted SAP structure is preferred with increasing steric demand
at the metal center, as found before for tetracarboxylate [75,78,79] and
tetraphosphinate [109, 110] derivatives. The ratio of the two isomers for
[Ln(DOTAM)]** complexes depends on temperature, solvent and the nature of
the Ln3* ion. Luminescence lifetime measurements of the DOTAM, DTMA and
DOTTA Eu®* complexes revealed the existence of one bound water molecule
[127,136].'H NMR spectroscopy allowed for the direct observation of the bound
water molecules for both isomers at low temperatures in dry CD;CN [130, 131].
Direct observation of both isomers of [Eu(DOTAM)(H,0)]** by 7O NMR
allowed a quantitative study of water exchange rates and mechanism, including
its role in the isomerization [137]. The water exchange rate on the m isomer is
about 50 times faster than on M, and thus tends to dominate the overall value for
the complex [130, 131, 137].

Variable temperature 'H and '*C studies of [La(DOTAM)]** in CD;CN
revealed a high degree of structural rigidity for the chelate [117]. The 'H NMR
spectrum in D,0 closely resembles that in CD;CN, but the complex is kinetical-
ly unstable and readily dissociates in water [116]. A detailed LIS study for 10
paramagnetic Ln** complexes of the corresponding N,N-diethylacetamido
derivative in CD;CN was carried out in conjunction with variable temperature
'H and *C NMR investigations of the diamagnetic La’" complex [138]. NMR
data established the existence of a single pair of enantiomers in solution. Mole-
cular mechanics calculations combined with analysis of the LIS data determined
a solution structure where the Ln** ion is eight-coordinate with the four N atoms
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of the ring and four carbonyl O atoms at the vertices of a distorted square
antiprism.

Lanthanide complexes of several chiral tetraamide ligands have been report-
ed [121-124]. Four crystal structures have been reported for Eu**, Dy** and Yb**
complexes of the (R)- and (S)-derivatives of the tetraamide -[CH,C(O)NH-
CH(Me)(Ph)],-substituted ligand L;[121, 123, 124]. In each of these structures,
the metal center is bound by four N atoms of the macrocycle and four amidic O
atoms with a single water molecule in the capping position. The geometry of the
coordination polyhedron varies from slightly distorted to regular CSAP with the
chirality of the amide stereocenter ultimately determining the helicity of the
complexes and the configuration of the macrocycle ring (with the (R)- and (S)-
isomers producing the A(6666) and A(AAAA) configurations, respectively). The
(S)- Eu and (S)- Dy complexes are isostructural. A crystal structure of the Eu**
complex with the tetraamide (S)-[CH,C(O)NH-CH(Me)(CO,Et)], -derived
cyclen, L,, shows a monocapped regular SAP geometry with the A(AAAA)
absolute configuration [121].

Introducing a chiral center a to the amide N (6 to the ring N) imparts ample
conformational rigidity to hinder pendant arm rotation. Solution NMR studies
of the Eu** complexes of these enantiopure ligands in CD;0D and D,0 show no
evidence of exchange broadening (A/A interconversion) from 200 to 320 K, con-
sistent with the presence of only one isomer having average C, symmetry [120,
123,124]. The observed resonances in the '"H NMR spectrum of a Yb** complex
of tetraamide L, correspond closely to those obtained for the related chiral
tetraphosphinate complexes, which exist exclusively as one diastereomer in
solution having a twisted SAP geometry [124]. The 'H NMR spectra in CD;CN
at —40°C showed a broad resonance corresponding to an Yb-bound water mol-
ecule [124]. The temperature and solvent effects on the 'H NMR resonance of the
bound water molecule and on the NIR-CD spectra of the Yb-R complex allowed
to assess the effect of axial water ligation on the main magnetic and electronic
properties of the Ln** (magnetic susceptibility anisotropy, crystal field parame-
ters, absorption intensities) [139].

Lanthanide complexes of mono- and tetra-amide B-cyclodextrin derivatives
of DOTA have been characterized [140]. The proton NMR spectra of the Eu**
complexes in methanol-d, show that, while the tetra-amide complex occurs in
solution exclusively as a C,-symmetry SAP structure, the mono-amide complex,
with less than C,-symmetry, occurs predominantly as two SAP isomers (A/AAAA
and A/6666), with the presence of a small amount of the twisted SAP isomer.
Luminescence and relaxivity measurements confirm that the Eu’*, Tb** and
Gd** complexes of the eight-coordinate mono-amide ligand possess one bound
water molecule, while the tetra-amide complexes have g = 0. The relaxivity of the
B-CD mono-amide Gd** complex is enhanced when non-covalently bound to a
second Gd>* complex bearing two phenyl moieties (MS-325, AngioMARK™,
EPIX/Mallinckrodt).

Additional cationic N-substituted amide complexes having mixed pendant
groups have been reported [118,119, 141].

The 'H and »C NMR spectra of Ln** complexes formed with a single
stereoisomer of THP having an S-configuration at all S-carbons (S,S,S,S-THP)



50 L. Frullano et al.

were investigated. In these (S,S,S,S)-THP complexes [142], the additional methyl
group on the f-carbons adds four chiral centers, thus producing two diastereo-
mers rather than an enantiomeric pair. 'H and 1*C NMR spectra of La** and Lu®*
complexes of S,S,S,S-(-)-THP do not display the fluxional behavior as seen in
[Ln(DOTA)]- complexes over the temperature range from 18 to 100 °C, indicat-
ing the presence of only one diastereomer in solution. Molecular models suggest
that a clockwise orientation of the pendant arms may be sterically favored. In
the crystal structure of the racemic [Eu(THP)]** complex, the unit cell was
shown to consist of two discrete [Eu(THP)(H,0)]*" cations, which were
diastereomers of each other, differing in the configuration at the chiral carbon
(i.e. R,R,R,S versus S,S,S,R) and consequently the handedness of the helix. The
THP ligand coordinated the Eu®* ion through four N-atoms of the macrocycle
and four hydroxyl O-atoms of the pendant arms with the ninth coordination site
filled by a bound water molecule. The coordination geometry is best described
as an inverted CSAP with an average twist angle of about 20°.

The 'H NMR spectra of the related [La(THED)]** as a function of tempera-
ture reveal a dynamic process at room temperature similar to that observed for
[Ln(DOTA)]- complexes [143]. At ambient temperature, the *C NMR spectra
(methanol-d,) consists of two sharp resonances assigned to the pendant arms
and one broad resonance attributed to the ethylene ring carbons, which sharp-
ens as the fast exchange limit is approached (ca. 50°C). Likewise, at ~20°C the
broad resonance resolves into two peaks. The increased flexibility observed for
[La(THED)]** as compared to DOTA complexes suggests that the pendant
groups contribute to the structural rigidity of the macrocyclic ring.

5
Targeted Contrast Agents

The first generation of CA’s are low molecular weight highly hydrophilic Gd**
complexes, including [GA(DTPA)]* and [Gd(DOTA)]-. Consequently, these
compounds are distributed rather unselectively over the extracellular fluids.
More efficient CA’s are being developed that may be directed to targets of inter-
est, thereby achieving higher local concentrations at lower dosages. Examples
are CA’s that are specific for organs, diseased tissue or that are able to recognize
particular biochemicals. Usually, this is achieved by functionalization of the li-
gands in [GA(DTPA)]* and [Gd(DOTA)]- type complexes. For example, com-
plexes of DTPA with lipophilic side chains ([GdA(BOPTA)]?>* and [Gd(EOB-
DTPA)]?, see above) have been introduced as heptobiliary CA’s and a macro-
cyclic Gd*>* complex with a perfluorinated side chain has been shown to accu-
mulate in lymph nodes [144].

Covalent or non-covalent attachment of low-molecular weight Gd** chelates
to polymers (e.g. dextrans, inulin, polylysine, polyornithine, HSA, and den-
drimers [145-154]) or encapsulation of them in liposomes [155] may prolong
their residence time in the cardiovascular system, rendering them amenable to
applications in magnetic resonance angiography. High molecular weight com-
pounds and liposomes have also shown potential as CA’s for lymphography
[156-160]. It has been demonstrated that binding of a chelate to a polymer has,
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generally, no significant influence on the exchange rate of water between the
complex and the bulk.

Several reports on potential tumor specific CA’s based on conjugates of anti-
bodies attached to conjugates of polymeric carriers and low molecular Gd**
chelates have been reported [161-164].

An alternative approach has been suggested, which takes advantage of the
negative charge of certain tumors. First positively charged poly(aminoacids) are
selectively bound, which on their turn may serve as targets for a negatively
charged Gd** chelate [90]. For this purpose, the interactions between polyor-
nithine, polyarginine and negatively charged DO3A derivatives containing an
additional pendant arm with phosphonate and carboxylate groups have been
studied [90].

Another strategy for selective delivery of CA’s at cancer cells exploits the
intrinsic overexpression of sialic acid in them. Upon incubation of cancer cells
with peracetylated N-levulinoylmannosamine the sialoside biosynthetic path-
way affords N-levulinoyl sialic acid, the ketone group of which can be a target for
an Gd** complex of an aminooxy-functionalized DTPA derivative [165].

Structures 9 [Gd(Tex)]>*

Lanthanide complexes of texaphyrin [Ln(Tex)]** have been shown to accu-
mulate in tumors and atherosclerotic plaque and these compounds are being
tested in photosensitized and radiation sensitized treatment of cancer and car-
diovascular diseases [166]. Texaphyrin is an expanded porphyrin ligand with
five N donor atoms. The crystal structure of the Gd complex shows that the cav-
ity encompasses the Gd** ion almost ideally resulting in a high stability [167,
168]. The remaining axial positions are occupied by nitrate and methanol, both
a 9- and a 10-coordinated Gd>* occur. The solution structures of Ln-Tex com-
plexes are similar as shown by analysis of lanthanide induced 'H and *C NMR
shifts in the Tex ligand [169, 170]. From an analysis of the NMRD curve of
[Gd(Tex)]?t, it has been concluded that the water coordination number is 3.5
[171]. In combination with a relatively long rotational correlation time, this
results in higher relaxivity compared to GA(DTPA)* and Gd(DOTA)~ (3-4 times
greater). Surprisingly, the relaxivity of [Gd(Tex)]** increases only slightly upon
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mixing with 5% HSA. This might be ascribed to blocking for water coordination
by an interaction between the complex and negatively charged groups of the
protein. A similar effect has been observed recently upon interaction of Gd**
complexes of DO3A derivatives [172].

In the presence of anions such as phosphate and oxalate, the relaxivity of
[Gd(Tex)]** is considerably reduced revealing that these anions compete with
water for binding to the Gd** ion [167, 171]. Most likely, texaphyrin complexes
self-associate due to strong van der Waals interactions. UV-VIS studies suggest
that the aggregates dissociate upon interaction with polyuronides (pectate,
alginate), which probably act as polydentate polycarboxylate ligands for the
[Gd(Tex)]** complexes [173].

6
Responsive Contrast Agents

A special category of targeted CA’s is formed by those agents that are able to act
as reporters of the biological environment where they are distributed through
parameters as, for example, pH, partial oxygen pressure, degree of glycation of
proteins, concentration of Ca?*, and presence of enzymes.
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Complexes that show a pH dependent relaxivity around physiological pH val-
ues are of particular interest since they may afford a way to distinguish tumor
tissue (pH = 6.9) from healthy tissue (pH = 7.4). Protonation of a donor atom (O
or N) can lead to competitive binding of a water molecule and thus affect the
relaxivity. The development of a ligand exhibiting a pH dependent coordination
number has not been successful so far [174], but is definitely a promising
approach.

A Gd** complex of a hexaazamacrocyclic ligand, cy(TPyDAPy) [175] displays
a pH dependent relaxivity in the range 6 <pH <10 which may be applied to
study in vivo pH gradients. The relaxivity values measured varied from about
13 mM!s™! (pH < 6) to 2 mM-!s7! (pH = 11). In previous studies these values
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were measured for compounds with hydration numbers of g =2-3 and for
purely outer sphere complexes, respectively. This has been explained by the for-
mation of an OH-bridged dimeric complex at higher pH values that indeed has
no water molecules (or hydroxyl groups) bound in the first coordination sphere.

Sherry and coworkers have described a pH sensitive CA, GA(DOTAM-MP)**,
that shows several pH jumps in its relaxivity between pH 3 and 8 [176]. NMR
studies indicate that Ln* ion is bound by the four amide O-atoms and the four
N-atoms of the cyclen backbone and that the first coordination sphere is com-
pleted by a water molecule. The phosphonate groups are not coordinated to the
Ln** ion. The unique pH dependence of the relaxivity of the Gd** complex is
ascribed to the protonation of the (uncoordinated) phosphonate groups. It is
suggested that the H-bonding network created by protonation of the phospho-
nates provides a catalytic pathway for exchange of the water protons between the
complex and the bulk.

A conjugate of a poly(aminoacid) and a DO3A chelate [177] has been report-
ed to have a pH dependent relaxivity. Here, this originates from conformational
changes of the poly(aminoacid) carrier as the pH varies from 4 to 8, which affect
overall and local rotational motions in the macromolecule.

The interaction of hydrogen carbonate with the metal ion in a macrocyclic
tetraazatriamide complex, Gd(DO3-Ala), under ambient conditions prevents
any water molecule from directly binding to the paramagnetic center [122,178].
In more acidic medium (pH < 6), the hydrogen carbonate ion will be protonat-
ed and displaced by two water molecules resulting in an increase of the relaxiv-
ity. Therefore, this reagent responds both to pH and to pHCO;. 'H NMR studies
on the corresponding Eu** complex showed that the binding of HCO; is accom-
panied by a conformational rearrangement from square antiprism to twisted-
square antiprism.

CA’s responsive to pO, can be imagined with chelates of metals that can
switch between two redox states. The principle has been demonstrated for the
system [Mn"(TPPS)]*3- [179]. The relaxivity of Mn'" is dominated by the elec-
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tronic relaxation time and that of Mn"! by the rotational correlation time. Upon
slowing down the molecular tumbling by inclusion of the complex in poly-g-
cyclodextrin, the relaxivity difference between the Mn!! and Mn!" state was suf-
ficient for a response to pO,. Within the lanthanide series, the Eu"/Eu' couple
would be suitable for this purpose, since Eu!! is isoelectronic with Gd™ and
has good relaxation enhancing properties [180, 181]. The redox stability of
[Eu(DTPA)(H,0)]*" is too low for practical applications, but the thermody-
namic and redox stabilities of Eu'' complexes of ODDA and ODDM are higher
[182].770 NMR and 'H NMRD measurements have shown that these complexes
have one and no inner sphere water molecule, respectively [182]. The data sug-
gest that optimal relaxivities may be obtained upon attaching the chelate to
slowly rotating macromolecules, which would open routes to redox responsive
CA’s.

"00C—, /— /—\ /~CO0"  “00C— j— ,—COO" T00C— [\ /€00
N N N N N N N
=c—/ (¢ [ :‘ [N Nj
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Structures 12

Aime and coworkers described the targeting properties of GA((DTPA-BMPA)
[183]. High levels of glucose in blood serum can induce a nonenzymatic glyca-
tion of albumin. Binding of the boronic functions of Gd(DTPA-BMPA) to the
syn-diol moieties of the fructosamine residues in glycated albumin [184]
induces an enhancement of the water proton relaxation rate as a consequence of
the increased rotational correlation time 7. In this way it is possible to map the
glycation level of proteins in the blood [183]. Unexpectedly, the Gd(DTPA-
BMPA) complex also showed a strong interaction with unglycated oxygenated
human hemoglobin [185]. This interaction involves formation of coordinative
N — B bonds at two histidine residues of different -chains of the peptide. The
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interaction of the Gd** complex with hemoglobin was site specific, and results
in a conformational switch (from the low-affinity T to the high-affinity R state)
in the tetrameric protein. Highly selective interaction for T-state hemoglobin
was also shown for [Gd(DOTP)]>~[186].

Meade and coworkers reported a calcium sensitive CA, Gd,(DOPTA) [187].
The ligand consists of two DO3A units that are linked via an EGTA type spacer
carrying two aromatic iminoacetate groups. In the absence of Ca?*, these imi-
noacetate functions are coordinating the Gd** ions, which are then not accessi-
ble for water. However, in the presence of Ca?*, these carboxylate groups will
rearrange to bind it. Consequently, two coordination sites on each of the Gd**
ions are vacant for binding of water molecules resulting in an increase of the
relaxivity from 3.26 to 5.76 mM™'s". The interference of Ca?* binding with Mg?*
or H* was determined to be minimal within physiological pH ranges. This com-
pound offers a large and reliable change in relaxivity upon exposure to Ca?*.

The first enzyme reporting CA described in the literature was Gd(DO3A-gal),
a DOTA type ligand in which one of the acid groups is replaced by a galactose
moiety [188]. This galactose moiety blocks the metal ion for water binding. The
enzyme f-galactosidase cleaves off the sugar unit to form [Gd(DOTA)]-, where
the inner sphere of Gd is accessible again for coordination of a water molecule.
It was demonstrated that the change in hydration number from 0 to 1, resulting
in a 20% increase in the measured water T, values, was indeed due to the enzy-
matic cleavage of the galactose residue. The Gd(DO3A-gal) agent has been
applied for the in vivo vizualization of gene expression by MRI [189, 190].

The complex [GA(DTPA-SA)]~, which has a sulfonamide function at the cen-
tral glycine unit of DTPA has been been proposed as a CA targeting the enzyme
carbon anhydrase [191]. The complex shows a strong interaction with this
enzyme (K = 15,000 M), supposedly through the catalytic Zn** ion and the
active site.

7
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In the recent years Magnetic Resonance Imaging has evolved into one of the most powerful
diagnostic techniques in medicine, in part thanks to the application of suitable contrast
agents. The design of new, more efficient MRI contrast media requires the complete under-
standing of all factors and mechanisms that influence proton relaxivity, hence efficiency of
Gd(IIT) complexes. In this chapter we give an overview of our current knowledge in this field
by shortly surveying theory and citing the most illustrative examples. We discuss each of the
underlying factors, including the possible ways of their determination. Most recent develop-
ments in the field of electron spin relaxation and outer sphere relaxivity have also been
reviewed. The last part is devoted to the comparison of the isoelectronic Eu(II) and Gd(III)
complexes, which can give insight into the relaxation mechanisms of paramagnetic lan-
thanides in general, and thus help design novel Gd(III) based agents.
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Introduction

The strong expansion of Magnetic Resonance Imaging (MRI) has induced the
development of a new class of pharmacological products, called contrast agents,
designed for administration to patients in order either to enhance the contrast
between normal and diseased tissue or to indicate organ function or blood flow.
Nowadays, around 30% of all MRI investigations use a contrast medium.

Contrast agents function by increasing the relaxation rate of water protons in
the surrounding tissue, thanks to their paramagnetism. The majority of the cur-
rently used contrast agents are stable chelates of gadolinium(III). This trivalent
lanthanide ion has the highest possible number (seven) of unpaired electrons
which makes it the most paramagnetic among the stable metal ions. The slow
relaxation of the Gd(III) electron spin is an additional favourable factor.

The goal of the present chapter is to discuss relaxation phenomena for
Gd(III) chelates and to describe the various physico-chemical parameters which
are related to their relaxivity, hence to their efficacy with regard to contrast agent
applications for medical Magnetic Resonance Imaging. Due to the preponder-
ance of Gd(III) based agents, we will not treat other, currently used or potential
contrast media, such as paramagnetic particles [1] or hyperpolarized gases [2].

1.1
Relaxivity

The relaxation of solvent nuclei around a paramagnetic centre has been
described by Solomon, Bloembergen and others [3-8]. The observed solvent
relaxation rate, 1/T; ,,, is the sum of a diamagnetic term 1/T; 4, corresponding
to the relaxation rate of the solvent nuclei without the paramagnetic solute, and
a paramagnetic term 1/T; , which is the relaxation rate enhancement caused by
the paramagnetic substance:

11
Ti, obs T‘, d

1,

1 .
— i=12 (1)
T;,

The paramagnetic contribution is linearly proportional to the concentration of
the paramagnetic species, [Gd]:

1 1
— =— 41 [Gd] i=1,2 )
Ti,obs Ti,d
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In principle, [Gd] should be expressed in molality (mol/kg solvent), however,
for dilute solutions molarity is generally used (mol/L or in practice mmol/L). If
the longitudinal relaxation rate of water protons is considered and the concen-
tration of Gd is given in mM, the parameter r, is called proton relaxivity (its uni-
ty is mM-!s™!). Proton relaxivity directly refers to the efficiency of a paramag-
netic substance to enhance the relaxation rate of water protons, thus to its effi-
ciency to act as a contrast agent.

The paramagnetic relaxation of the water protons originates from the dipole-
dipole interactions between the proton nuclear spins and the fluctuating local
magnetic field caused by the unpaired electron spins of the paramagnetic sub-
stance. There are two main contributions to the overall paramagnetic relaxation
rate enhancement thus to the overall proton relaxivity. The inner sphere contri-
bution is due to the interaction between the Gd™ electron spins and the water
protons in the first coordination sphere of the metal transmitted to the bulk via
the chemical exchange of the inner sphere protons (Fig. 1). Bulk solvent mole-
cules diffusing around the paramagnetic centre also experience the paramag-
netic effect. The relaxation mechanism arising from this random translational
diffusion is defined as outer sphere relaxation. The separation of the inner and
outer sphere relaxation terms is thus based on the intra- and intermolecular
nature of the interaction, respectively. Moreover, the theoretical approach to
describe the two relaxation mechanisms is also different.

The total paramagnetic relaxation rate enhancement due to the paramagnet-
ic agent is given as in Eq. (3), or expressed in relaxivities as in Eq. (4):

() )

—|=|7—) +(F- 3)
<Ti,p Ti,p Ti,p

ro=1/S+ 1.0 (4)

where IS and OS stand for inner and outer sphere, respectively.

Fig. 1. A Gd(IIT) complex with one inner sphere water molecule, surrounded by bulk water.
Inner sphere proton relaxivity is due to interactions between the Gd electron spin and the
water protons on the inner sphere water. Outer sphere relaxivity arises from interactions be-
tween the Gd electron spin and bulk water protons. 7z stands for the rotational correlation
time of the molecule, k., for the water/proton exchange rate and 1/T, ,, for the electron spin
relaxation rates of the GA(III)
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Beside the inner sphere coordinated water, in a Gd(III) complex there can be
solvent (water) molecules hydrogen-bonded to the ligand (usually to its car-
boxylate or phosphonate groups) or to the inner sphere water molecule. These
water molecules can also contribute to the overall relaxivity, giving rise to a “sec-
ond sphere” relaxation mechanism [9]. In terms of theory, this second sphere
contribution is analogous to the inner sphere relaxation. Very often the second
sphere contribution is difficult to separate and evaluate, thus it is neglected or
simply taken into account as an increase in the outer sphere term. However, the
augmentation of the second sphere relaxation term represents a possible route
to increase the overall proton relaxivity of Gd(III) based MRI contrast agents.

For monomer Gd(III) complexes the inner and outer sphere mechanisms
contribute more or less to the same extent to the overall paramagnetic relaxation
enhancement. The development of high relaxivity contrast agents mainly
involves increasing the inner sphere term, since the outer sphere contribution
can hardly be modified. For the new generation macromolecular agents, there-
fore, the inner sphere relaxivity becomes much more significant (over 90% of
total relaxivity).

2
Inner Sphere Proton Relaxivity

The inner sphere contribution to proton relaxivity results from the chemical
exchange of the coordinated water protons with the bulk. The longitudinal and
transverse inner sphere relaxation rates, 1/T; and 1/T,, of the bulk solvent nuclei
(the only observable NMR signal) are given by Eqs. (5) [10] and (6) [11]:

IS
( 1 ) cq 1 » 1 5)

T,) T 555 Typtt, " T+t

< 1 )15 P, T;2+ 1, T+ Awp

Fz (6)

T (T +Ton )+ Ay

where c is the molal concentration, g is the number of bound water nuclei per Gd
(hydration number), P,, is the mole fraction of the bound water nuclei, r,, is the
lifetime of a solvent (water) molecule in the inner sphere of the complex (equal
to the reciprocal water exchange rate, 1/k,,), 1/T,,, and 1/T,,, are the longitudinal
and transverse proton relaxation rates in the bound water, and Aw,, is the chem-
ical shift difference between bound and bulk water.

The relaxation of bound water protons is governed by the magnetic field
dependent dipole-dipole (DD) and scalar or contact mechanisms (SC). The
dipole-dipole interaction is modulated by the reorientation of the nuclear spin
- electron spin vector, by electron spin relaxation and by water (proton)
exchange. The scalar interaction is influenced by electron spin relaxation and
water exchange, and generally it represents a small, and for the longitudinal
relaxation negligible contribution. The relaxation rates are generally expressed
by the modified Solomon-Bloembergen equations:
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In Egs. (7-11), y; is the nuclear gyromagnetic ratio, g is the electron g factor,
Yp is the Bohr magneton, 744y is the electron spin - proton distance, w; and @,
are the nuclear and electron Larmor frequencies, respectively (o= yB, where B
is the magnetic field), and A/# is the hyperfine or scalar coupling constant
between the electron of the paramagnetic center and the proton of the coordi-
nated water. The correlation times that are characteristic of the relaxation
processes are depicted as:

Urtg=1tg+ T +1/z,, i=1,2 (12)
Uty=1/1+ 1/t i=1,2 (13)

where 13 is the rotational correlation time or, more precisely, the reorientational
correlation time of the metal - proton vector, and T, and T,, are the longitudi-
nal and transverse electron spin relaxation times of the metal ion.

The electronic relaxation rates, as described by Bloembergen, Morgan and
McLachlan [12], also depend on the magnetic field. For Gd(III) complexes they
are usually interpreted in terms of zero field splitting interactions (ZFS). The
electronic relaxation rates can be described by the Eqgs. (14-16), often called as
the Bloembergen-Morgan theory of paramagnetic electron spin relaxation:

1 ZFS 1 4
(et b w
Ty 1+ @it 1+ 4 wir?
() =l ) 1)
T/  \1+ @212 1+4 @it

1
C=5Azrv{4S(S+1)—3} (16)

A? is the mean square zero field splitting energy and r, is the correlation time
for the modulation of the zero field splitting interaction. This modulation results
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from the transient distortions of the complex. C can be expressed with the low-
tield limiting value of the electronic relaxation rate, 7

1 1 1
= ; —=—A1,{4S(S+1)-3} =12 A1, (17)
107, 14 5

Equations (14-16) are only valid when 7,°A% < 1 is fulfilled.

The combination of the modified Solomon-Bloembergen Eqgs. (7-11) with the
equations for electron spin relaxation (14-16) constitutes a complete theory to
relate the observed paramagnetic relaxation rate enhancement to the micro-
scopic properties, and it is generally referred as to Solomon-Bloembergen-Mor-
gan (SBM) theory. Detailed discussions of the relaxation theory have been pub-
lished [13, 14].

As we have seen above, a large number of parameters (proton exchange rate,
k,.= 1/1,; rotational correlation time, 7y, electronic relaxation times, 1/T ,,; Gd
- proton distance, 7g4y; hydration number, q) influence the inner sphere proton
relaxivity. If the proton exchange is very slow (T}, < 1,,), it will be the only lim-
iting factor (Eq. (5)). If it is fast (z,, < T},,), proton relaxivity will be determined
by the relaxation rate of the coordinated protons, T',,, which also depends on the
rate of proton exchange, as well as on rotation and electronic relaxation. The
optimal relationship is:

L1 1
Tlm Tm TR ’ Tle

In order to visualize the effects of water exchange, rotation and electronic
relaxation as well as of magnetic field on proton relaxivity, we have calculated
proton relaxivities as a function of these parameters (Fig. 2). The relaxivity max-
imum is attained when the correlation time, 7,,, equals the inverse proton Lar-
mor frequency (1/1,, = 1/13 + 1/1,,+ 1/T,,= ;). The most important message of
Fig. 2 is that the rotational correlation time, proton exchange and electronic
relaxation rates have to be optimized simultaneously in order to attain maxi-
mum relaxivities. If one or two of them have already an optimal value, the
remaining parameter starts to become more limitative. The marketed contrast
agents have relaxivities around 4-5 mM™ s7! contrary to the theoretically
attainable values over 100 mM™! s~!, which is mainly due to their fast rotation
and slow water exchange.

2.1
Hydration Number and Gd-H Distance

All GA(III) chelates approved for contrast agent application have one inner
sphere water molecule. The inner sphere proton relaxivity is linearly propor-
tional to the hydration number g (Eq. (5)), thus a higher g would result in
increased relaxivities. However, ligands that leave space for more than one water
molecule in the first coordination sphere form complexes of reduced stability,



Relaxivity of MRI Contrast Agents 67

By=05T By=15T
A2=0.03 x 1020 52

120 _ - current contrast agents 120
1004 \\ - T 100
8 i ~ S 80

60
40

6

b B
W7, 10 :
%) 1212 " yoolk)

A2=0.6x100s?

120
1004

=] &

4 8
%r’z/z_ 10

10 s
%) 12 12 \c-gi"’“

10
#/ 12 12 ool

Fig. 2. Simulated inner sphere 'H relaxivities as a function of the rotational correlation time,
g, and of the water exchange rate, k, at two different magnetic fields and two different
electron spin relaxation rates (T}, = 2.9%x107% s (top) and 2.9 x10™° s (bottom); 7, has been
fixed to 1x 10712 s71)

therefore, due to toxicity concerns, this simple way of increasing the relaxivity is
usually not realizable.

Information on the hydration state of the Gd(III) chelate in solution is indis-
pensable for the analysis of its proton relaxivity. Several methods exist to deter-
mine g, though they are mostly applicable for other lanthanides than Gd(III). In
the case of Eu(III) and Tb(III) complexes, the difference of the luminescence
lifetimes measured in D,0 and H,O can be related to the hydration number [15,
16]. For Dy(I1I) chelates, the lanthanide induced O chemical shift of the bulk
water is proportional to the hydration number [17]. Different hydration states of
the same chelate may also coexist in solution giving rise to a hydration equilib-
rium. Such an equilibrium can be assessed by UV-Vis measurements on the
Eu(III) complex [18-20]. These techniques have been recently discussed [21].

The Gd-H distance, ¢4y, which enters on the sixth power into the expression
of inner sphere proton relaxivity, is a difficult parameter to obtain experimen-
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tally. It is generally deduced from the Gd - coordinated water oxygen distance,
however, this calculation is complicated by the fact that the tilt angle of the plane
of the bound water molecule with respect to the Gd - O bond is not well defined
in solution. Distance data on Gd(III) chelates in solution state are rather scarce.
Solid state Gd - O distances can provide a good estimation for the solution case
as well. Indeed, an X-ray absorption fine structure (XAFS) study found that Gd
- O distances in aqueous solution were identical to the solid state values for
[GA(DOTA)(H,0)]- and [Gd(DTPA)(H,0)]* (2.46 and 2.47 A, respectively)
[22]. Electron Spin Echo Envelope Modulation (ESEEM) measurements in
frozen [GA(EDTA)(H,0),]” and [Gd(DTPA)(H,0)]* solutions gave rather short
metal - deuterium distances [23].

The aqua ions have been more widely studied in solution. An X-ray diffrac-
tion (XRD) study in highly concentrated GdCl; aqueous solution resulted in
2.37 A for the Gd - O distance [24]. Extended X-ray fine structure (EXAFS) mea-
surements on lanthanide(III) perchlorate solutions revealed that the metal -
oxygen distance changes along the series from 2.51 A (Nd) to 2.31 A (Lu) which
is accompanied by a change in the hydration number (9.5 for Nd and 7.7 for Lu)
[25]. This study reports 7540 = 2.41 A and q = 7.6 for Gd3;. A neutron scattering
first order difference study with isotopic substitution in D,0 confirmed the
change of coordination number from 9 for the light to 8 for the heavy lan-
thanides, with a hydration equilibrium at Sm3} (q = 8.5) [26, 27]. Both lan-
thanide - oxygen and lanthanide - deuterium distances have been obtained: r;,,
=2.46 and 2.50 A and r;,, = 3.11 and 3.03 A for Sm3} and Dy3!, respectively.

2.2
Water and Proton Exchange

The residence lifetime of protons, 7,,, plays a dual role in determining proton
relaxivity. It modulates the efficiency of chemical exchange from the inner
sphere of the metal to the bulk (Eq. 5), and it also contributes to the overall cor-
relation time, 7, , that governs the dipole-dipole interaction between the electron
and nuclear spin (Eqgs. 8 and 12). The exchange of coordinated water protons can
occur either independently of the exchange of the entire water molecule, or via
the exchange of the water molecule itself (or both). Thus the water exchange rate
always represents a lower limit for the proton exchange rate. For the currently
used Gd(III) based contrast agents the proton exchange rate is generally equal to
the water exchange rate at physiological pH. On increasing the acidity or basic-
ity of the solution, the proton exchange on the Gd(III) complex may become
considerably faster than the water exchange due to acid- or base-catalyzed path-
ways [28,29] (see below).

2,21
Determination of the Water Exchange Rate

The water exchange rate on a Gd(III) complex can be directly determined by
variable temperature transverse 7O relaxation rate measurements. The para-
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magnetic transverse 7O relaxation rate enhancement, 1/T,,, is related to the
water residence time, 7,, and to the relaxation rate of the bound water, 1/T,,,:

11 [1 1 }_ 1 T2+ 1Tyl + Aw (18)
T2r_Pm T, T _Tm (o + Tom)* + Ay

where 1/T, and 1/T,, are the 70 NMR relaxation rates of the paramagnetic solu-
tion, and of an external reference, respectively, and Aw,, is the chemical shift dif-
ference between bound and bulk water. (The reference is a solution of an ana-
logue diamagnetic Ln(III) complex of the same concentration and pH as the
Gd(III) sample. For low molecular weight complexes of pH = 4.0 - 6.5, acidified
water can also be used as reference). Outer sphere contributions to 7O relax-
ation rates are negligible [30]. Aw,? is also negligible compared to other terms in
Eq. (18) which then simplifies to Eq. (19):

1 1

T_2r=T2m+ T (19)

The transverse 7O relaxation is principally modulated by a scalar mechanism
[30], and its rate is expressed as:

LNL_S(S“)(A)Z r_r,.r (20)
T2m - TZSC - 3 h “ Te1 - Tm Tle

Although the scalar coupling constant, A/k, does not vary much from one
Gd(III) complex to another, it is advisable to determine its value from chemical
shift measurements in each case in order to be able to calculate exact exchange
rates.

The binding time (7,, = 1/k,,) of water molecules in the inner sphere is
assumed to obey the Eyring equation (Eq. (21)), where AS* and AH* are the
entropy and enthalpy of activation for the exchange process, and kX2 is the
exchange rate at 298.15 K.

L_k _Me {A_Si_A_Hi}_ kgste {A_I‘F( 1 _l>} (21)
e T T P IR TR | T 20815 PR \208.15 T

Figure 3 shows a typical plot of the paramagnetic transverse 7O relaxation
rate enhancement versus the inverse temperature. At low temperatures the
reduced transverse relaxation rates increase with temperature. In this slow kinet-
ic region 1/T,, is determined by the exchange rate, k., . At high temperatures, in
the fast exchange region, the reduced transverse relaxation rates decrease with
temperature and they are determined by the transverse relaxation rate of the
coordinated water oxygen, 1/T,,,.
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Fig. 3. Paramagnetic enhancement of the transverse 17O relaxation rates as a function of the
inverse temperature and of the magnetic field (B =1.41 T (squares),4.7 T (triangles) and 9.4 T
(circles)), measured for [Gd(DTPA-BMA)(H,0)]

2.2.2
Mechanism of the Water Exchange

The water exchange mechanism can be assessed by determining the activation
volume, AV#, from variable pressure 170 transverse relaxation measurements
[31]. The activation volume, defined as the difference between the partial molar
volume of the transition state and the reactants, is related to the pressure depen-
dence of the exchange rate constant through Eq. (22):

G
ko= Gl exp -2 )
where (k. ){ is the water exchange rate at zero pressure and temperature T. The
exchange reaction is either slowed down or accelerated by increasing pressure
when AV* is positive or negative, respectively. A dissociative D mechanism is
characterized by a greatly expanded transition state, thus by a large positive AV*
value. An associative A mechanism is described by a greatly contracted transi-
tion state, and by a large negative AV*. Between these two extremes, the bond
breaking and bond making both contribute to AV* resulting in a continuum of
interchange I mechanisms. On either side of I are the I; and I, mechanisms
which are characterized by positive and negative AV* values corresponding to a
greater or smaller bond breaking contribution.

2.2.3
Rate and Mechanism of Water Exchange on Gd(lll) Chelates

Although the water exchange rates on all, medically used Gd(III) chelates are
similar (within the range of one order of magnitude), other Gd(III) complexes
were found to have considerably lower (e.g. positively charged DOTA-amide
derivatives) or considerably higher (e.g. the aqua ion) water exchange rates. In



Relaxivity of MRI Contrast Agents 71

Table 1. Water exchange rates and activation volumes determined on small molecular weight
Gd(III) chelates by 70O NMR

Ligand Coordinating unit q k%8 AV# Mech.  Ref.
(106 s71) (cm?®mol!)
Aqua 1 804 - 33 A 55
DTPA DTPA 1 3.30 +12.5 D 41
BOPTA DTPA 1 3.45 67
EOB-DTPA DTPA 1 3.60 +12.3 D 40
MP-2269 DTPA 1 4.20 D 50
DTPA-N-MA DTPA-monoamide 1 1.30 +12.7 D 40
DTPA-N'-MA  DTPA-monoamide 1 1.90 +10.6 D 40
DTPA-BMA DTPA-bisamide 1 0.45 + 7.3 D 41
DTPA-BMEA DTPA-bisamide 1 0.39 + 7.4 D 39
DOTA DOTA 1 4.1 +10.5 D 41
DO3A DO3A 1.9 11 19
DO2A DO2A 2.8 10 20
DOTASA DOTA+COO~ 1 6.3 I4-D 63
DO3A-bz-NO, DOTA-monoamide 1 1.6 + 7.7 D 43
DOTA-C,, DOTA-monoamide 1 4.8 14-D 47
+CO0~
DOTAM DOTA-tetraamide 1 0.053 58
PCTP-[13] 1 125 53
PCTP-[12] 1 170 54
PCTA-[12] 2 14 54
EGTA 1 31 +10.5 D 51
PDTA 2 102 - 1.5 I, 55
TTAHA 2 8.6 + 2.9 I4 52
taci 2 11.0 -12.7 A 56

overall, water exchange rates on Gd(III) can vary by 4 orders of magnitude.
Table 1 shows water exchange rates and activation volumes for some represen-
tative examples of monomer Gd(III) complexes.

The rate and the mechanism of water exchange are closely related to the inner
sphere solution structure of the complexes. This is nicely illustrated by the
Ln(III) aqua ions. The decrease in the ionic radius from the beginning to the end
of the series is accompanied by a decrease in the hydration number from nine to
eight, with a hydration equilibrium for the middle of the series (Sm) [27]. The
water exchange rates decrease by more than one order of magnitude between
[Gd(H,0),]** and [Yb(H,0),]**, whereas the mechanism remains associatively
activated [32, 33]. Since [Gd(H,0),]*" is relatively close to a hydration equilibri-
um state (which was found for the almost neighbouring Sm), the activation
energy needed for passing from the eight-coordinate reactant state to the nine-
coordinate transition state is small, thus the water exchange rate is high.

The nine-coordinate Gd(III) poly(amino carboxylates) all have positive acti-
vation volumes as indicative of dissociatively activated water exchange, and
much lower exchange rates in comparison to the Gd(III) aqua ion (Table 1). Sev-
eral factors should be considered to rationalize the decreased water exchange
rates. For many of these complexes only the coordination number of nine exists
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all along the series [34-36]. Since the eight-coordinate transition state is rela-
tively unstable, a high activation energy will be needed to reach the transition
state in a dissociative process. The rigidity of the inner coordination sphere also
plays a role. Whereas in the aqua ion the rearrangement of the flexible coordi-
nation sphere is easy, this rearrangement in poly(amino carboxylate) complex-
es needs higher energy. Moreover, the large charge density of the trivalent ion is
a favourable factor in associatively activated water exchange for [Gd(H,0)s]**,
however, it is unfavourable in a dissociative activation mode.

Within one family of nine-coordinate Gd(III) poly(amino carboxylates), the
replacement of a carboxylate donor by an amide group results in a decrease in
the exchange rate by a factor of 3-4. This diminution has been equally found for
linear (DTPA-type) [37-40] and macrocyclic (DOTA-type) chelates [41-43]. The
decrease of the water exchange rate is in part explained in terms of steric crowd-
ing around the metal ion. Gd - amide oxygen distances are longer than Gd - car-
boxylate oxygen distances which results in a less crowded inner sphere for the
amides (in solid state the average Gd - carboxylate oxygen distance in
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Na,[Gd(DTPA)(H,0)] is 2.40 A [44], the Gd - amide oxygen distance e.g. in
the Gd(III) bis(benzylamide)-DTPA complex is 2.44 A [45]). In dissociatively
activated exchange processes the steric crowding is of primary importance:
a tightly coordinating ligand pushes the water molecule to leave, thus favors
the dissociative activation step. The significance of crowding at the water bind-
ing site was also demonstrated by an 7O NMR study on the whole lanthanide
series of DTPA-BMA complexes [46]. On progressing from the middle to the end
of the series, the eight-coordinate transition state becomes more and more
accessible since the radius of the lanthanide ion decreases, and the result is
a large increase in the water exchange rate from [Eu(DTPA-BMA)(H,0)] to
[Ho(DTPA-BMA)(H,0)].
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Charge effects have also to be considered when comparing amide and car-
boxylate derivatives. A higher negative overall charge favors the leaving of the
water molecule in a dissociative process, thus accelerates the exchange. Indeed,
about 50% higher water exchange rate was found for the pentacarboxylate
DOTA derivative [GA(DOTASA)(H,0)]* as compared to [Gd(DOTA)(H,0)]-
[47]. Analogously, the water exchange rate on [Gd(DOTA)(H,0)]" decreases sig-
nificantly with increasing extent of protonation, thus with decreasing negative
charge,and at [H*] = 1.0 M it is about ten times lower than in neutral media [48].

The water exchange rate is hardly affected by substituents which do not
directly interfere in the inner coordination sphere. For instance, different
bisamide DTPA-derivatives (DTPA-BMA, DTPA-BMEA, DTPA-BENGALAA, etc)
have similar exchange rates [37, 39]. Similarly, substituents on the carbon
backbone of the DTPA have little influence on the water exchange kinetics [30,
40, 49, 50].

Several complexes with not DTPA- or DOTA-derivative ligands have also been
investigated. The nine-coordinate [Gd(EGTA)(H,0)] has a 10 times faster water
exchange than [Gd(DTPA)(H,0)]* [51]. For the tripod [Gd(TTAHA)(H,0),]*
the presence of two inner sphere water molecules decreases the stereorigidity of
the system which results in an increased water exchange rate compared to
[GA(DTPA)(H,0)]* [52]. GA(III) complexes of some pyridin-based macrocy-
cles have, in general, remarkably higher water exchange rates than that of the
parent [Gd(DOTA)(H,0)]" [53,54]. The exchange is particularly fast on the
eight-coordinate phosphonate derivative [Gd(PCTP-[12])(H,0)], probably due
to an associatively activated mechanism. Among eight-coordinate complexes,
[GA(PDTA)(H,0),]” has an is extremely fast water exchange with an associative
interchange, I,, mechanism [55]. The trimer [Gd,(H_staci),(H,0)¢]** undergoes
a slightly slower water exchange than [Gd(PDTA)(H,0),]", via a limiting A
mechanism [56]. The lower exchange rate was attributed to the particularly rigid
structure of this trimer complex which slows down the transition from the
eight-coordinate reactant to the nine-coordinate transition state.

Water exchange on Gd(III) systems in hydration equilibrium has also
been investigated. In aqueous solution, the [Gd(DO3A)(H,0);,] and
[GA(DO2A)(H,0), ;] complexes are present as both eight- and nine-coordinate
species [19, 20]. Since it is usually admitted that only the coordination numbers
of 8 or 9 are available for Gd(III) in solution, nine-coordinate complexes
exchange in dissociatively activated processes, thus via an eight-coordinate
transition state, whereas eight-coordinate complexes exchange in associatively
activated processes via a nine-coordinate transition state. The rate of the water
exchange depends on the accessibility of the transition state. If a hydration equi-
librium exists between eight- and nine-coordinate species ([GdL(H,0),] and
[GAL(H,0),.]), one can expect the energy gap to be relatively small between
them, i.e. between the nine-coordinate ground state and the eight-coordinate
transition state (or the eight-coordinate ground state and the nine-coordinate
transition state), which can consequently result in a fast exchange. Contrary to
these expectations, for both [Gd(DO2A)(H,0),;]* (k&®=10x10°s"') and
[GA(DO3A)(H,0),,] (k&® = 11x10° s7!) only a twofold gain is observed in the
water exchange rate in comparison to [Gd(DOTA)(H,0)]~ (k2% = 4.8x10° s71).
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The reason is that, beside the favorable influence of the equilibrium state on
increasing the water exchange rate, one has to consider the increased overall
positive charge of the complex as a negative factor. The interplay of the opposite
effects of the hydration equilibrium and of the increasing positive charge results
in the limited water exchange gain. It has to be noted that a rigorous analysis of
70 NMR data obtained on Gd(III) complexes in hydration equilibrium requires
the use of the Kubo-Sack formalism which allows to treat correctly the system as
a three-site exchange problem [57].

DOTA-type complexes exist in two diastereomeric forms (m and M)
which may have remarkably different water exchange rates as found for
[Eu(DOTAM)(H,0)]** [58,59].In this 1’0 and 'H NMR study performed in ace-
tonitrile-water solvent, it was possible to detect the NMR signals of the coordi-
nated water molecules in both isomers. In a general case, the observation of the
bound water signal for Ln(III) poly(amino carboxylates) is not possible due to
the fast exchange, and for Gd(III) complexes, to the slow electronic relaxation.

In the last few years several macromolecular systems have been studied by
variable temperature and pressure 70 NMR in order to determine the rate and
mechanism of water exchange. The kinetic parameters characterizing the water
exchange on some macromolecular Gd(III) complexes are presented in Table 2.

The rate and mechanism of water exchange have been found to be similar for
different generations (gen. 3, 4 and 5) of PAMAM dendrimers functionalized
with the same Gd(III) DO3A-monoamide chelate and for the monomer Gd(III)
DO3A-monoamide complex itself [43]. This study gave the first experimental
evidence that the attachment of a Gd(III) chelate to a dendrimer did not signif-
icantly influence the water exchange kinetics.

Linear copolymers of GA(DTPA-bisamide) or Gd(EGTA-bisamide) units with
poly(ethylene-glycol) (PEG) or polyalkyl (-(CH,),—; n = 6, 10 and 12) spacers
also had water exchange kinetics similar to that of the corresponding monomer
chelate [60-62]. An 70 NMR study on the micellar system formed in aqueous
solution of the amphiphilic DOTA-derivative [Gd(DOTA-C,,)(H,0)] also
showed that the water exchange is not altered by the micellar structure [63].

Table 2. Water exchange rates and activation volumes measured on macromolecular Gd(III)
chelates and on the corresponding monomer units by 70 NMR

Complex k2% AV Ref.
(10°s™)  (cm’®mol™)
Dendrimers [G3(N{CS}N-bz-Gd{DO3A}{H,0}),s] 1.0 +3.1 43
[G4(N{CS}N-bz-Gd{DO3A}{H,0})] 1.3 43
[G5(N{CS}N-bz-Gd{DO3A}{H,0})s,] 1.5 43
Monomer unit [Gd(DO3A-bz-NO,)(H,0)] 1.6 +7.7 43
Linear polymers [GA(DTPA-BA)(H,0)(CH,),lyn=6 0.43 +9.6 61
[GA(DTPA-BA)(H,0)(CH,),],n=10  0.66 61
[GA(DTPA-BA)(H,0)(CH,),],n=12  0.50 61

[Gd(DTPA-BA)(H,0)-PEG], 0.48 +9.2 60
Monomer unit [GA(DTPA-BMA)(H,0)] 0.45 +7.3 41
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Fig. 4. Effect of protein binding on the water binding site. (a) The hydrophobic side chain of
the ligand, bound to the protein is far from the Gd(III) chelate, thus protein binding does not
influence water exchange. (b) The GA(III) chelate is bound to the protein via electrostatic for-
ces. The water binding site of the complex is partially blocked by the protein, thus the water
exchange rate is diminished

Non-covalent binding to a protein, however, can influence the water
exchange. Due to the interaction between the Gd(III) chelate and the protein the
access to the water binding site can be limited, and consequently, the rate of
water exchange significantly reduced. This scenario has been reported for
Gd(PCTP-[13]) or MS-325 [53, 64, 65]. On the other hand, if there is a relatively
large distance between the metal- and protein binding site of the ligand,
the water exchange is not affected by the protein, as it was found for MP2269
(Fig. 4) [50].

In conclusion, the incorporation of Gd(III) complexes into macromolecular
systems (dendrimers, linear polymers, micelles) does not significantly affect the
water exchange kinetics, exceptions have only been found for few protein bound
chelates.
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2.2.4
Proton Exchange

So far we have considered the exchange of entire inner sphere water molecules.
From the practical point of view of MRI contrast agent applications, it is the rate
of proton exchange which is important since it determines the proton relaxivi-
ty. For the Gd(III) chelates used as MRI contrast agents, at physiological pH the
proton exchange rate equals the water exchange rate. Proton exchange may
become faster than water exchange in acidic or basic media due to H* or OH~
catalyzed processes. Several examples of H* or OH~ catalyzed prototropic
exchange have been reported on Gd(III) complexes [28, 29, 49, 66]. The general
form of the proton exchange rate is given as:

k=k!10+ KH[H*] + k°H[OH"] (23)

where kefxfzo is the water exchange rate as obtained from 7O NMR measurements,
and k and kO are the rate constants for the acid and base catalyzed prototropic
exchange processes, respectively [67]. These rate constants can be assessed by
pH-dependent 'H relaxometric studies [28], if the water exchange rate is known
from 170 NMR measurements. Since the water exchange rate on currently used,
Gd-based MRI contrast agents is lower than the optimal value to attain high pro-
ton relaxivities, much effort is being made to accelerate proton exchange at
physiological pH by displacing the domain of H* or OH" catalysis.

2.3
Rotation

2.3.1
Techniques of Determining the Rotational Correlation Time

Most of the 7 values reported for GA(III) complexes in the literature have been
obtained from proton relaxation measurements. However, as we have seen
above, numerous factors influence proton relaxivity which often renders the
determination of the rotational correlation time by relaxometry difficult and
uncertain. Consequently, independent measurements of this parameter are
often needed.

1y for spherical molecules can be estimated from the Debye-Stokes equation
(Eq.24):

4amnr,
Rl (29)
Although usually the exact values of the effective radius, Teff> and of the micro-
viscosity, 1), are not known, rotational correlation times for similar systems with
different molecular weight can be well compared using this equation, supposing
that the microviscosity and the density of the molecules are the same, thus the
ratio of the r}; values can be expressed by the ratio of the molecular weights.
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Nuclear relaxation of different nuclei other than the proton can also be used
to determine the rotational correlation time. The longitudinal relaxation of the
70 is governed by quadrupolar [68] and dipolar mechanisms [69], 1/T}, and
1/T, 4, respectively, both dependant on rotation:

1 31 2I+3 214 7213) [O 5 R 08 T} } (25)
e — + . +0.
T,, 10 I2Q2I-1) X L 1+ @it 1+4cpts

1 2 T, T,
L _2vignig, 1)( ) [7 243 ] (26)
Tld 15 réio 47 1+ wity 1+wit}

Here I is the nuclear spin, y* is the quadrupolar coupling constant, 1 is an
asymmetry parameter, 740 is the Gd - O distance, and 7; is defined by Eq. 12. The
difficulty of this technique is that both the quadrupolar coupling constant and
the Gd - O distance can only be estimated. However, rotational correlation times
obtained from longitudinal 7O relaxation rates can provide a good comparison
for similar Gd(III) complexes. One advantage is that the rotational correlation
time is measured directly on the Gd(III) complex. Furthermore, the 1; deter-
mined in this way corresponds to the rotation of the Gd(III) - coordinated water
oxygen vector which is probably analogous to the rotation of the Gd(III) - coor-
dinated water proton, which, itself determines proton relaxivity.

The rotational correlation time can be directly obtained from *C or deuteri-
um relaxation measurements on a diamagnetic analogue (Y(III), La(III) or
Lu(III)) of the GA(III) complex [38, 70-72]. One disadvantage is low sensitivity
of 13C or 2D at natural abundance. Moreover, these methods do not measure the
rotation of the metal - coordinated water vector, important from the practical
point of view, and this may cause problems mainly in the case of large molecules.

EPR spectroscopy has been used to study rotation on vanadyl (VO**) ana-
logues of GA(III) chelates [73-76]. Vanadyl EPR line shapes are sensitive to rota-
tion, they even allow for the distinction of isotropic and anisotropic motions.
One concern about this technique is that substituting the trivalent Gd ion with
the divalent vanadyl may modify the rotational dynamics of the complex.

Rotational correlation times determined by different methods are shown in
Table 3.

2.3.2
Internal Flexibility of Macromolecular Gd(Ill) Complexes. The Lipari-Szabo Approach

The proton relaxivity of small molecular weight MRI contrast agents is mainly
limited by fast rotation. This prompted the development of a wide variety of
macromolecular agents to slow down rotation and thus increase relaxivity.
Indeed, 1 generally increases with increasing molecular weight. However, this
increase is often much less than expected on the basis of the molecular weight
due to the internal flexibility of the macromolecule. For instance, for certain lin-
ear polymers the proton relaxivity was found to be independent of the molecu-
lar weight. Since their relaxivity is limited by fast rotation, the invariance of the
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Table 3. Comparison of rotational correlation times and proton relaxivities for low molecular
weight and macromolecular Gd(III) complexes

Ligand 2°% Ips M, r/mMs!  Ref.
(20 MHz;
37°C)
Monomers  aqua 41* 301 41
DTPA 582 563 4.02 41
103® 30
EOB-DTPA 84°¢ 696 5.3 70,113
934 70
178° 40
BOPTA 88¢ 683 4.39 114
DTPA-BMA 662 587 3.96 41
167°
MP-2269 1392 1069 5.64 50
DOTA 77° 575 3.83 41
90°
PCTA-[12] 70¢ 552 6.9 (25°C) 54
PCTP-[12] 106°¢ 657 7.5(25°C) 54
Linear [DTPA-BA-PEG], 2322 20.2kDa  6.31 60
polymers [DTPA-BA(CH,),],n=6 801" 19.4kDa 9.8 61
[DTPA-BA(CH,),],n = 10 1,=2900>¢ 10.3kDa  15.4 61
1=460f
[DTPA-BA(CH,),],n =12 1, = 4400>¢
15.7 kDa 19.6 61
1,=480f
Dendrimers [G3(N{CS}N-bz- {DO3A}),;] 580" 22.1kDa 14.6 43
[G4(N{CS}N-bz- {DO3A});,] 700 37.4kDa  15.9 43
[G5(N{CS}N-bz- {DO3A});,] 870° 61.8kDa  18.7 43
Protein PCTP-[13]-HSA 30 000°¢ 69 kDa 45.0 53
bound MS-325-HSA 3-4000°¢ 69 kDa 48.9 64
6-70004
MP-2269-BSA 1000¢ 66 kDa 24.5 50

2 Determined from simultaneous analysis of NMRD and 7O T, data (the Gd-H distance, rgqy,
was fixed to 0.31 nm, and the Gd-O distance, rg4q, was left variable (0.21-0.24 nm)).

b Determined from 70 T, data (with the Gd-O distance, rgqq, fixed to 0.25 nm).

¢ Determined from NMRD data.

4 Determined by 2D NMR.

¢ Global rotational correlation time.

f Local rotational correlation time.

relaxivity reflects the invariance of the rotational correlation time [77, 78]. The
rotational correlation time of these polymers is dominated by segmental
motions which are independent of the molecular weight.

The flexibility of the linker group was found to be responsible for the much
lower effective rotational correlation time, consequently lower relaxivity of
many different types of macromolecular agents. For dendrimers loaded with
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Gd(III) chelates, the relatively low relaxivity is the consequence of the flexibility
of the linker group between the Gd(III) chelate and the rigid dendrimer mole-
cule (slow water exchange is also limitative). Internal flexibility has been also
proved for certain non-covalently bound Gd(III) chelate — protein adducts. The
1x value determined for MP-2269 bound to bovine serum albumin is 1.0 ns, one
order of magnitude lower than the rotational correlation time of the protein
molecule [50].

Clarkson et al. investigated molecular dynamics of vanadyl-EDTA and DTPA
complexes in sucrose solution or attached to PAMAM dendrimers by EPR
[74,75]. The motion-sensitive EPR data of the dendrimeric system have been fit-
ted to an anisotropic model which is described by an overall spherical rotation
combined with a rotation around the axis of the arm branching out of the cen-
tral core. The motions around the axis of the branch connecting the chelate to
the central core were found to be very rapid, whereas the overall tumbling was
slow.

Recently the “model-free” Lipari-Szabo approach [79] has proved useful to
describe rotational motion of macromolecular Gd(III) chelates, using longitudi-
nal 70 relaxation rates [61,62]. Two kinds of motion are assumed to affect relax-
ation: a rapid,local motion which lies in the extreme narrowing limit and a slow-
er, global motion. Provided they are statistically independent and the global
motion is isotropic, the reduced spectral density function can be written as:

S, (1 —Sz)r)
+
1+ @’y 1+o’r

](w)=<

=1l + 1! (27)

where T,isa correlation time for the global motion, common to the whole mol-
ecule, 7;is the correlation time for the fast local motion, specific for the individ-
ual relaxation axis which is related to the motion of the Gd(III) chelate unit. The
generalized order parameter, S, is a model-independent measure of the degree
of spatial restriction of the local motion, S = 0 if the internal motion is isotrop-
ic; § = 1 if the motion is completely restricted.

The rotation of linear [Gd(III)DTPA-bisamide] - alkyl and [Gd(III)EGTA-
bisamide] - alkyl copolymers have been analyzed with the Lipari-Szabo
approach. These polymers form intramolecular micelle-like aggregates in aque-
ous solution, resulting in a relatively slow rotation and consequently high pro-
ton relaxivity. The local rotational correlation times were found to be similar for
these polymers, whereas the global rotational correlation times were different
and reflected their molecular weight. The difference in proton relaxivity could
be interpreted with the different global rotational correlation times showing
that, for these polymers, the overall motion also contributes to the relaxivity
[61,62].

24
Electron Spin Relaxation

The influence of the electron spin relaxation on the relaxivity of gadolinium
based contrast agents is essentially governed by the decay of the electron spin
magnetization in the direction parallel to the external magnetic field, described
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by the longitudinal electronic relaxation time T,,. This decay is too fast to be
directly measured. Nevertheless the investigation of the transverse electronic
relaxation, described by T,,, may allow an estimation of T;, within the frame-
work of a given model.

The basic theory of the EPR line shape of Gd** complexes was proposed by
Hudson and Lewis [80] who used a transient zero-field splitting (ZFS) as the
main relaxation mechanism. The transverse electronic spin relaxation was
described by four different relaxation times due to the superposition of four
transitions with different intensities. For complexes with cubic symmetry
Bloembergen and Morgan developed an approximate theory which led to the
equations generally used in the context of electronic relaxation of Gd** com-
plexes (Eqs. 14-16) [77]. A similar approximate treatment was used by Powell et
al. [81] to describe temperature and magnetic field dependence of T,, measured
on several gadolinium complexes. To be able to extract parameters from a com-
bined fit of 7O NMR and EPR measurements a second relaxation mechanism
was introduced, which was assumed to be independent from the observation
frequency [37]. Already in 1974 Poupko et al. [82] discussed the factors which
determine EPR line shapes and shifts of transition metal complexes in solution
showing that the dynamic frequency shift can have pronounced effects. In 1996
Strandberg and Westlund [83] derived a closed analytical form of the line shape
including the dynamic frequency shift and calculated theoretical NMRD profiles
of [GA(H,0);]** and some gadolinium chelates.

A systematic variable temperature (0-100°C), concentration and frequency
(9.425, 75, 150 and 225 GHz) EPR study on three Gd(III) compounds:
([GA(H,0)]**, [GA(DOTA)(H,0)]- and [Gd(DTPA-BMA)(H,0)]) in aqueous
solution was analyzed using both peak-to-peak widths, AH,,,, and dynamic fre-
quency shifts calculated from a theory involving numerical calculations using
the full relaxation matrix similar to that proposed by Poupko and Strandberg
[84]. In this, as well as in a more approximate treatment, valid only at very high
magnetic field [85], the frequency independent relaxation term, sometimes
attributed to the spin-rotation relaxation mechanism, had still to be included in
the fitting procedure to get reasonable fits.

A general model for electronic relaxation of the Gd** S = 7/2 ion in various
complexes in solution was presented by Rast el al. [86]. Contrary to the usual
assumption, the electronic relaxation in their model is not only due to the effects
of the transient zero field splitting, but is also strongly influenced by the static
crystal field effect which is modulated by the random Brownian rotation of the
complex. Experimental peak-to-peak widths of three gadolinium complexes
could be well interpreted as a function of temperature and frequency using three
static and one transient crystal field parameters. Moreover, their interpretation
of experimental data did not require the addition of any field independent con-
tribution to the line width like the spin-rotation mechanism.

An interesting finding for the aqua ion is that at X-band the static contribu-
tion is an order of magnitude larger than the transient one and in the high tem-
perature range the experimental line widths follow the static part. On the con-
trary, for the 2 mm-band, the transient contribution to AH,, is about 5 times
larger (at low temperature) than the static one. The longitudinal relaxation func-
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tion, calculated using adjusted parameters from transverse relaxation, shows a
quasi mono-exponential decay, characterized by a single relaxation time T, .
Recently Rast et al. [87] proceeded a step further by adding the dynamic fre-
quency shift to their theory and by fitting simultaneously full experimental EPR
spectra as a function of temperature and frequency. It was shown that in the
static crystal field mechanism, contrary to the usual global models involving
only second-order terms, the fourth and sixth order terms can play a non-negli-
gible role. The peak-to-peak distances, indicating the line width, and the appar-
ent g-factor, indicating the central field, are only used as a comprehensive way to
present the results because it is impossible to determine them in a simple way
without introduction of uncontrollable errors. A complete line shape analysis
overcomes this problem. Fig. 5 shows some examples of experimental spectra
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Fig. 5. Selected experimental (full line) and nearly identical underlying theoretical spectra
(dotted line) for [GdA(H,0)s]*" at fixed frequency and temperature values versus variable
external magnetic field. The difference between experimental and theoretical line shape is
shown on the bottom of each figure
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and their counterparts calculated from the best-fitting model for the aqua-ion.
The very good agreement of experimental spectra and their fitted counterparts
for [GA(H,0)5]** and [GA(DOTA)(H,0)]" clearly demonstrates the power of this
approach. Despite the large amount of spectroscopic data, model parameters
can be obtained on a modern personal computer within a few minutes. As
already found in the first paper, the postulated spin rotation mechanism plays a
negligible role and can be omitted. A limitation of the model can be the use of
Redfield’s approximation in the calculation of the line shape. This may be inad-
equate in the case of complexes with long rotation correlation times and at very
low magnetic fields. The application of this recent theory in a combined fitting
procedure of 70O NMR, '"H NMRD and EPR data is not straightforward and,
moreover, needs EPR spectra over a wide range of frequencies and tempera-
tures. Therefore, the common Bloembergen-Morgan theory will probably still
be applied in the future to generate electron spin relaxation rates but one should
be aware of its limitations and renounce to discuss the parameters 7, and A%

3
Outer Sphere Proton Relaxivity

The relaxivity induced by gadolinium chelates due to inner-sphere water mole-
cules, %5, is well understood on the microscopic scale as can be seen from the
above discussion. The contribution to the overall relaxation enhancement due to
all other water molecules is normally summed up in the term 5, generally
called the outer-sphere contribution. The interaction between the water proton
nuclear spin I and the gadolinium electron spin S is supposed to be a dipolar
intermolecular interaction whose fluctuations are governed by random transla-
tional motion. The corresponding relaxation rate, 1/T, for unlike spins is given
by Eq. (23) [88-90]

L RN
T, 405 dm) dD Y Vs *S(S+1)[ j, (co;- ws)
+3j1(@;) + 6, (c0;+ ws)] (23)

where N, is Avogadro’s constant, d is the closest distance of approach of spins I
and S, D is the diffusion constant for relative diffusion and [M] is the molar con-
centration of the metal bearing spin S. The spectral densities j(w) are obtained
from the Fourier transformation of the correlation function g(¢) which depends
on the conditional probability for the relative diffusion of spins I and S, P(r|r,t).
This probability can be approximated as the solution of the Smoluchowski equa-
tion (Eq. 24):[90, 91]

OP(ry|r,t)

1
Y DV - [VP(r0 |r,1) +kB—T P(ry|r,1) VU(r)] (24)

ry and r are the separations of spins I and § at time 0 and t, respectively. U(r) is
the potential of averaged forces between the spin-bearing molecules and can be
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obtained from the radial distribution function g(r) by In[g(r)] = -U(r)/ksT.
Freed and others [91-93] showed that an analytical expression for 1/T| exists for
the simplest case of a force-free model where g(r) is a simple step function rais-
ing from 0 to 1 at a distance r = d. The spectral densities are given in this model

by Eq. 25:
1+z/4
. _R
i (@) e{1+z+4z2/9+z3/9}
with z=Viwr+1/T,, and 1=d?*D; k=1,2

(25)

T;. is the longitudinal or transverse electronic relaxation time.

A direct measurement of the relaxation enhancement of gadolinium chelates
is only possible for complexes with no inner sphere (IS) water, complexes which
are in general not interesting as contrast agents. An estimation of the outer
sphere (OS) contribution of a complex with inner sphere water is sometimes
obtained by replacing the chelating ligand by a similar one leading to complex-
es without IS-water as for example using the cyclic TETA to replace DOTA. This
method can be dangerous as will be seen below. In most studies the outer sphere
contribution is estimated using Eqgs. 23-25 and setting the closest distance of
approach, d, to a “reasonable value” as for example 3.6 A. The relative diffusion
constant D is the sum of the self-diffusion constants for the Gd-complex, Dg and
for a water molecule, D;. The parameter D which determines also the transla-
tional correlation time 7 (Eq. 25), is either set to a value close to D; (normally
D; > D for large complexes) or fitted in the evaluation of the NMRD profiles.
For ligands with phosphonate groups Aime et al. [94, 95] proposed the existence
of a“second coordination sphere” formed by water molecules hydrogen bonded
to the complex. Equation (4) has to be replaced by Eq. (26).

ri= TiIS + riznd + rios (26)

where ™ is the contribution from water molecules in the 2" coordination
sphere and r;% accounts for the contribution from H,0-molecules which diffuse
in the proximity of the paramagnetic complex. Enforcing the interaction
between functional groups of the chelating ligand and water molecules will lead
to the formation of a well defined 2" coordination sphere with several water
molecules considerably bound in the proximity of the paramagnetic center.
Through a careful choice of the hydrogen-bond-acceptor groups one may pro-
mote the formation of a strong interaction, increase the number of water mole-
cules in the second shell and decrease their average distance from the Gd-center

(HO)0P—_,~——_,—PO(OH); HooG—_ ) ,—COOH
(N N) [N N)
N N N N
(HO),0P—" “—" “—PO(OH), Hooc—"\__J “—cooH

Scheme 6 DOTP TETA
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[9]. Clarkson [96] showed in a combined EPR and NMRD study using VO** and
Gd** that for TTHA the second sphere contribution can be substantial (over
30%).

Experimental data on the structure and dynamics of water molecules in the
vicinity of Gd** chelates are very difficult to obtain. Molecular dynamics (MD)
simulation, however, can give direct access to these properties and allow estima-
tion of outer sphere relaxivity. The interaction between polyamino-carboxylate
and polyamino-phosphonate complexes of Gd** with the surrounding water is
essentially given by the electrostatic interaction and the van der Waals repulsion
of the atoms [97]. The electrostatic potential of the molecular surface can be
obtained from quantum mechanical calculations using the Merz-Kollman
method [98] and the atomic repulsion from classical force-field parameters. The
electrostatic potential on the surface of complexes with cyclic ligands (as for
example DOTA, TETA or DOTP) shows that these can be split into two regions,
one hydrophilic (containing the carboxylates/phosphonates) and one hydropho-
bic (containing the macrocycle) [97] (Fig. 6). From a classical molecular dynam-

Fig.6. a Model of [Gd(teta)]", and division of the surrounding space into hydrophilic (above)
and hydrophobic (below) hemispheres. b Electrostatic potential [au] at the molecular surface
of [Gd(teta)]” in the hydrophilic (carboxylate, left) and hydrophobic (macrocycle, right)
regions
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ics simulation one can distinguish water molecules in both regions. The radial
distribution functions (rdf) of water around carboxylate oxygen atoms, go(r)
and around N atoms from the ring, gyo(r) show marked differences (Fig. 7).
Around the hydrophilic COO~ a sharp peak in the rdf for both water hydrogen
(Hy) and water oxygen (Oyy) is observed. The closer Hy, peak indicates hydro-
gen bonds between water and the carboxylate O atoms. However, no preferred
orientation is apparent around the N atoms in the ring (Fig. 7). The smooth rise
of g(r) from 0 to 1 at a distance of ~4 A indicates a shielding on the N atoms by
the shear volume of the neighboring macrocyclic C and H atoms and there is
essentially no difference between Hy, and Oy, distribution. The “second coordi-
nation shell” is clearly not a complete shell covering the whole surface of the
complex but there is a number of water molecules (2 to 8) bound to functional
groups of the ligand.

The average lifetime of water molecules in the second coordination shell can
be obtained from the MD simulation and was found to be in the range of
20-25 ps for the poly(amino-carboxylate) complexes and 56 ps for the
polyamino-phosphonate based [Gd(DOTP)]>- [97]. These residence times are
long if compared to those of second sphere water around the aqua ions of lan-
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Fig. 7. The rdf around carboxylate O atoms (top) and N atoms (bottom) of [Gd(teta)]~.
A distinction is made between O atoms bonded to the metal ion (O.) and free O atoms (Oy)
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thanide ions (~12 to 18 ps [99]) but they are short if compared to water around
the inert [Cr(H,0)q]** complex (>120 ps [100]).

The MD simulations show that second shell water molecules exist and are dis-
tinct from freely diffusing bulk water. Freed’s analytical force-free model can
only be applied to water molecules without interacting force relative to the Gd-
complex, it should therefore be restricted to water molecules without hydrogen
bonds formed. Freed’s general model [91, 92] allows the calculation of NMRD
profiles if the radial distribution function g(r) is known and if the fluctuation of
the water-proton - Gd vector can be described by a translational motion. The
potential of mean force in Eq. 24 is obtained from U(r) = -kgT In[g(r)] and the
spectral density functions have to be calculated numerically [91, 97].

Gd-complexes of TETA and DOTP have no inner sphere water molecule and
therefore the NMRD profiles reflect directly the second- and outer-sphere relax-
ivity accessible also from calculations based on the molecular dynamics simula-
tions (Fig. 8). The experimental NMRD profile of [Gd(TETA)]~ could be repro-
duced by drastically changing the electronic relaxation parameters from those
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Fig.8. NMRD profile of [Gd(teta)]~ (top) and [Gd(dotp)]*~ (bottom); -+--, profiles incorporat-
ing the electron relaxation parameters determined by Powell et al. for [Gd(dota)(H,0]"
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of [GA(DOTA)(H,0)]". EPR measurements indicate that the electron spin relax-
ation of [GA(TETA)]" is indeed extremely fast, with a linewidth ten times as high
as the DOTA complex. This shows that using a chemically similar chelating lig-
and (TETA versus DOTA) to estimate the non-inner sphere relaxivity can be
dangerous. The NMRD profile calculated for [Gd(DOTP)]*> at low magnetic
field is only 6% too low compared to the experimental one from Aime et al. [94].
At higher magnetic fields deviations become more systematic. This discrepancy
can originate from the inadequacy of the model of relaxation through transla-
tional diffusion [97]. The residence time observed for this complex (56 ps) is no
longer negligible with respect to the usual rotational correlation time of such
complexes (60-80 ps [41]). Thus a purely translational diffusive motion might
not be strictly valid in this case.

4
Relaxivity and NMRD Profiles

Measuring the relaxation rates of an abundant nucleus in a large magnetic field
range is called relaxometry. A relaxometry profile is a plot of nuclear magnetic
relaxation rates, usually 1/T), as a function of the Larmor frequency or the mag-
netic field on a logarithmic scale (Figs. 8, 9). This plot is also called a Nuclear
Magnetic Relaxation Dispersion (NMRD) curve. Whereas the measurement of
relaxation rates is a routine task at higher magnetic fields (>1 MHz proton Lar-
mor frequency, 0.023 T), at lower fields the dramatic decrease in sensitivity sets
a practical limit. NMRD profiles of paramagnetic solutions show, however, very
often interesting features at frequencies below 1 MHz. This led to the develop-
ment of a special experimental technique using fast cycling of the magnetic field
[101-103].

MRI fields
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Fig.9. Typical NMRD profiles of low molecular weight Gd(III) complexes
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4.1
Analysis of NMRD Profiles

Proton relaxivities are influenced by numerous physical-chemical parameters.
NMRD can be of great help in determining these parameters and indeed has
played a central role in the development of our understanding of proton relax-
ivity. However, the underlying complexity represents an important drawback:
the many influencing parameters can be ill-defined by the - sometimes feature-
less - NMRD curves. In certain cases it is possible to separate these parameters
to some extent, since they affect the profile at different magnetic fields. For
instance, electronic relaxation usually dominates inner sphere relaxivity at low
field, whereas rotation becomes more significant at higher fields. However, an
accurate interpretation of NMRD profiles can only be made by reference to inde-
pendent information from other techniques. EPR and 70O NMR have proved use-
ful as probes for a number of the parameters of importance to proton relaxivity.
EPR line widths give direct access to transverse electronic relaxation rates. 70
NMR relaxation rates and chemical shifts permit estimates of the number of
inner sphere water molecules, the rotational correlation time, the longitudinal
electronic relaxation rate, and most importantly, this technique allows accurate
determination of the water exchange rate. Since the results of the three tech-
niques, EPR, 70 NMR and NMRD, are influenced by a number of common para-
meters, in some cases (mainly for low molecular weight chelates) it is reasonable
to subject them to a simultaneous least-squares fitting procedure [41]. This will
allow a more reliable determination of the set of parameters governing proton
relaxivity, provide a more stringent test of the relaxation theories applied to the
three techniques, and permit a validation of current models for the dynamics in
paramagnetic solutions.

Variable temperature data can be useful, and assuming physically reasonable
exponential or Eyring behaviour for the different correlation times, rather then
fitting independent values at each temperature has also proved helpful in the
analysis. The temperature dependence of the NMRD profiles gives some indica-
tion on what parameter limits the relaxivity, especially at high fields. Rotation
and water exchange, the two main limiting parameters,lead to opposite temper-
ature behaviour of the relaxivity: when rotation is the principal factor govern-
ing relaxivity, the r; values decrease with increasing temperature, whereas an
exchange limitation results in an opposite temperature effect.

4.2
Relaxivity of Low Molecular Weight Gd(lll) Complexes

NMRD profiles of low molecular weight Gd(III) complexes with one inner
sphere water can be typified by that of the commercialized agents,
[Gd(DTPA)(H,0)]*, [GA(DTPA-BMA)(H,0)] or [GA(DOTA)(H,0)]" and have
the general form as shown in Fig. 9. For these low molecular weight agents, the
relaxivity is limited by fast rotation, especially at high frequencies (>10 MHz).
As a consequence, the high field relaxivities of the three agents are practically
the same, since their rotational correlation time is also very similar. According-
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ly, the one order of magnitude lower water exchange rate of [Gd(DTPA-
BMA)(H,0)] has no influence on the high field relaxivities. The different low
field relaxivities reflect the remarkably slower electronic relaxation of the sym-
metric [Gd(DOTA)(H,0)]~ as compared to the linear chelates, which has no
more influence at higher fields due to the dispersion of the electronic relaxation
term. The inner and outer sphere relaxivity terms contribute more or less to the
same extent to the overall effect. Consequently, doubling the inner sphere con-
tribution by using a bishydrated chelate such as [Gd(TTAHA)(H,0),]*", one
increases the overall relaxivity by 50% (Fig. 9).

43
Relaxivity of Macromolecular Gd(lll) Complexes

Macromolecular Gd(III) chelates are widely investigated as MRI contrast agents.
In addition to the potential increase in relaxivity due to their slower rotation,
they have an extended lifetime in the blood pool allowing for magnetic reso-
nance angiography applications. Several approaches have been tested to
increase the molecular weight. Generally, two main groups of macromolecular
agents are distinguished based on the covalent or non-covalent nature of the
binding between the monomeric agent and the macromolecule. Covalent bind-
ing may involve conjugation of functionalized Gd(III) chelates to polymers, den-
drimers, or biological molecules, or synthesis of poly(amino carboxylate) con-
taining copolymers. Non-covalent binding is first of all represented by protein-
bound chelates.

When the rotation of the Gd(III) chelate is substantially slowed down, one
observes the typical “high field” peak around 20-60 MHz in the NMRD profiles.
As an example, Fig. 10 shows the effect of non-covalent protein binding on the
relaxivity: under the experimental conditions applied, the small molecular
weight chelate MP2269 is totally bound to bovine serum albumin which results
in an increase in the rotational correlation time, and consequently in proton
relaxivity [50].

For several macromolecular systems, the increase in proton relaxivity was
much less than expected solely on the basis of the increased molecular weight,
due to their internal flexibility. Typical examples can be taken from linear poly-
mers [77,78]. Dendrimers are more rigid systems, with the additional advantage
of being almost monodisperse, which can be a great advantage for biomedical
applications [104]. GA(III) chelates can be conjugated to the surface groups of
the molecule, whose number is increasing with increasing generation. For their
relaxivity, a key issue - beside the sufficiently rapid water exchange - is the right
choice of the linker group between the macromolecule and the Gd(III) complex.
This has to be rigid enough so that the slow rotation of the rigid dendrimer mol-
ecule is transmitted to the surface chelate itself. Relaxivities up to 36 mMs!
(20 MHz; 23°C) have been reported for dendrimeric Gd(III) complexes [105].

The analysis of 70 NMR and NMRD data on Gd(DO3A-monoamide) func-
tionalized dendrimers (generations 5, 4 and 3) as well as on Gadomer 17 has
shown that, beside fast rotation, slow water exchange also limits proton relaxiv-
ity [43,106]. These results show that high molecular weight complexes like these
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Fig.10. Effect of non-covalent protein binding on proton relaxivity: NMRD profiles obtained
for the small molecular weight Gd(III) complex, MP2269 (empty squares) and for its fully
bound protein adduct (filled squares) at t = 37°C. The high field peak in the NMRD profile of
the protein-bound chelate is the consequence of slow rotation

dendrimers have rotational correlation times that are long enough for the water
exchange to influence the overall relaxivity. Therefore, beside slowing down
rotation, a further improvement in the efficiency of the contrast agents can only
be achieved with higher water exchange rates.

5
Comparison of Gd(lll) and Eu(ll) Complexes in Relation to MRI

Eu(II) has seven unpaired electrons in an ®S ground state, thus it is isoelectron-
ic with GA(III). There are two main aspects which have recently prompted the
studies on Eu(II) chelates in relation to MRI contrast agents. The first is the
interest in Eu'l/Eu!! systems as potential redox responsive relaxometric probes.
Current developments in MRI aim the visualization of the physical-chemical
state of tissues. The oxygen partial pressure, pO,, is particularly significant in
metabolic processes of cells as well as in many pathologies (ischemic diseases,
strokes, tumours). The simplest design of a pO, responsive, MRI contrast agent
is based on metal complexes whose metal ion can be reduced or oxidized
depending on the biological environment, and the two oxidation forms have dif-
ferent relaxation properties. Thus the two redox states influence the proton
relaxation of the surrounding protons in a different extent, resulting in different
image intensities. The adducts formed between Mn''/Mn! tpps complexes and
poly-B-cyclodextrine have been recently reported to have considerably different
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relaxivities depending on the redox state of the metal, itself determined by the
partial oxygen pressure of the solution [107] (tpps = 5,10,15,20-tetrakis-(p-sul-
fonatophenyl porphinate). The Eul/Eu!! system can also be considered as a can-
didate for imaging the redox state of the biological environment, since for Eu'l,
being isoelectronic with Gd™, one can expect relatively high proton relaxivities,
whereas Eu'' is a very poor relaxing agent.

Eu'" complexes also offer a good possibility to investigate the effect of large
changes in water exchange and electronic relaxation on the proton relaxivity in
comparison to the corresponding Gd™ analogues. Indeed, it is rather difficult to
considerably increase water exchange rate, or even more problematic to sub-
stantially influence electron spin relaxation on Gd™ poly(amino carboxylates).
Substituting the metal to a fast exchanging one with modified electronic prop-
erties can provide valuable information in this respect. For example, it has been
proposed for GA™ compounds with long rotational correlation times that elec-
tronic relaxation may become a limiting factor for proton relaxivity at medium
fields (20 MHz). So far, this has not been observed for Gd(III) chelates. Studying
the analogous europium(II) complexes can help better understand the different
mechanisms governing proton relaxivity of paramagnetic metal complexes in
general,and in particular design more efficient contrast agents for medical MRI.
With these perspectives in mind, some Eu!! poly(amino carboxylate) complexes
have been recently investigated and compared to the Gd'" analogues [108-111].
The ligands studied involve DTPA and DOTA, the chelating agents of two com-
mercial contrast media, as well as some other macrocyclic compounds.
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Scheme 7 ODDA

The control of the Eu! redox stability is certainly a key issue for an eventual
MRI contrast agent application. With the exception of cryptate complexes of Eu'!
such as Eu'(2.2.2)** and Eu'(2.2.1)*%, the complexation with poly(amino car-
boxylates) diminishes the redox stability of the Eu' state, as compared to the
aqua ion (some representative redox potentials are: -0.63 V (Eu(H,0)2%);
-0.21V (Eu(2.2.2)*"); -0.82 V (EuODDA); -1.00 V (EuTETA?"); -1.18 V (EuDO-
TA?7); -1.35 V (EuDTPA*)) [111, 112]. Macrocyclic ligands that match in size
with the larger Eu'' ion have a stabilizing effect of the reduced state, whereas car-
boxylate coordinating groups seem to be unfavorable in this respect.

On the Eu' aqua ion [Eu(H,0)s]?* itself, similarly to [Gd(H,0)s]**, the water
exchange is a limiting associative process, and has the highest rate ever mea-
sured by magnetic resonance (Table 4). Chelation of Gd™ by poly(amino car-
boxylates) usually results in a substantial decrease in the water exchange rate
accompanied by a changeover of the mechanism. Contrary to this, the water
exchange on nine-coordinate Eu! poly(amino carboxylates) is only slightly
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Table 4. Water exchange rates and activation volumes of Eu(II) complexes in comparison to
the GA(III) analogue compounds. All values have been obtained from variable temperature
70 NMR data

kZB8/10°s7! AV¥#/cm®mol™! Mechanism Ref.
Gd(H,0),]** 0.8 -33 I 41
[GA(DTPA)(H,0)]* 0.0033 +12.5 D 41
[GA(DOTA)(H,0)]- 0.0041 +10.5 D 41
[Gd(ODDA)(H,0)]* 0.0093 0.0 I 115
[Eu''(H,0), " 44 ~113 A 108
[Eu''(DTPA)(H,0)]* 1.3 +4.5 Iy 109
[Eu!(DOTA)(H,0)]* 24 - - 115
[Eu’(ODDA)(H,0)] 0.43 -3.9 1, 110

slowed down as compared to the Eu' aqua ion. Due to the lower charge and larg-
er ionic radius, the charge density is significantly smaller on Eu! than on Gd™.
In a dissociatively activated exchange, the rate determining dissociation of the
metal - water O bond will be much easier for a metal with low charge density
such as Eu'l. The longer metal - coordinated water distance in Eu! chelates (evi-
denced by X-ray structures) is also favorable for the fast water exchange. Inter-
estingly, on the nine-coordinate [Eu'(ODDA)(H,0)] the water exchange pro-
ceeds via an associatively activated interchange (I,) mechanism. The crystal
structures show that the water coordinating site, located on the hydrophobic
side of the complex, is much more open in the ODDA than e.g.in the DTPA com-
plex, thus [Eul(ODDA)(H,0)] can accommodate a second water molecule in the
inner sphere without the preceding departure of the leaving water molecule,
which leads to an associative activation mode. In general, the water exchange
rate on Eu complexes is in the optimal range to attain maximum relaxivities
according to the simulations (Fig. 2), provided the rotation of the molecule is
also controlled by using rigid macromolecules.

The other parameter which influences proton relaxivity and which can be
considerably different for Eu! and Gd''is electron spin relaxation. In contrast to
Gd™, the EPR spectra of Eu'! show hyperfine coupling with the two Eu nuclei of
a nuclear spin of 5/2. The hyperfine structure becomes more apparent at high
frequencies as shown in Fig. 11. In the case of Gd', no hyperfine structure is
observed even at high magnetic field, since the two isotopes with non-zero
nuclear spin have relatively low y and low abundance. For the Eu® poly(amino
carboxylate) complexes studied the linewidths are considerably larger than for
the aqua ion, indicating a higher electron spin relaxation rate. Based on the few
examples studied so far, it seems that the formation of Eu! poly(amino car-
boxylate) complexes results in faster electronic relaxation as compared to the
aqua ion. It is in contrast to Gd™ chelates, where, in general, electron spin relax-
ation is slower on the complexes than on the aqua ion itself (at least at magnet-
ic fields important for magnetic resonance imaging).
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Fig. 11. Typical high frequency (225 GHz, 8.1 T) EPR spectra of [Gd(H,0)s]** (c = 0.080 M)
and [Eu(H,0)5]** (¢ = 0.176 M). The low field peak belongs to a,g-bisdiphenyline-b-phenylal-
lyl, used as g factor reference

The proton relaxivity of Eu! and Gd™ complexes also reflects the differences
in water exchange and electronic relaxation. It is well known that for the Gd™
aqua ion and for monomer Gd™ poly(amino carboxylates) fast rotation limits
proton relaxivity at imaging fields (20-60 MHz proton Larmor frequency). The
analysis of the NMRD profiles of the Eu'f aqua ion (Fig. 12) revealed that beside
rotation (as for [Gd(H,0)s]**), fast water exchange, which is already faster than
the optimal value (see Fig. 2) also becomes a limiting parameter. For the Eu"
chelates, the water exchange rate is in the optimal range to obtain maximum
relaxivities. Since these are low molecular weight chelates, the limiting factor is
fast rotation However, for [Eu''(DTPA)(H,0)]*, fast electronic relaxation also
limits proton relaxivity, even at imaging fields (20-60 MHz). By increasing the
rotational correlation time, the limiting effect of electronic relaxation would evi-
dently become much more important. This could mean that fast electron spin
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Fig.12. Comparison of NMRD profiles for Eu and Gd™ complexes. T = 298 K

relaxation can be an obstacle to the potential application of Eu" chelates as con-
trast agents in magnetic resonance imaging. However, preliminary EPR experi-
ments on other Eu"! complexes indicate that this unfavourable property is not

general.

At the present stage, the in vivo applicability of Eu! complexes as MRI redox
reporters remains questionable, mainly due to the difficulties in controlling the
reduced state. Efforts are focused on the synthesis of new water soluble macro-
cyclic ligands with matching cavity size for Eu?* in order to ensure high ther-
modynamic and redox stability of the Eu'! chelate.
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6
Conclusions

The proton relaxivity, thus the efficiency of Gd(III) based MRI contrast agents
is influenced by a large number of parameters. The development of high relax-
ivity contrast agents requires the simultaneous control and optimization of all
these parameters, most importantly the optimization of water (proton) ex-
change rate and rotation, the two factors that limit relaxivity of current contrast
agents. The knowledge accumulated in this area during the recent years gives us
hope to be able to increase water exchange rate by appropriate modification of
the chelates which also ensure non-toxicity, as well as to increase rotational cor-
relation time by using rigid macromolecules. Our understanding of the electron
spin relaxation and of the second and outer sphere relaxation mechanisms will
also contribute to the design of more powerful MRI contrast agents.
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Equilibrium calculations indicate that the Gd** chelates used as contrast agents in MRI may
partly dissociate in the body fluids. However, the results of the kinetic studies point to the pro-
ton, Cu?* and Zn** assisted dissociation of Gd** complexes being slow at pH > 5. The excre-
tion of these contrast agents from the body is relatively fast so that the system is far from the
equilibrium and the extent of in vivo dissociation is very low.

The rate constants, characterizing the dissociation of Gd** chelates, used to compare the
kinetic stabilities, are about 10° times lower for the macrocyclic DOTA derivative complexes
than for the complexes of the open-chain DTPA derivatives. The rigid structure of ligands is
highly important for the inertness of the complexes. The use of functional groups in the lig-
ands, possessing donor atoms of lower basicity (e.g. amide, phosphinate or phosphonate
ester), result in significantly lower stability constants, but the kinetic stability of complexes is
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the kinetic stability of the DTPA derivative complexes.
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1
Introduction

During the last decade, magnetic resonance imaging (MRI) has become a pow-
erful clinical modality in diagnostic medicine. MRI was initially introduced as a
noninvasive diagnostic tool, but certain clinical problems necessitated the use of
exogenous materials, called contrast agents (CAs), which increase the difference
between the signals of the normal and the diseased tissues. The intensities of
MRI signals depend on the proton density and on the longitudinal (1/T,) and
transverse relaxation rates (1/T,) of the protons (mainly water protons). The
contrast-enhancing agents are paramagnetic compounds, which increase the
relaxation rates of protons in the body; the most effective ones of which are
Gd3*, Fe** and Mn?". These metal ions have a half-filled d° (Fe** and Mn?*) or {7
(Gd?*) electron shell and relatively long electron spin relaxation times (~ 10~ s).
Since the aqua-metal ions are toxic, they are used in the form of chelate com-
plexes which are well tolerated [1].In clinical investigations, practically only the
chelates of Gd** are used at present, and we shall therefore limit our discussion
to the chemical properties of the complexes of Gd**. The ligands used for the
complexation of Gd** are the open-chain DTPA, the macrocyclic DOTA and
their derivatives (Scheme 1).

The Gd** chelates used as CAs are administered into the body, and accord-
ingly the requirements for their clinical use are very rigorous. The most impor-
tant conditions to be met are the lack of toxicity, rapid excretion, high water sol-
ubility, a high relaxation effect, high thermodynamic and kinetic stabilities and
specific in vivo distribution [2].

In recent years, a number of chelate complexes of lanthanides have been pro-
posed for use in other fields of medical diagnosis and therapy. The complexes of
Gd** and some heavier lanthanides with the ligands used as MRI CAs are inves-
tigated as potential CAs in radiography [3]. The complexes formed with certain
radioactive isotopes, e.g. '**Sm, are used in pain palliation therapy in patients
with metastatic bone cancer [4, 5], while the complexes of *°Y, attached to mon-
oclonal antibodies or certain proteins, are proposed for use in the treatment of
cancer [5-7].

For the application of lanthanide complexes in medical diagnosis and thera-
py a general requirement is that the ion Ln** and the ligand should remain asso-
ciated while the complex is in the bodys i. e. their dissociation should be minimal,
since the free ligand and Ln’* are toxic. For the dissociation to be negligible, the
complexes must be kinetically inert under physiological conditions. Since the
complexation properties of the lanthanide ions and Y** are quite similar, it is of
interest to compare the results obtained as concerns the kinetic behavior of Gd**
complexes with those known for the complexes of other lanthanides and Y>*.
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2
Chemical Properties of Gd** Chelates and Tolerance to them

2.1
The Ligands Used for the Complexation of Gd**

As mentioned earlier, for safety reasons the Gd** chelates used as CAs in MRI
must have high thermodynamic and kinetic stabilities. Since the chemical bonds
in the complexes of lanthanides are predominantly ionic in nature, highly stable
complexes are formed only with multidentate ligands. The ligands (H,L) used in
the commercial and potential CAs are practically all octadentate and all eight of
their donor atoms are coordinated to Gd3* [2, 8]. The coordination number of
Gd** in these complexes is 9 and the ninth coordination site being occupied by
a water molecule. The protons of this molecule in the first coordination sphere
of Gd*" rapidly relax and the fast exchange of this H,0 with the bulk water
results in transfer of the paramagnetic effect of Gd*>* to the surrounding water
protons. The most important ligands used for the complexation of Gd** are pre-
sented in Scheme 1, where the stability constants (log Kgq;) are also given
Ky = [MLJ/[M] - [L]).

HOOC—\ /\/\ /—COOH
N N
R R
1 kR ) 3 log KGdL
R;=Ry=R3;=-COOH HsDTPA 22.46
R;=R3;=-CONHMe R,=-COOH H;DTPA-BMA 16.85

R;= R3= -CONHCH,CH,0Me; R,= -COOH H;DTPA-BMEA  16.84
R,=-CONHMe Ri=R3=-COOH H,DTPA-N'-MA  19.94

R3=-CONHMe R;=R,=-COOH H/,DTPA-N-MA 19.37

R,
HOOC—\ >—\RZ>—\ /—COOH
N N

\_
HOOC kCOOH COOH

10g Kaa.
Ri=-BzOEt R,=-H  H;EOB-DTPA 23.46
R;=-BzNO, R,=-H H;PNP-DTPA 215

R;=-BzNO, R;=-Me H;PNPM-DTPA 225

Scheme 1. Formulas of the ligands
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e~
o=§ 2
.,

g X\N log Kgar
HN""\_~NH H;DTPA-EAM 11.15
HN NN H;DTPA-PAM 14.19
HN~S N NH H;DTPA-BAM 1539
NSNSy HDTPA-PenAM 15.94

H H
N\—Q—)‘ H;DTPA-XAM

Scheme 1 (continued)

Under physiological conditions (pH = 7.4) complexes with a 1:1 metal to li-
gand ratio are present: GAL®%-. At pH values lower than 3 -4, protonated com-
plexes GdHL can be formed. The protonation constants (Kyyy; ) of the highly sta-
ble complexes are in general low, with log Kggpy less than 2.5 (Kyyy; = [MHL]/
(M] - [H7]).

2.2
Equilibrium Properties and the Toxicity of Contrast Agents

The complex-forming ligands listed in Scheme 1 and also their Gd*>* complexes
are generally hydrophilic. The exceptions are those ligands and complexes
which possess lipophilic groups (e.g GAd(EOB-DTPA)?* [9, 10], GA(BOPTA)?*"
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R— /™ —R
[ N N j
N N

S W I Y

log Kgar,
R =R, =-COOH H,DOTA 252
R =-COOH; R, =-H H;DO3A 218
R =-COOH; R, = -CH,CH(OH)CH;  H;HP-DO3A 238
R =-COOH; R; =—-CH(Me)CH;OH  H;HIP-DO3A 239
R = -COOH; R, = -CH,CH,0H H;HE-DO3A 223
R=-COOH; R=—GHCH(OHICH,OH H,DO3A-Bu 218
CH,OH

R =R, = -PO(OH), HyDOTP 28.8
R = R, = ~-PO(OH)Oet H,DOTPMB 12.19
R =R, = -PMeO(OH) H,DOTMP

R = R, = PEtO(OH) H,DOTEP 16.5
R =R, = -PBzO(OH) H,DOTBzP

R =R, = -PBuO(OH) H,DOTBuP

R =R, = —PPhO(OH) H,DOTPP

Scheme 1 (continued)

[11] and MS-325 [8,12]). After i.v.administration the hydrophilic complexes are
uniformly distributed into the extracellular spaces of the body, and are excreted
predominantly through the renal system with half-times of t;;,~1.6 h [2,13]. The
complexes GA(BOPTA)?*" and Gd(EOB-DTPA)*, which possess lipophilic ben-
zene groups, are excreted partly through the hepatobiliary system and can be
used as liver CAs [9-11]. The complex MS-325 interacts with human serum albu-
min in the plasma and has been proposed for use as an angiographic CA [8, 12].

The complexes of Gd** with DTPA, DOTA and similar ligands are negatively
charged. In pharmaceutical preparations, the charges were initially neutralized
with protonated N-methylglucamine (MEG) cations. As a result, the osmolalities
of the injected 0.5 M Gd** chelate solutions were significantly higher than that
of the plasma. The high osmotic pressure proved painful for some patients and,
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in order to diminish this problem, neutral CAs with lower osmolalities were also
developed (Gd(DTPA-BMA), Gd(HP-DO3A) and Gd(DO3A-Bu)) [8]. The hyper-
tonic effect of solutions of CAs is considered to be one of the important factors
that results in the toxicity of Gd** chelates. This is a particularly important fac-
tor in animal experiments, when the acute LD;, values (the lethal doses causing
the death of 50% of the treated animals) are determined by increasing the
amount of CAs administered to the animals.

In clinical investigations, the dosage of the CAs is 0.1-0.3 mmol/kg body
weight [2, 8]. Since the LDy, values in mice and rats are ~0.3-0.5 mmol/kg for
GdCls, 0.15 mmol/kg for MEG;H,DTPA and 10 mmol/kg for MEG,[Gd(DTPA)]
[2],it is clear how important it is that the Gd** and the ligand remain associated
to the maximal extent in the body before excretion. The LD5, values also indicate
that the presence of free Gd** and free ligand is probably the most important fac-
tor in the toxicity of the CAs. Free Gd** and free ligand are formed on the disso-
ciation of the Gd*' chelates; high thermodynamic stability and in particular
kinetic inertness of the complexes are therefore of the utmost importance.

The high safety of Gd**-containing compounds plays a crucial role in the
widespread use of CAs in MRI investigations. As concern this safety, the high sta-
bility constants of Gd** chelates is an important demand, though attempts to
find a relationship between the stability constants and the toxicity of CAs have
failed. Studies on acute toxicity have been carried out with animals, when the
dosages of CAs used to determine the LDj, values were much larger than in clin-
ical human investigations. The results of animal experiments with '**Gd-radio-
labeled Gd** chelates indicated a small amount of residual Gd in the bodies of
the animals even 7-14 days after the i.v.injection [14-16]. This retention of Gd**
is a result of the dissociation of Gd** chelates. The extent of dissociation was
found to be larger for the complexes formed with the open-chain DTPA and its
derivatives than with the macrocyclic DOTA and its derivatives [15-16]. A few
clinical events have also been reported, when the effects of free Gd** were detect-
ed in human investigations [18].

To explain the behavior of Gd** chelates and for a better understanding of
their in vivo fate, it is necessary to know the equilibrium properties of the CAs
in the plasma. Since the human plasma is a very complicated system, where a
huge number of metal ions and ligands can form complexes of different types, a
simplified plasma model must be used in order to approximate to the equilibri-
um situation, including the speciation of Gd**.

The in vivo dissociation of Gd** chelates can result from exchange reactions
involving endogenous metal ions and ligands. Cacheris et al. used an eight-com-
ponent plasma model for biospeciation calculations and found that of the
endogenous ions, Zn?*, Cu** and Ca?*, Zn?* is the most important in effecting the
release of Gd** from its chelates [17]. They assumed that the extent of dissocia-
tion of Gd** chelates is determined by the selectivity of the ligand for Gd** over
Zn**. The stability constants indicated that the selectivity of the ligand DTPA-
BMA (10*8) was significantly higher than that of DTPA (10*8) or EDTA (10%%).
This high selectivity of DTPA-BMA presumably plays a decisive role in the safe-
ty of GA(DTPA-BMA) [17]. However, the selectivity values calculated from the
experimental data obtained by Puttagunta et al. in a study of the exchange reac-
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tions between the Gd** chelates and Zn?* citrate are significantly lower and
unfavorable for DTPA-BMA [18]. The cause of this contradiction is probably the
inappropriate nature of the equilibrium model. Cacheris et al. neglected the
formation of binuclear complexes [17]. The stability constant of Zn,(DTPA)" is
log Ky,,1 = 4.48 [19], while that for Gd, (DTPA)™* is only log Kgg,; = 1.3 [20]. The
octadentate DTPA-BMA presumably also forms a binuclear complex of higher
stability with Zn?* (the coordination number of Zn?* is 6, while that of Gd** in
these complexes is 9). The formation of more stable complexes Zn,L decreases
the selectivity of the ligand for Gd** over Zn?*.

On the basis of a computer model developed with the use of 7 metal ions,
40 ligands and about 5000 complexes [21], Jackson et al. carried out speciation
calculations involving Gd** and the ligand DTPA [22]. The concentration of free
Gd** at pH =7.4 in the presence of 1x10* M Gd(DTPA)* was as low as
2.4x107!* M. Unfortunately, the concentrations of other Gd**-containing species
were not reported. However, the presence of 1x10 M Gd(DTPA)?* resulted in
significant alterations in the species distribution of Cu?*, Zn** and Fe*", indicat-
ing that the concentrations of the citrate, glutaminate, threoninate, transferrin
and lactate complexes of Gd** were relatively high [22].

By using a simplified plasma model, in which only the competition between
Gd** and Zn?* was considered, Sarka et al. made a species distribution calcula-
tion for the DTPA complexes [20]. The ligands involved in the model have rela-
tively high affinities for Gd** (0.1 mM) and/or Zn?* (0.05 mM). These ligands
were as follows: DTPA (0.1 mM), Gly (representing all the simple a-amino acids,
1.0 mM), Asp (0.07 mM), His (0.08 mM), Cys (0.04 mM), succinate (0.04 mM),
lactate (2.0 mM) and citrate (0.1 mM) [21]. In the assumed equilibrium system,
90.7 % of Gd3>* was in the form Gd(DTPA)?*, and 9.2% as Gd(cit). For Zn?*, the
predominant species were Zn(Cys) (45.3%), Zn(His) (17.8%), Zn(cit) (12.4%),
Zn(DTPA)*- (17.9%) and Zn,(DTPA) (1.24%) [20]. These equilibrium data indi-
cate the partial transmetallation of Gd** from Gd(DTPA)* by Zn?*. The dis-
placed Gd** is present in the form of Gd(cit). These equilibrium calculations
suggest that the amount of Gd** displaced from Gd(DTPA)* would be very
large. However, the results of both human and animal biodistribution studies
indicate a significantly lower extent of Gd** displacement. In animal experi-
ments with 133Gd- and *C-labeled Gd** complexes, the whole-body retention of
133Gd 7-14 days after the injection was in general lower than 1% of the injected
dose [15, 16, 23]. The residual **Gd was somewhat larger than 1% only for
Gd(DTPA-BMA) [15, 16]. Tweedle et al. also found that the complexes of the
macrocyclic ligands Gd(DOTA)™ and Gd(HP-DO3A) led to lower amounts of
whole-body residual **Gd than in the cases of the complexes of open-chain
ligands, GA(DTPA)*- and Gd(DTPA-BMA) [15, 16].

In a human experiment, Puttagunta et al. studied the amounts of Cu?* and
Zn** excreted in the urine before and after the administration of CAs. They
found increases in the urinary Cu?* and Zn** concentrations after the injection
of CA, presumably as a result of the displacement of Gd** from the Gd*>* complex
by Cu?** and Zn**. However, 3 h after the injection, the amounts of excreted Cu?*
and Zn?* were low, totalling only 0.38% and 0.09% of the injected dosage
(~7 mmol) of GA(DTPA-BMA) and Gd(DTPA)?-, respectively [24]. These exper-
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imental results also indicate that the amount of Gd** retained in the body is very
low, and in fact much lower than predicted by equilibrium calculations. This
contradiction is not a real one, since the calculations based on the values of the
stability constants predict only the possibility of the exchange reactions between
the metal ions. These exchange reactions are relatively slow and, if the rapid
excretion of the Gd** chelates from the body (the half-time of excretion is 6, 20
and 90 min for mice, rats and humans, respectively) is taken into account, it is
clear that the system is far from equilibrium. Numerous experimental data
demonstrate that a knowledge of the kinetic stabilities of Gd** chelates is more
important for the characterization of the in vivo stability than a knowledge of
the equilibrium constants. In the following section we discuss parameters char-
acterizing the rates of the exchange reactions of Gd** chelates.

3
Kinetic Properties of Gd3* Chelates

The substitution reactions of the complexes of trivalent lanthanides are gener-
ally rapid, in contrast with the reactions of the inert transition metal(III) com-
plexes (e.g.Cr**, Co** and Rh*), and can be studied only by relaxation methods.
The first relatively slow substitution reactions, which could be followed by a con-
ventional technique were observed for the complexes Ln(EDTA) in 1958 [25].1n
the following two decades, the kinetics of metal- exchange reactions were inves-
tigated in detail for several Ln’*-polyaminopolycarboxylate complexes, such as
Ln(EDTA)-, Ln(HEDTA), Ln(DCTA)~ and Ln(DTPA)?* [26-32]. The results of
these studies indicated that, in the pH range ~4-6, the metal-exchange reactions
occur through dissociation of the monoprotonated complexes LnHL and the
diprotonated complexes LnH,L, followed by a fast reaction between the free li-
gand and the exchanging metal ion. Exchange reactions also take place by direct
attack of the exchanging metal on the complex, when a binuclear intermediate
(LnLM) is formed and the functional groups of the ligand are transferred step-
wise from the Ln’" to the attacking ion. The exchange reactions were assumed
to be slow, because both the dissociation and the transfer of the multidentate
ligand occur through the consecutive breaking of several Ln**-ligand bonds
[32,33].

The results and experience that have accumulated from studies of the
exchange reactions of the aminopolycarboxylates of different lanthanides are
very useful in the assessment of the kinetic stabilities of the Gd** chelates. In the
body fluids where the CAs are administered, the Gd** chelates are surrounded
by various endogenous metal ions and ligands. Some of these metal ions can
react with the Gd** chelate by displacing Gd** in a metal-metal exchange reac-
tion:

GdL +M

ML + Gd3* (1)

The free Gd*>* formed in the metal ion-assisted dissociation of the Gd** chelate
will react with some of the endogenous ligands with the formation of Gd**
complexes (Gd**-citrate, Gd**-glutaminate, etc.). In principle, the endogenous
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ligands (A) may also react with the Gd** chelate in a ligand-ligand exchange
reaction, when a new Gd** complex is formed:

GdL + A GdA +L )

The free ligand L will react with some of the endogenous metal ions, e.g. with
Ca?*, and the CaL complex formed may excrete through the kidneys. The prob-
ability of the ligand- exhange reactions is very low, because for ligand exchange
to occur the attacking ligand must form a ternary complex (GdLA) with the Gd**
chelate, but it has been found that such ternary complexes are practically not
formed with the important endogenons ligands (e.g. citrate) [34].

After the importance of the kinetic stability of the Gd** chelates was realized,
a number of authors studied the kinetic properties of such complexes. Some of
these studies were performed in order to demonstrate the inertness (or lability)
of the complex of interest, while in other works the kinetic parameters were also
determined. In the following, we shall present first the results of certain qualita-
tive studies, which experimentally prove the importance of the kinetic stability
of Gd** chelates. Since the kinetics of dissociation of complexes formed with the
open-chain and macrocyclic ligands differ quite considerably, we shall discuss
the kinetic properties of the complexes formed with DTPA and its derivatives
and with DOTA and its derivatives in separate sections.

3.1
Demonstration of Kinetic Stability of Gd** Chelates

In the course of the development of CAs, the question of the stability of Gd>*
chelates in the serum has often been raised. Besides, the possibility of the metal
and ligand-assisted dissociation of Gd** complexes, which was mentioned
above, the formation of precipitates of Gd(PO,) and Gd,(CO;); was additionally
assumed to be possible [2]. The concentration of phosphate (0.38 mM) and par-
ticularly carbonate ions (24.5 mM) in the plasma is relatively high [21], while the
solubilities of GA(PO,) and Gd,(CO;); are very low. Many experimental data and
also the calculations carried out by Cacheris et al. indicate the stability of the
clinically used CAs in the serum [17, 22]. However, Magerstadt et al. observed a
decrease in the concentration of Gd(DTPA)?* in the serum at 37°C, while the
concentration of the more inert Gd(DOTA)~ remained practically unchanged.
They assumed the formation of a precipitate of GAPO, [35].

The formation of the precipitate of GAPO, was used by Tweedle et al. to com-
pare the relative kinetic stabilities of several Gd** chelates [36]. In a solution of
[GdL] = [HCO3] =25 mM and [HPOZ|+[H,PO;] =66 mM at pH =7, the
complexes formed with DTPA, DOTA, HP-DO3A and DO3A proved to be stable
for at least 10 min, whereas a few per cent of Gd** was precipitated from
Gd(EDTA)-, as detected with radioactive *Gd. In the presence of 25 mM Cu?*
or 25 mM Zn?*, the Gd** complexes formed with the macrocyclic ligands were
found to be stable, but about 25-35% and 60-90% of the Gd**, respectively,
was precipitated from Gd(DTPA)* and Gd(EDTA)". These results indicate the
higher kinetic stabilities of GA(DOTA)~, GA(HP-DO3A) and Gd(DO3A)"~. From
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the complexes GA(DTPA)* and GA(EDTA)" a significant amount of Gd** was
replaced by Cu?* or Zn** in 10 min, which formed a precipitate of GdPO, [36].

Puttagunta et al. studied the extent of the ,double“ exchange reactions
between the complexes Gd(DTPA)?*-, Gd(DTPA-BMA), Gd(HP-DO3A),
Gd(EDTA) and Zn?*-citrate at pH = 7.4 [37]. The concentrations of these com-
plexes was as high as 20 mM. After 4 h, there was no reaction between Gd(HP-
DO3A) and Zn?*-citrate, while from Gd(DTPA)?-, Gd(EDTA)  and Gd(DTPA-
BMA) about 35%, 50% and 75% of the Gd*>* was replaced by Zn?*. The sequence
of kinetic stability was found to be GA(HP-DO3A) > Gd(DTPA)?~ > (Gd(DTPA-
BMA) > Gd(EDTA)". It was also established that the ligand-exchange reaction
between Gd(DTPA-BMA) and DTPA or EDTA was relatively rapid. The results
further indicate that the kinetic stability of the Gd** complex formed with the
macrocyclic HP-DO3A is significantly higher than those of the complexes of the
open-chain ligands [37].

The rates of dissociation of Gd*>* chelates used or proposed as CAs are gener-
ally low at pH = 7.4. The complexes dissociate much faster in acidic solutions,
when the proton-assisted dissociation predominates. In order to compare the
kinetic stabilities of complexes, some authors suggest use of the first-order rate
constants (k) obtained in 0.1 M HCI or HCIO, solution. Wedeking et al. com-
pared the acid-assisted dissociation rates (k) of several acyclic and cyclic Gd**
complexes with the long term (14 days) deposition of Gd in the whole body of
mice [15]. They found an inverse proportionality between the dissociation rates
(k.ps) and the total residual Gd, i.e. the lower the dissociation rate, the less the
residual Gd found in the bodies of the mice [15]. The (k,,,) values determined
by Wedeking et al. and other authors for several Gd>" and Y*' complexes are
shown in Table 1.

Table 1. Dissociation rates k. (s™) of the Gd** complexes in 0.1 M HCl and 0.1 M HCIO,

Complex Kops (s71) Kops (s71) Ref.
25°C,I=1.0M 37°C,I=1.0M
GA(EDTA)- 1.4x102 [15]
Gd(DTPA)* 1.2x10°3 [15]
Gd(DTPA-BMA) >2x1072 [15]
Y(DTPA)* 144 [38]
Y(CHX-DTPA)> 0.75 [38]
Y(PNP-DTPA) *- 37.5 [38]
Gd(DO3A)" 2.3%1073 [15]
Gd(DOTA)- 2.1x1075 3.2%1076 [15,39]
GAd(HP-DO3A) 6.3%1075 [15]
Y(DOTA)" 1.5x10°° [39]
Gd(DOTMO)- 1x10°° [39]
Gd(DOTBzP)- 2.4x107 [39]
Gd(DOTBuP)- 3.7%107° [39]
Gd(DOTPP)- 7.8%x107° [39]
Y(DOTMP)- 2.1x105 [39]

Gd(DOTEP)" 6.4x10° [40]
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The data presented in Table 1 indicate the significantly higher kinetic stabili-
ties of the Gd*>* and Y** complexes with the macrocyclic ligands. In this respect,
it is interesting that the complexes formed with the cyclen derivative ligands,
containing pendant acetate or methylenephosphinate groups, behave similarly.
The rate constants (k) are ~107°-107% s7! (the only exception is GA(DO3A)).

The extents of inertness of the Gd** and Y** complexes formed with DTPA
differ considerably. On the basis of detailed kinetic studies, the k., values
reported for Y(DTPA)?* seem to be more reliable, while the rate constant found
for GA(DTPA)? is too low [20, 43].

The k,, values obtained for the Y** complexes with some DTPA derivative
ligands indicate that substitution in the diethylenetriamine backbone increases
the inertness of the complex [38].

The Gd** complex MS-325 formed with a diphenylcyclohexyl derivative of
DTPA, proved to be kinetically more stable than Gd(DTPA)? in a metal-
exchange reaction with Zn?* [41].

3.2
Kinetic Stabilities of Gd** Complexes with DTPA and its Derivatives

The results of kinetic studies up to the mid-1970 s on the metal and ligand-
exchange reactions of the transition metal(Il, III) and lanthanide(III) com-
plexes with the open-chain polyaminopolycarboxylate ligands were surveyed
by Margerum et al. [33]. These results in general show an inverse relationship
between the stability constants and the rates of the substitution reactions of the
complexes, i.e. the thermodynamically more stable complexes exhibit higher
kinetic stabilities. For the Ln(III)-polyaminopolycarboxylates, only the kinetics
of metal-metal exchange reactions were investigated, most often the isotopic-
exchange reactions of the complexes Ln(EDTA)~ [25-30]. These exchange reac-
tions take place predominantly through the proton-assisted dissociation of the
complexes, and the reactions involving direct attack of the exchanging metal
ions play only a minor role. The coordination number of Ln?** is 8 or 9. In the
complexes of the hexadentate EDTA or CDTA therefore, there are no free func-
tional groups, and the formation of binuclear intermediates, which plays an
important role in the direct substitution reactions, occurs with very low proba-
bility. The situation is a little different for the complexes Ln(DTPA)*. The sta-
bility constants of Ln(DTPA)?* as a function of the atomic numbers, exhibit a
maximum at around Dy and Ho, which was explained in terms of an increase in
steric hindrance between the functional groups. This finding and the two nega-
tive charges on Ln(DTPA)? increase the probability of the metal-exchange reac-
tions occurring by direct attack of the exchanging metal ion.

The rates of the exchange reactions between several complexes Ln(DTPA)?*
(Ln = La,Nd, Gd, Ho and Lu) and Eu’* have been studied by spectrophotometry
on the charge-transfer band of Eu®* [20, 31]. Similar studies were carried out
with the Gd** complexes of some other DTPA derivatives: DTPA-BMA, DTPA-N-
MA and DTPA-N’-MA. The progress of the exchange reactions between the
complexes and Eu®* and Cu** was followed by spectrophotometry, while when
Zn** was used as exchanging ion, the longitudinal relaxation rates of water pro-
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tons were measured. In the kinetic studies, the concentration of the exchanging
metal ion (M**) was generally significantly higher than the concentration of the
complexes LnL; hence, the exchange reaction (1) proceeded to completeness and
could be regarded as a pseudo-first-order reaction. The rate of the exchange is
directly proportional to the total concentration of the complex:

_ d[GdL],
dt

=k, - [GdL], €)

where k,, is a pseudo-first-order rate constant.

The k;, values calculated from the experimental data increase with increase of
the H* concentration: kP = k{+k{ - [H*] +kj - [H*]% From this dependence of kp
on [H*], it seems probable that the exchange reactions can take place through
the dissociation of protonated complexes. The protonated complexes GAHL are
formed in equilibrium reactions. The protonation occurs on a carboxylate
group, but the proton can be transferred to a nitrogen and the dissociation of
this protonated intermediate is much faster than the spontaneous (or H,O-

assisted) dissociation of the complex GdL.

KGdHL kGclI-IL
GdL + H* === GdHL — Gd*" + HL* (4)

The presence of the term kj - [H*]? indicates the importance of a reaction path-
way in which the exchange occurs with the assistance of one more proton:

kgdHL
GdHL + Ht —— Gd**+ HL* (5)

The free ligands formed (H,L®™-) are in protonation equilibrium and react
very rapidly with the exchanging metal M** with the formation of ML.

The increases in kj and k{ with increasing concentration of M** demonstrate
the importance of the reactions occurring by direct attack of the exchanging
metal ion on the complex GdL and protonated complex GdHL:

KGdLM kGdLM
GdL + M#* =——= GdLM — ML + Gd3* (6)

On the attack of the exchanging metal, a binuclear complex is formed, in which
the functional groups are transferred stepwise to the metal ion M**. The
exchange may also occur by direct reaction of the exchanging metal ion with the
protonated (partly unwrapped) complex:

kl\(/;[dHL
GdHL + M?** ——— ML+ Gd* + H* )

When the reaction pathways (4), (5), (6) and (7) are taken into account, the rate
of the exchange reaction can be expressed as
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_ d[GdL],

dt = Kgapr * [GAHL] + ki - [GAHL] - [HT] (8)

+ Kegrm - [GALM] + k¥ypyy - [GAHL] - [M*]

Since the total concentration of the complex, [GdL],, is [GAL]+[GdHL]+
[GALM], from the equations defining the stability constants of the protonated
and binuclear complexes and Eq. (3), the rate constant k;, can be expressed as fol-
lows [20,31]:

Kk = k- [H'] +k,- [H"]* + K} [M**] + k}! - [M**] - [H*]
P 1+ Kgaur - [H] + Kgary - [M*]

)

where k; = Kgqnr * Koanr» K2 = K anr * Keanr» k3™ = Karm * Koan> K" = KMganr
- Kgamr - Since the protonation constants of the complexes are ~100 [20], the sec-
ond term in the denominator of Eq (9), Kggyr - [H*], can be neglected at about
pH > 4. The rate constants were calculated by fitting the k, values to Eq. (9). The
rate constants kj, k, and k; are presented in Table 2. The stability constants of
binuclear complexes (Kgqr) are ~10-30. The values of the rate constant kM are
relatively low and the term kM- [M?*] - [H*] in Eq. (9) is of lower importance,
particularly at pH > 5.

The rate constants k; and k, furnish information on the role of the proton-
assisted dissociation of the Gd** complexes. However, under physiological con-
ditions the H* concentration is very low and the rate of proton-assisted dissoci-
ation is therefore also very low. The k, values obtained for the DTPA derivative
complexes do not differ considerably. Only the k, value characterizing the dis-
sociation of GA(DTPA-BMA) is larger, but, because of the relatively low proto-
nation constant value (Kggp < 2 [43]), the concentration of the protonated com-
plex Gd(HDTPA-BMA)* is also low, and thus the rate of dissociation of
Gd(DTPA-BMA) is comparable with those of the other DTPA derivative com-
plexes.

Under physiological conditions, the exchange reactions with the endogenous
Zn** and Cu?* are of higher significance in the dissociation of the Gd** chelates.
The rates of the exchange reactions increase with increasing concentrations of
Cu?* and Zn?* and at about pH > 4.5, when the kp values are much higher than
those in the reactions with Eu®*, the rates are independent of the H* concentra-
tion. These findings show that under such conditions the exchange reactions
occur predominatly via the direct attack of Cu?* and Zn** on the complexes. In
this case, only the reaction pathway given by Eq. (6) is effective and the relation-
ship expressed by Eq. (9) simplifies to Eq. (10):

k.= L (10)
P71+ Kgguy - [M*]

The parameters ki’ calculated by fitting the k, values to Eq. (10) are presented in
Table 2. A comparison of the rate constants reveals that the k§" values are
~10-80 times higher than the k" values, i.e. Cu?* is the more effective in the
direct reaction with the Gd** complexes formed with DTPA and its derivatives.
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Table 2. Rate constants characterizing the proton and metal ion-assisted dissociation of the
Gd** complexes formed with DTPA derivative ligands (25 °C)

kM's?) k,(M?2s?) Kk (M'sT?) k% (M1s!) k2 (M's™') Ref.

DTPA 0.58 9.7x10*  4.9%x10 0.93 5.6x1072 [20]
DTPA-BMA 127 0.62 7.8x107 [43]
DTPA-N-MA 1.5 52x10'  3.8x107 1.9 3.2x107? [43]
DTPA-N-MA 1.6 25x10*  3.2x107 0.63 8.2x1072 [43]
DTPA-BMEA 8.6 [42]
DTPA-EAM  12x1077  1.3x10° 1.30 [44]
DTPA-PAM  3.9x102  1.2x10° 1.27 [44]
DTPA-XAM  3.6x102  1.2x10° 1.27 [44]
DTPA-BAM  2.0x102  1.2x10° 1.24 [44]
DTPA-PenAM 1.5x102  1.2x10° 1.20 [44]

It is somewhat surprising that the exchange reactions of GA(DTPA-BMA), which
has the lowest stability constant, occur more slowely with both Cu?* and Zn?*
than the reactions of the thermodynamically more stable complexes. This sug-
gests that the presence of an iminodiacetate group in the coordinated ligand
may play an important role in the exchange reactions involving direct attack of
Cu?* or Zn?*. The functional groups of the ligands are transferred stepwise to the
attacking ion and the formation of a binuclear intermediate, in which an imin-
odiacetate group is coordinated to the Cu?* or Zn?*, may have a rate-controlling
role in the exchange reactions. However, the k;®™ values obtained for
Gd(DTPA)?, GA(DTPA-N-MA)~ and Gd(DTPA-N’-MA)- are significantly lower
than k§" and kZ® (Table 2), while the stability constants of the iminodiacetate
(IMDA) complexes of Zn** (log K, = 7.24) and Eu** (log Ky, = 6.73) are sim-
ilar (The stability of Cu?*-IMDA is larger: log K¢, = 10.57 [19]). This contradic-
tion can be interpreted since the Zn?*-N bond in Zn?*-IMDA is stronger than the
Eu?*-N bond in Eu®*-IMDA, and thus the transfer of the further functional
groups to the Zn?** occurs with higher probability.

The rate of proton-assisted dissociation of Gd(DTPA-BMEA), studied by
Rothermel et al., does not differ considerably from that of GA(DTPA-BMA)
(Table 2), indicating that the kinetic stabilities of the complexes of the different
DTPA-bis(amide) derivatives are similar [42].

The rates of the exchange reactions between some macrocyclic DTPA-
bis(amide) derivatives and Cu** were studied by Choi et al. [44]. The rate law
determined in the pH range 4-5 was similar to that obtained for Ln(DTPA)?*- [20,
31]. The rate constants, compared in Table 2, do not exhibit a significant change
on variation of the ring size. The rate of proton- assisted dissociation (k;)
increases weakly with increasing ring size, but the contributions of the reactions
proceeding through the formation of diprotonated complexes (k,) do not
depend on the ring size. This is the case with the k$" values characterizing the
exchange reactions involving direct attack of Cu** on the Gd** complexes. The
difference between the rate constants obtained for the complexes of macrocyclic
and open-chain DTPA derivatives is larger in the case of the k; values. This
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shows that the proton-assisted dissociation of the macrocyclic complexes is
slower than that of the complexes of the open-chain DTPA-BMA. However, it is
surprising that the rate constants k, and k! of the complexes of the open-chain
and macrocyclic ligands are very similar, indicating that the use of macrocyclic
ligands does not have any appreciable advantage over the linear DTPA-
bis(amide) derivatives.

33
Kinetic Stabilities of Gd** Complexes of DOTA and DOTA Derivative Ligands

The complexation properties of the macrocyclic, spider-like tetraaza-tetraace-
tate ligand DOTA were found by Desreux to be very unique [45]. The stability
constants of the complexes Ln(DOTA)" are very high and both the formation
and dissociation rates are unusually low. The behavior of the DOTA™ analogous
ligands containing at least three acetate and three or four methylene-phospho-
nate or methylene-phosphinate groups is very similar, and a number of new
derivatives have been synthesized and investigated in order to develop new CAs.

The kinetic stabilities of the Gd** complexes have been studied in acidic solu-
tions, since the rates of dissociation are unmeasurably low at pH = ~7. The
kinetic inertness of the complexes of DOTA and its derivatives is attributed to
the rigidity of the 12-membered chelate ring structure. However, the complexes
are thermodynamically unstable at about pH < 2, because of the high first two
protonation constants of the ligands, and the rates of proton- assisted dissocia-
tion can be studied in 0.01-1.0 M acid [39, 46-49]. Through the use of solutions
containing the Gd** complex at high concentration (e.g. 0.1 M), the rates of met-
al- exchange reactions between the complex and another Ln** (e.g. Eu®*) or Cu?*
can be studied even in the pH range 3-5 [50-52]. Under pseudo-first-order con-
ditions (a large excess of the Gd*>* complex over the exchanging metal ion, or a
high concentration of the acid), the rate of dissociation of the complex can be
expressed with Eq. (3). In the H* concentration range 10-°-10"! M, the first-order
rate constants k;, are directly proportional to the H* concentration and do not
depend on the concentration of the exchanging metal ion. In this case, the k, can
be expressed as follows:

k, = ko + k- [H] (11)

where k; is characteristic of the spontaneous dissociation of the complex GdL.
The rate constant k;, expresses the rate of proton-assisted dissociation of the
complex, which presumably occurs through the formation and rate-determining
dissociation of the monoprotonated complex GdHL. The values of k, are gener-
ally very low, and can be determined only with relatively high error; many
authors regard these values as negligibly small. However, at physiological pH
some reported k, values make a larger contribution to the dissociation rate in
Eq. (11) than the term k, - [H*]. The rate constants obtained for the Gd** and
some other Ln** complexes are presented in Table 3. The protonation constants
of the complexes (K| ;) are also shown; these determine the concentrations of
the dissociable protonated species.
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At H* concentrations higher than about 0.2 M, Eq.(11) does not describe the
dependence of the dissociation rates, since kp exhibits saturation behavior [47,
48,50]. At these higher H* concentrations, the monoprotonated complexes LnHL
predominate, because the protonation constant values (Ki,y;) are ~20-200
(Table 3). The saturation behavior of the [H*] vs. k, plots is presumably a result
of the accumulation of the protonated complexes. On the basis of the rate law
derived and the experimental data obtained in more acidic solutions, the
assumed acid-catalyzed dissociation mechanism can be depicted in a reaction
scheme [50]:

H', Ki i kly LnHL \K
Lol =" LnHL Lol —3t s oL (12)
NK ot
LnH,L kLnHzL

A similar, but somewhat simpler mechanism was proposed to interpret the
dissociation of the complexes Ln(NOTA) (H;NOTA = 1,4,7-triazacyclononane-
1,4,7-triacetic acid) [53]. Scheme (12) has been used to interpret of the rate data
obtained for the dissociation of Eu(DOTA)" and various DO3A-derivative com-
plexes of Gd** and other lanthanides [47, 48, 50].

In the dissociation of the Ln** complexes, the formation of protonated species
plays an important role. It has generally been assumed that, similarly to the pro-
tonation of the complexes formed with the open-chain polyaminopolycarboxy-
late ligands, the proton is attached to a carboxylate oxygen, when a free carboxyl
group is formed and the number of coordinated functional groups decreases by
one. In the complexes of the macrocyclic ligands, however, the effect of protona-
tion is different. 'H-NMR studies have revealed that, in the complexes Ln-
(DOTA), through the formation of the protonated species Ln(HDOTA), the pro-
ton is attached to a noncoordinated oxygen of a carboxylate group and thus the
coordination sphere does not change [54]. However, the instability of this pro-
tonated complex somehow increases: the proton can probably be transferred to
a ring nitrogen (with very low probability) and from this protonated intermedi-
ate (LnHL*), the Ln** can dissociate. This reaction step is probably assisted by
the attachment of a second proton, and the diprotonated intermediate formed
(LnH,L*) dissociates rapidly. The dissociation of the complexes through the for-
mation of the monoprotonated intermediate, LnHL* occurs mainly below a H*
concentration of 0.2 M. If the acidity of the solutions is higher than this, the
diprotonated complexes LnH,L can be formed in higher concentration; these
may then rearrange to the diprotonated intermediate LnH,L*, and the dissocia-
tion occurs.

From reaction scheme (12), the rate of dissociation given by Eq. (3) and the
total concentration of the Ln** complexes, [LnL], = [LnL] + [LnHL] + [LnH,L],
with the equations defining the protonation constants Ky iy and Ky gy (Kpmar
= [LnH,L]/[LnHL] - [H*]), the first-order rate constant is expressed as follows
[50]:

~ Kpopn Konpn - [(H] + Kynp, Kinpn - i, - [H]?
b 1+ Kpppy * [H'] + Kpppp - Kianye - [HTT?

(13)
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Equation (13) describes the relationship between the dissociation rates and
[H*] in a broad range of concentrations. At [H*] <1072 M, the second term in the
numerator and the second and third term in the denominator can be neglected,
when k;, =Ky - Kpgyr - [HT] =k - [H*],i.e.in Eq. (11) Ky = Ky ppyp - Kygpgp - The rate
constants k; and ky,y, obtained for some complexes are presented in Table 3.
The protonation constants K; ,j; ; are very low and can not be determined exper-
imentally. The Ky ,41,; values can be calculated from the kinetic data, but are quite
uncertain. Since the dissociation of Gd** complexes at high H* concentrations is
of no practical significance, the Ky, values are not presented in Table 3.

The rate data obtained for the dissociation reactions, presented in Table 3,
show that the complexes formed with DOTA and its derivatives are kinetically
very stable. At [H*] <0.1 M, practically only the reaction pathway characterized
by the rate constant ki or k, is important. The rate constants k,, presented in
Table 2 for the DTPA derivative and in Table 3 for the DOTA derivative com-
plexes, can be compared directly. This comparison shows that the k; values of the
DOTA and DOTA derivative complexes are about four orders of magnitude low-
er than those of the complexes of the open-chain DTPA derivatives. The only
exceptions are the complexes of DO3A, which dissociate approximately 10*-10°
times faster than the other DOTA derivative complexes. The k, values of
GdDO3A and Y(DO3A) are comparable with those of the Gd**complexes of the
macrocyclic DTPA derivatives. The lower kinetic stabilities of the DO3A com-
plexes are probably a result of the presence of the secondary nitrogen in the
ligand. This nitrogen atom can be much more easily protonated than the

Table 3. Rate constants characterizing the proton-assisted dissociation of the DOTA and
DOTA derivative complexes (25°C)

Complex Kinmt k, (M1s71) Kpnmon(s™) Ref.
Gd(DOTA)" 634 [47] 0.84%107° [46]
141 [59] 2.0x1075 (37°C) [50]

200 [58] 3.64x10° (37°C) [49]

Gd(DO3A) 115 2.6%x1072 1.93 %1072 [48]
1.17x6x10°2 [51]

Gd(HP-DO3A) 240 1.66 %1073 [48]
12 2.6x10™* [52]

Gd(DO3A-Bu) 13 2.8x1075 [52]
Gd(HL-DO3A) 110 1.9x1073 [48]
Gd(HIP-DO3A) 170 3.4%1073 6.4x1072 [48]
Y(DOTA)" 20 2.3x107* (37°C) [39]
Eu(DOTA)" 63 1.4x107° 6.2x10™ [50]
Ce(DOTA)- 8§x10™* [57]
Y(DO3A) 5.2%102 [51]
Gd(DOTP)*> 1.7° 5.4%x10 [56]
Gd(DOTP-MB) 1.9 2.1x10* [56]

2 Calculated from the reported Ky yy; and kyyy; values.

b The protonation constant is defined for the reaction GdH,L+H* = GdH,L because
Gd(DOTP)*- forms thermodynamically stable complexes GA(H;DOTP) (i =1, 2, 3, 4). The
protonated complex GdH; L is presumably the dissociable species.
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nitrogens in the other cyclen derivative ligands, which leads to the dissociation
of the complex. This finding indicates that the attachment of functional groups
to all four ring nitrogens of the cyclen is of high importance for the high kinet-
ic stability of the complexes formed.

Table 3 demonstrates that the kinetic stability of Gd(DO3A-Bu) is about
10 times higher than that of GA(HP-DO3A). The donor atoms of the two ligands
are similar. The higher kinetic stability of Gd(DO3A-Bu) may result from the
bulkiness of the “butrol” group. This group contains three alcoholic OH groups,
which may restrict the rearrangement and dissociation of the protonated
complex to a higher degree than does the hydroxypropyl group in Gd(HP-
DO3A) [52].

Parker and coworkers have synthesized a number of tetraaza-tetra-methyl-
enephosphinate ligands. The kinetic stabilities of the complexes of these ligands
with Gd** and Y** are comparable with those of the DOTA complexes [39, 55].
The kinetic stabilities of Gd(DOTP)>- and Gd(DOTP-MB)- are a little lower,
but the k; values obtained for the proton-assisted dissociation of the two com-
plexes are similar. This result is surprising, because the stability constant of
Gd(DOTP-MB) (log Kgq, = 12.3) is more than ten orders of magnitude lower
than that of GA(DOTP)>- [56]. The high kinetic stabilities of the complexes
formed with the cyclen derivatives containing phosphinate or phosphonate-
ester (DOTP-MB) functional groups are a consequence of the low basicity of the
oxygen donor atoms. Because of this low basicity, the protonation constants of
the complexes are also very low and consequently the concentrations of the
dissociable protonated complexes and hence the rates of dissociation are also
relatively low.

4
Conclusions

Studies on the kinetic stabilities of Gd** chelates have generally not been in the
limelight of the research and development of CAs. In this field, the main direc-
tions have involved the increase of the relaxivity values and the synthesis of
organ-specific Gd** chelates. To achieve these aims, the CAs are bound either
covalently or noncovalently to macromolecules (e.g. proteins) which exhibit
higher relaxivities, because of their slower rotation. The Gd** complexes formed
with bifunctional chelators are conjugated to macromolecules (e.g. monoclonal
antibodies or their fragments) capable of binding to certain receptor sites in dis-
eased tissues. The delivery of the macromolecular CAs in the intravascular space
is much slower, and the residence time in the body is therefore much longer than
that of the low molecular mass CAs. The slower excretion increases the possibil-
ity of in vivo dissociation and thus the significance of the higher kinetic stabili-
ties of the covalently or noncovalently bound Gd** complexes.

The results of kinetic studies indicate that the kinetic stabilities can be
increased through the use of more rigid ligands. It is probable that mainly
macrocyclic ligands (e.g. DOTA) or possibly some more rigid DTPA derivatives
(e.g. CHX-DTPA) will be used for the synthesis of macromolecules with
attached Gd** comlexes.
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To characterize the kinetic stabilities of complexes, the rate constants should
be used, determined for the exchange reactions occurring between the com-
plexes and endogenous metal ions (e.g. Cu?* and Zn?*). Similarly to the equilib-
rium plasma models, the development of a kinetic model is needed for a better
understanding of the relation between the extent of in vivo dissociation and the
parameters characterizing the rates of dissociation, the rates of distribution in
the extracellular space and the rates of excretion of the Gd** complexes.
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New Classes of MRI Contrast Agents
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A very high spatial resolution and a so far unsurpassed ability in distinguishing soft tissues
characterize magnetic resonance imaging (MRI). This imaging technique has therefore
become one of the most important diagnosis tools available in medicine. Insufficient contrast
is nevertheless a drawback of the technique in many instances, hence the need for contrast
agents. A number of such substances have been developed and enjoy widespread use in
hospitals around the globe. However, there remains a need for new and more selective contrast
media that would allow a better delineation of diseases thus helping the radiologist in giving
a more precise diagnosis. This chapter is devoted to these new types of contrast agents and
provides an overview of new ideas and their applications as they appear in the recent litera-
ture. Examples are given of new blood-pool agents mostly based on macromolecular deriva-
tives. Linking contrast agents to antibodies or other biologically relevant macromolecules may
provide a way of highlighting regions of interest. Such compounds are also discussed. Very
recent examples of in vitro and in vivo contrast agents for imaging gene expression will also
be presented, as this appears to be of utmost importance for assessing gene delivery and gene
expression in gene therapy applications and for studying developmental stages in embryolo-
gy. Finally, MRI contrast agents are presented that react to variables in their environment.
Temperature, pH, ions, enzymes are just a few of the parameters that may influence the
response of these so-called smart contrast agents.
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1
Introduction

1.1
MRI and MRI Contrast Agents

The high spatial resolution and an undisputed capacity for differentiating soft
tissues have highly contributed to the widespread use of magnetic resonance
imaging (MRI). The contrast of proton MR images depends essentially on three
factors: the density of proton spins in a given volume and the longitudinal and
transverse relaxation times T| and T, of these spins. T;- and T,-weighted images
display the best contrast for soft tissues, as proton spin density is essentially
invariant while relaxation times vary greatly from one tissue to the other.
Lesions usually show up quite nicely. Nevertheless, there remains the possibility
of poor contrast between healthy and damaged tissues due to a too small varia-
tion in relaxation times. In such cases, contrast agents play a beneficial role.
Indeed, their influence on the relaxation times of proton spins has a marked
effect on the signal intensity thereby increasing the contrast of the images and
better delineating the damaged regions.

MRI contrast agents do not appear per se on MR images but affect longitudi-
nal and transverse relaxation of the surrounding nuclei, mainly the water sol-
vent protons. The addition of a contrast agent results in an increased relaxation
rate of the surrounding nuclei that appear as a bright spot of increased intensi-
ty in T;-weighted images or as a region of decreased brightness in T,-weighted
images. MRI contrast agents are thus classified as positive or negative, T, or T,,
contrast agents. It should be noted that T, agents are usually preferred as a pos-
itive contrast enhancement is often more easily detected than a negative one.
The effectiveness of a MRI contrast agent is usually measured in terms of relax-
ivity,i.e.the longitudinal or transverse relaxation rate of water protons observed
for a millimolar solution of contrast agent. The relaxivity of a contrast agent can
be influenced by several parameters that are briefly reminded below.

Some compounds have already received approval for clinical use and are cur-
rently used for recording the majority of MR images. Most of these MRI contrast
agents are complexes of gadolinium(III) as this ion has a high magnetic moment
and a long electronic relaxation time. However, this metal ion being toxic, its
complexation is needed in order to ensure the innocuousness of the agent dur-
ing its travel through the body of the patient. The formation of kinetically inert
and thermodynamically stable complexes of Gd(III) has been demonstrated
with chelating agents such as diethylenetriaminepentaacetic acid (DTPA) and
1,4,7,10-tetracarboxymethyl-1,4,7,10-tetraazacyclododecane (DOTA). Both
chelates have received approval, as have some of their substituted derivatives
(Fig. 1).

These contrast agents are all non-specific, even if their distribution in the
body is far from homogeneous. Indeed, their efficacy in enhancing contrast
stems only from their preferential distribution in the blood stream because they
are all quite hydrophilic. There thus remains the need for new compounds of
improved performances. Increased efficacy, exclusive blood distribution, target-
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Fig.1. Clinically approved MRI contrast agents (only the ligands are presented in the figure)

ing, sensing are some of the exciting properties of the new molecules developed
during the last few years. The following pages are devoted to the description of
major achievements in this ever-growing field of research.

1.2
Relaxivity of Gadolinium(lll) Chelates

Several parameters have a strong influence on the relaxivity and this has been
summed up in the well-known Solomon-Bloembergen-Morgan equations that
are described elsewhere in this book. A short discussion of the parameters con-
trolling the efficacy of a metal complex to enhance the longitudinal and/or axi-
al relaxation rate of water protons is nonetheless needed here in order to gain
some understanding of the rationale behind the design of new MRI gadolinium-
based contrast agents.

As shown in Fig. 2, the Gd** ion enhances the relaxation rate of the protons of
water molecules located at a distance r from the metal center in the first coordi-
nation sphere of the metal ion. The relaxivity is thus primarily affected by the
hydration of the metal ion. Toxicity reasons however limit the maximum num-
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Fig.2. Relaxivity of a T, contrast agent in water, influence of various parameters (see text)

ber of water molecules in this closest vicinity since the Gd** ion must be com-
plexed to ensure its elimination from the body. Therefore a trade-off must be
paid between efficacy and safety. The relaxivity is also strongly influenced by 1,,,
the mean residence time of water molecules in the first coordination sphere. A
maximum increase in the relaxation rate of high molecular weight chelates is
indeed observed for an optimal exchange time between the bulk of the solvent
and the first coordination sphere. Diffusion of water molecules near the metal
chelate also accounts for a part of the relaxation rate enhancement. Finally, the
tumbling rate of the relaxation inducing species also affects the relaxivity of
a metal complex and is characterized by the rotational correlation time 7,.
At current imaging fields, slowly rotating chelates do indeed show much higher
relaxivities than fast tumbling species.

2
Blood-Pool Contrast Agents

2.1
A Short Description

Noninvasive detection of vascular abnormalities is of the utmost importance in
clinical imaging. Indeed, a lot of injuries and diseases manifest themselves
through modifications of the vasculature [1, 2]. For example, abnormal angio-
genesis (blood vessel growth) is observed in the development of most tumors.
Embolism and atherosclerosis also manifest themselves through alterations of
the blood vessels, namely through occlusions. Hemorrhage could also be detect-
ed noninvasively, which is crucial in injuries or in diseases such as ulcers [1].
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Contrast-enhanced magnetic resonance angiography (MRA) could be an inter-
esting alternative to conventional X-ray angiography, for both safety and finan-
cial considerations [3].

In order to efficiently image blood vessels, compounds need to stay in the cir-
culation and should not redistribute in the interstitial space. High molecular
weight species are therefore highly desirable as such compounds cannot be
eliminated by glomerular filtration and do not permeate into the interstitial
space [4]. Furthermore, due to longer rotational correlation times r,, high mol-
ecular weight contrast agents based on gadolinium are characterized by higher
relaxivities. This constitutes a major impetus for the continued development of
these compounds. Several methodologies have been developed for obtaining
high molecular weight MRA contrast agents. A short description of these
approaches is given below. The reader is referred to an entire chapter of this
book that is devoted to their preparation and use. Using macromolecular agents
does not proceed without drawbacks: these big molecules can elicit immuno-
genic responses as they are usually taken up by the reticulo-endothelial system.
Moreover, the toxicity of these compounds might increase dramatically as
their longer residence time makes them good candidates for cell uptake and
processing.

2.2
Three Ways to Blood-Pool Agents

As suggested by A. Bogdanov [1], the blood vessels can be divided into three
components, namely cells (particularly red blood cells), plasma proteins (essen-
tially albumin, the major component) and solvent (water). MRA contrast agents
that are being developed target one of these components.

2.2
Liposomal Contrast Agents

Red blood cells can be directly targeted but the amount of magnetic resonance
contrast agent needed to achieve a good contrast is very high, meaning an
altered cell function after labeling [5]. On the other hand, liposomal contrast
agents have been obtained that mimic the behavior of circulating cells. Lipo-
somes are vesicles built from a double layer of lipids encapsulating an aqueous
cavity. They have the ability to transport substances in the lipid bilayer or the
internal aqueous phase. As such, they have been used as a delivery vessel for a
number of drugs. Thus, low-molecular-weight iron, manganese or gadolinium
chelates have been encapsulated in liposomes [6-8]. However, these are known
to disrupt quite easily or to be taken up by the reticulo-endothelial system. Sur-
face modification of the liposomes, such as PEG grafting, may enhance their sta-
bility [9, 10]. Polymerization of the lipid bilayer may achieve the same result
[11]. Monomeric or polymeric chelates may also be substituted by one or more
lipophilic groups in order to take part in the formation of the lipid bilayer [2,12].

Beside increased blood-pool specificity, these liposomal contrast agents are
usually characterized by a high efficacy in enhancing the contrast of MRA
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images. Their relaxivity is high because of their high molecular weight and/or
because of the restricted free rotation of the low-molecular-weight species
inside the cavity of the vesicle.

However, so far, none of these potential MRA contrast agents has found a
medical application, probably due to the high cost of their preparation and to
patient-safety reasons [1, 13].

2.2.2
Particulate and Polymeric Contrast Agents

These particles and macromolecules are both characterized by a large size,
which increases their blood retention by avoiding glomerular filtration. They
behave pharmacokinetically similarly to plasma proteins.

Particulate agents have been prepared, such as ultrasmall iron oxides
(USPIOs). However, their affinity for the reticulo-endothelial system is quite
high, resulting in a fast decrease of the blood-pool concentration. Coated parti-
cles have therefore been synthesized (dextran-coated iron oxide nanoparticles
or PEG-stabilized hydroxyapatite substituted with manganese). Human clinical
trials have confirmed their efficacy in delineating the vasculature [14, 15]. Oth-
er particulate agents have been examined as potential gastro-intestinal contrast
agents, such as GA(III) loaded zeolites [16, 17] (gadolite™ from Pharmacyclics),
clays [18, 19] or even particulate ion-exchange resins containing a variety of
paramagnetic metal ions [20]. Very recently, new gadolinium loaded nanoparti-
cles have been described as another potential gastro-intestinal agent [21]. The
core of these particles consists in a methacrylic acid-ethyl acrylate copolymer
able to bind Gd(III). This complex is encapsulated in a polymeric shell ensuring
sequestration of the metal ion but enabling water exchange.

Many polymeric MRI contrast agents, the majority of which being Gd(III)
complexes, have been obtained by using several synthetic methodologies.

Low molecular weight gadolinium chelating agents have been coupled to high
molecular weight polymers whether natural [22] (proteins such as HSA) or arti-
ficial [23] (polyaminoacids like polylysine, oligosaccharides such as dextrans,
dendrimers).

Cavagna et al. [24] have used polyaspartate as a model for polymeric chelat-
ing agents. The Gd(III) complex of this homopeptide (40 Gd ions for 220 aspar-
tic acid units) has been characterized and shows a relaxivity per GA(III) ion
about eight times as high as [Gd(DOTA)]". Linear and branched copolymeric
ligands have therefore been prepared that incorporate DTPA bisamide [25] or
DOTA monoamide units [26]. All these new compounds show some degree of
enhanced relaxivity compared to their low molecular weight parent compound.

The addition of biocompatible PEG or MPEG chains further enhances resi-
dence time of the compounds in the circulation. These hydrophilic polymers
also provide some protection from interactions with blood cells and plasma
proteins while, at the same time, increasing the molecular weight.



130 V.Jacques - J.F. Desreux

2.23
Non-Covalent Binding to Plasma Proteins
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Fig. 3. Some amphiphilic ligands able to bind plasma proteins (Gd-EOBDTPA [27, 28];
MS-325 [3,39]; GADOTA(BOM), [30]; “molecular amplifier” [4])
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The preceding classes of MRI contrast agents suffer from some drawbacks.
Macromolecular agents may be incompletely excreted resulting in a higher tox-
icity. An immune response can also be observed following their injection. Fur-
thermore, safety reasons have so far limited the use of liposomal agents to pre-
clinical studies. Such concerns may soon find an answer but, in the mean time,
research has progressed along another path, that of exploiting non-covalent
binding to plasma proteins. Indeed, non-covalent binding being reversible,
unbound chelates will be completely excreted through the kidneys or via the
hepatobiliary route while bound chelates will remain in the blood stream longer.
Amphiphilic ligands have therefore been synthesized by attaching one or more
hydrophobic substituents to the chelating moiety (Fig. 3). MS-325, a dicyclo-
hexyl substituted DTPA, has been developed along these lines and is currently
undergoing phase III clinical trials [3, 31].

2.3
Remarks and New Approaches

Liposomes, particles and polymers and non-covalent binding to plasma pro-
teins are three approaches towards a common goal: obtaining efficient blood-
pool contrast agents. The efficacy of gadolinium based blood-pool agents can be
estimated by their longitudinal relaxivity per metal ion, usually measured at
20 MHz. Figure 4 shows that there is a relatively good linear relationship
between the 20 MHz relaxivity of several MRI contrast agents and their molec-
ular weight. However, it appears that the relaxivity tends to level out when the
molecular weight is higher than 10,000 [32, 33] (higher generation dendrimers,
high molecular weight polymers). It should be noted that free rotation at the
metal center may be responsible for a shortening of the local rotational correla-
tion time [34] despite the slow rotation of the associated macromolecule.
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Fig. 4. Plot of relaxivity versus molecular weight for a series of gadolinium based MRI con-
trast agents (circles: Wiener et al. [32]; diamonds: Aime et al. [35]; triangles: Martin et al. [4];
squares: Ranganathan et al. [36])
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It thus seems really important to design sterically hindered compounds
where free rotation at the metal center is blocked. In this respect, interesting
results have been obtained with the bifunctional chelating agent PhenHDO3A
that will be presented later as it was not designed as a blood-pool agent but
rather as a smart contrast agent.

Another approach has been tackled with by Sessler et al. [37, 38] who
described gadolinium(III) complexes with texaphyrins as potential MRI con-
trast agents. When the expanded porphyrin ring is subtituted by water solubi-
lizing groups (Fig. 5), the chelate is sufficiently water soluble to be injected. It is
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also physiologically well tolerated and is characterized by a relaxivity of
16.5 mM™' s at 50 MHz as can be expected from the high hydration of this pla-
nar compound. At 500 MHz, the relaxivity drops to 8 mM-!s™!. On the other
hand, a Gd-texaphyrin dimer (Fig. 5) exhibits a per gadolinium(III) relaxivity of
40 mM™'s7! at 500 MHz. Polymeric structures have been prepared. They are
based on a polylysine backbone substituted with Gd-texaphyrins. §-Glucono-
lactone has been added to the latter in order to increase its water solubility. Both
compounds display enhanced relaxivities of respectively 90 and 315 mM~'s™! at
500 MHz.

Increasing the molecular weight of a gadolinium chelate does indeed provide
a contrast agent with enhanced relaxivity, provided that free rotation at the met-
al ion is sufficiently hindered. It is not however the only way to improve the effi-
cacy of a contrast agent as described later (see smart contrast agents).

3
Targeting MRI Agents

3.1
Scope and Limitations

Blood-pool agents behave quite similarly to the already approved MRI contrast
agents. These molecules are extracellular agents that show a preferential distri-
bution in the body only because of their size. Specificity in contrast enhance-
ment is nonetheless highly desirable. Efficient tumor contrast enhancement
could be achieved by targeting receptors on the cell surface. Due to the intrinsi-
cally higher resolution of MRI, this would ultimately result in a better three-
dimensional delineation of tumors, thus enabling more precise surgical ablation
or treatment. Gene therapy could also benefit from targeted MR imaging.
Indeed, carefully chosen MRI contrast agents could help monitor gene delivery
and expression. Further insight in the process of gene expression at the cellular
level would also be gained by developmental biologists. “Smart” contrast agents
play an important role for these last applications and will be developed later in
this chapter.

This targeting approach does however present some difficulties. Specific
organ or tissue delivery may be a problem and sometimes requires direct injec-
tion of the contrast agent at the delivery site. While this technique is not suit-
able for medical application, it is nonetheless quite important for fundamental
studies [39]. Extracellular contrast agents, on the other hand, do not require
such drastic procedures; intravenous injection is usually performed. Gastro-
intestinal agents and potential lung MRI contrast media have been adminis-
tered orally and by inhalation of a spray respectively. Delivery of the diagnostic
agent can thus eventually be tackled with. However, as Nunn et al. [6] recently
pointed out, biological constraints limit the amount of targeting agent that can
bind a targeted receptor. Indeed, targeted receptors are usually present in very
low concentration (107°-10"" mol/g of tissue). Furthermore, if biological
processes are being investigated, saturation of the receptor sites would obvi-
ously increase the contrast but it could disrupt the metabolic equilibrium of
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Table 1. Minimal detectable concentrations of several contrast agents

Agent?® Lowest calculated concentration References
[GdHPDO3A] (R, =3.7) 5-10-7 mol/g° or 100 pM [5]
[GAHPDO3A] (R, = 4.1) 50 uM ¢ [40]
[GADTPAJ* (R, =4.3) 100 pM € [39]
Bound max. relaxivity contrast agent

(R, =200) 8.5-107" mol/g [5]
6-dendrimer-GdDTPA®

(R, = 5800 per dendrimer) 1.9 - 107 mol/g [5,32]

Superparamagnetic iron oxide
(R, = 72000 per particle) 1.6 - 107! mol/g [5]

2 Relaxivity R, or R, in mM-1sL.

b 6th generation dendrimer substituted with 170 GADTPA chelates.
¢ At about 90 MHz.

4 At 500 MHz.

¢ At about 20 MHz.

these same processes and ultimately lead to death. Thus, the main difficulty
arises from the relatively low sensitivity of the MRI technique as compared to
the target concentration.

Table I presents calculated minimal concentrations of contrast agents that
would give visible enhancements in MR images. These concentrations are to be
compared with typical receptor concentrations of about 10°-10""* mol/g of
tissue [5]. Several MRI contrast agents reported in table I are characterized by
minimum detectable concentrations that are included in this range. Some have
indeed been shown to allow receptor detection in MR contrast enhanced images.

Receptor imaging is still in its infancy and only a few papers dealing with this
issue have been published in the recent literature. Several approaches have been
proposed and are presented below.

3.2
Cell Surface Targeting

Limitations imposed to the development of receptor targeted MRI contrast
agents prompted Aime et al. [41] to propose another approach for tumor cell
visualization. Non-covalent binding of negatively charged contrast agents to a
positively charged oligomer of amino acids such as polyornithine or polyargi-
nine could lead to accumulation of the contrast agent at the tumor site. Some
tumors, such as brain tumors, lung carcinoma and some metastases, are indeed
characterized by a larger negative charge on the cell surface than normal cells
[42-44]. Three new ligands based on 1,4,7,10-tetraazacyclododecane have been
synthesized (Fig. 6). They complex gadolinium in an octadentate fashion (four
nitrogens on the macrocyclic ring, three acetate oxygens and one amide oxygen)
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Fig.6. Three new gadolinium-complexing ionisable ligands [41]

thus ensuring a very stable chelate. One or two ionisable groups (carboxylate or
phosphonate) have been introduced on a pendant arm to form ion pairs with the
polyaminoacids.

The electrostatic interaction between the small complex and the poly-
aminoacid depends on the pH and reaches a maximum at about neutral pH.
Binding to the polycation results in the formation of a high molecular weight
species and thus in an increased relaxivity because the rotational correlation
time 1, increases. The best results were obtained for the complex with two phos-
phonate groups on the pendant arm bound to a polyornithine containing 140
amino acid residues. As expected, binding decreases in saline and in human
serum because of competition by other anions for the binding sites and due to
some affinity of the chelates for plasma proteins. Nonetheless, when the diphos-
phonate substituted complex is dissolved in plasma at about 0.1 mmol/kg, 85%
are bound to polyornithine despite the presence of other anions and of plasma
proteins. This adduct appears as a good candidate for the proposed application.

This approach is argued by the authors as a promising alternative to other tar-
geting methods. Indeed, the injected paramagnetic species is a small chelate that
can be easily eliminated by the kidneys thus reducing the risks of toxic metal ion
release. Furthermore, a pretargeting approach may be applied: first, the
polyaminoacid is administered and allowed to localize and second, after blood
clearance of the excess, the low molecular weight paramagnetic chelate is inject-
ed. This pretargeting approach would alleviate the problems associated with
delivery of large molecules such as antibodies or even polyaminoacids to tumor
cells.

3.3
Receptor Targeting

Efficient receptor targeting remains a major goal in the design of MRI contrast
agents. Many systems have already been described notwithstanding the difficul-
ties we addressed above.

3.3.3
Labeled Antibodies

Monoclonal antibodies can be grown against a variety of receptor sites. They
thus represent an important category of targeting vectors. Their polypeptide
chain may be labeled with many different signaling substituents such as
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radionuclides, fluorescent moieties or even MRI contrast agents. Care must be
taken to maintain the affinity of the antibody for its antigen, which in turn lim-
its the number of groups that can be attached. The overall change in the net elec-
trical charge of the substituted antibody should also be taken into account
because it could alter its biodistribution.

It was realized very early on that attaching gadolinium(III) chelates to an
antibody could lead to poor contrast agents. Unger et al. [45] substituted an IgG
and an anticarcinoembryonic antigen (anti-CEA) monoclonal antibody with 4
and 1.5 GADTPA chelates respectively. No measurable loss of antigen binding
ability was reported. The authors were able to demonstrate that a minimal con-
centration of 10" mM in modified IgG was required for in vitro contrast
enhancement at 0.35 T. Injecting the anti-CEA mAb to tumor-bearing hamsters
resulted in a 10 mM concentration of antibody at the tumor site and thus in no
contrast enhancement of the MR images. Very similar results were obtained
by Anderson-Berg et al. [46] who could not see any contrast enhancement
of a tumor in vivo even though a small T, difference was observed in excised
tumors.

However, these early findings did not detract from the search for effective
MRI contrast agents based on substituted antibodies. Several groups were
indeed able to get some promising results with different approaches to alleviate
the sensitivity problem. By using manganese instead of gadolinium, Khaw et al.
[47] could actually prepare a conjugate between an antibody to cardiac myosin
and a MnDTPA chelate that enhances the contrast of MR images of infarct-dam-
aged cardiac tissue as the labeled antibody strongly binds to infarcted regions.
Moreover, Curtet et al. [48-50] demonstrated the possibility of extensive substi-
tution of some antibodies with minimal loss of immunoreactivity. Indeed, the
authors modified two human colon adenocarcinoma monoclonal antibodies,
namely 19-9 and 73-3, with as much as 25 GADTPA without any noticeable
decrease in antigen binding ability. The longitudinal relaxation time of targeted
tumors was measured in vitro and showed a measurable 20% decrease. In vivo
imaging was performed and good contrast was observed 24 hours after injec-
tion.

Polymeric protein mixtures were prepared by Kornguth et al. [51] by cross-
linking anti-human T cell antibodies, gelatin and bovine serum albumin with
DTPA dianhydride. The GA(III) chelates were prepared and the protein mixture
was used to effectively image human T cell implants, 48 to 72 hours after injec-
tion, in the presence of bovine T cells that were not contrast enhanced.

Dendrimeric and polymeric chelates can also be attached to mAbs in order to
increase the number of relaxation agents per antibody without losing
immunoreactivity. Thus, Shreve and Aisen [52] covalently linked polymeric
paramagnetic ion chelates to mAbs. The antigen binding capacity of the substi-
tuted mAb was maintained in vitro. With about 50 chelates per mAb, a signifi-
cant reduction of the proton longitudinal relaxation time was observed when
the concentration of bound antibodies was less than 2 pM. Similarly,a GADTPA-
substituted polylysine was coupled by reductive amination to a monoclonal
antibody (RA96) after periodate oxidation [53]. This high molecular weight con-
jugate was still immunoreactive albeit less than the unreacted mAb (30%
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decrease) and localized quite specifically at the tumor site (8.72 % of the applied
dose per gram). This specific binding was deemed sufficient to give specific con-
trast enhancement of the tumor site in MR images. By coupling GADTPA and
GdDOTA substituted polylysines to anti-CEA F(ab’), antibody fragments,
Curtet et al. [54] managed to conjugate 24 to 28 paramagnetic metal ions per
antibody while keeping the immunoreactivity of the labeled antibody to
80-85%. Relaxivity data showed that, as a result of their slower reorientation
rate, both conjugated polychelates are more efficient than the unconjugated
species and their low molecular weight counterparts, GADTPA and GdDOTA,
and that the GADOTA derivative gives the highest enhancement. Conjugates
localize slowly at the tumor site (10 to 15% of the injected dose). Tumor
enhancement in the MR images was observed in 50 % of the tested mice.

In order to ensure high contrast enhancement, mAbs can also be attached to
large MRI contrast agents particles such as liposomes and nanoparticles. This
method has been applied by Sipkins et al. [55] and Anderson et al. [56] for
assessing tumor angiogenesis in vivo. In vivo monitoring of angiogenesis
appears as an interesting indirect method for the detection of tumor growth and
for assessing the efficacy of therapies. Blood vessels that grow during tumor
angiogenesis are tortuous and very permeable, sometimes even to large proteins
[57]. Moreover, they have been shown to express specific molecules such as inte-
grin a, ff; [58, 59]. By targeting the a, 3; integrin, contrast enhanced MRI could
provide a non-invasive method for monitoring tumor growth. MRI contrast
agents were developed along these lines. Gadolinium loaded polymerized lipo-
somes were prepared and «, f; integrin targeting was provided by conjugation
of biotinylated mAbs to the liposomes via avidin linkers. The contrast agent was
injected and allowed to accumulate at the tumor site for 24 hours. Clear delin-
eation of the heterogeneous tumor vasculature was observed as opposed to the
homogeneous enhancement observed when unconjugated liposomes were
injected.

A similar approach was proposed by Anderson et al. [56] (Fig. 7). A lipophilic
GdDTPA derivative was incorporated into a perfluorocarbon nanoparticle
emulsion and a biotinylated lipid was added to the emulsion. Targeted Gd(III)-
loaded nanoparticles were obtained by adding first avidin then the biotinylated
mAb DM101, which is specific for the a, 3; integrin. Several experiments were
performed and the validity of this original approach was demonstrated. Indeed,
only rabbits that were injected with the targeted agent showed a significant con-
trast enhancement (25 %, 90 minutes after injection). Furthermore, if the recep-
tor sites were saturated by injection of the free DM101 mAb prior to the injec-
tion of the targeted MRI contrast media, no enhancement could be detected. An
efficient blood clot specific contrast agent was obtained by replacing the DM101
antibody by a biotinylated antifibrin antibody [60]. The biotin-avidin coupling
technique had been applied earlier by Bulte et al. [61] who labeled human lym-
phocytes with specific biotinylated mAbs. Streptavidin was then added followed
by biotinylated dextran coated iron oxide particles. Good negative contrast
enhancement was observed in T,-weighted images of lymphocyte suspensions
but also, with the appropriate mAb, for the in vivo detection of small cell lung
carcinoma implanted in mice brains [62].
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Gd loaded nanoparticle avidin antibody

Fig.7. Schematic representation of a Gd-loaded nanoparticle targeted to an antigen by using
a biotin-avidin linkage to a mAb (gray circles represent GA(III) chelates and white triangles
stand for biotin), adapted from Anderson et al. [56], see text)

Despite many difficulties, efficient targeted MRI contrast agents have been
developed based on antibodies. Low concentration of receptor sites has been
tackled with and elegant solutions have been proposed. Antibody labeling may
therefore find a place in the arsenal of target specific MRI contrast agents.

3.3.2
Low Molecular Weight Targeting Species

One of the biggest drawbacks of labeled antibodies is certainly their very slow
accumulation at the target site. Being high molecular weight species, antibodies
have a very slow diffusion rate towards tumor antigens that are usually buried
deep inside the tumor mass where blood flows slowly. Localization of the anti-
body may therefore take days or even weeks, which is not very practical and can
increase toxicity (cell internalization and metal ion release). Low molecular
weight species, on the other hand, diffuse more easily and can be eliminated
rapidly by glomerular filtration through the kidneys. It would thus be highly
desirable to combine low molecular weight species and receptor targeting. This
idea has been considered by several research groups who proposed some inter-
esting approaches.

Early examples dealt with the targeting by MRI contrast agents of the asialo-
glycoprotein receptor that is expressed on the surface of hepatocytes. Labeled
iron oxide particles [63, 64] and polylysine substituted with Gd-DTPA chelates
[65] were used and good results were obtained due to the rapid turnover of the
targeted receptor. Targeting of the adrenal gland was also achieved by using a
cholesterol substituted Gd(III) chelate [66] represented in Fig. 8. Cholesterol
accumulation at the target site resulted in a 162% increase of the MRI signal of
the adrenal gland.

The pre-targeting paradigm has been described by Paganelli et al. [67]. Owing
to the slow accumulation of an antibody at its target, the authors proposed to
first inject a biotinylated mAb and to let it localize at the targeted site before
adding avidin or streptavidin that can bind strongly to the biotin attached to the
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Fig.8. Cholesterol-substituted Gd-DO3A complex targeted to the adrenal gland [66]

mAb. Biotinylated albumin can then be injected to remove excess avidin not
bound to the targeted site. Finally, a biotinylated therapeutic or diagnostic agent
is injected, that will bind the antibody-avidin complex while the excess is excret-
ed through the kidneys. The pre-targeting concept is particularly well suited to
specific delivery of radionuclides [68, 69] and cytotoxic agents to a tumor site.
Damage to healthy tissue is indeed prevented as antibodies, that can be non-
specifically internalized, have not been labeled with any toxic group. It does
however suffer from the same limitations as MRI contrast agents based on anti-
bodies: the number of receptor sites on the cell surface may not be sufficient to
ensure contrast enhancement of the targeted region. New protocols are never-
theless being developed for increasing the amount of radioactivity delivered to
a tumor site by the pretargeting approach. For example, biotinylated dendrimers
have recently been evaluated for their ability to cross-link streptavidin. Genera-
tion 2,3 and 4 dendrimers can indeed bind about 4 equivalents of radioiodinat-
ed streptavidin. Owing to their demonstrated rapid blood clearance, further
investigation of their efficacy in enhancing radionuclide delivery was deemed
necessary [70]. This extension of the pretargeting approach could clearly bene-
fit the development of MRI pretargeting contrast media.

The Bertozzi group at Berkeley has explored another route [71] based on the
abnormal glycosylation of tumor cell surfaces. The monosaccharide sialic acid
is indeed overexpressed on many tumor cell oligosaccharide antigens. While
sialic acid residues play many important roles [72], their abnormal expression
on certain tumor cells has been related to the proliferation and metastatic state
of certain types of cancers. Thus, overexpression of the glycosphingolipid
disialosylgalactosylgloboside (Fig. 9) by renal cell carcinoma has been linked to
the potential ability of these cells for forming lung metastases [73].

The very high difference between the density of sialic acid residues on cancer
cell surfaces (up to 10° per cell) and on normal cells (only 20 - 10° for a normal
human erythrocyte) has been exploited to develop a new MRI contrast agent
that would specifically target the cancerous cell surface. Peracetylated N-levuli-
noylmannosamine was used as a substrate for introducing ketone-substituted
sialic acids on tumor cell surfaces by taking advantage of the enzymes in the
biosynthetic pathway of sialosides (Scheme 1). The ketone group thus attached
to the cell surface does not prevent normal cell function. This reactive moiety
does however provide a selective anchor for covalent binding of hydroxylamines
or hydrazines [74, 75]. As shown in scheme 1, the addition of an aminoxy-sub-
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Fig.9. Disialosylgalactosylgloboside

stituted GADTPA derivative to the modified cell surface leads to the formation
of a stable oxime-bound chelate. By substituting Eu(III) for Gd(III), Bertozzi et
al. could use fluorescence detection and quantification of the contrast agent to
demonstrate that binding of the lanthanide chelate to the modified cell surface
is indeed a function of sialic acid expression, a higher sialic acid level corre-
sponding to a higher fluorescence intensity. The authors determined that about
4 - 10° Eu(III) complexes are bound to Jurkat cells (tumor cells expressing high
levels of sialic acid). This number would correspond to a concentration of
bound Gd(III) chelates between 10 and 20 uM, which could prove high enough
to enhance the contrast of MR images. Evaluation is under way.
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Scheme 1. Tumor cell targeting via highly expressed sialic acid residues (adapted from
Lemieux et al. [71])
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One further advantage of low molecular weight species over labeled antibod-
ies is the potential increase in relaxivity upon binding. As we reminded in the
introduction, the rotational correlation time 7, strongly affects the relaxivity of
the contrast agent. All other parameters equal, slow tumbling molecules enhance
solvent relaxation more effectively than rapidly reorienting ones. As pointed out
by Hines et al. [76], this could favorably impact the development of targeted MRI
contrast agents of higher efficacy. The authors applied this concept to design a
new class of potential MRI contrast agents, namely paramagnetic oligonu-
cleotides. By covalently binding a gadolinium(III) chelate to relatively short
oligonucleotides - 6 bases —, they obtained paramagnetic probes that can act
either as antisense targeting agents, thus recognizing a complementary
sequence, or as aptamers,i.e.ligands able to bind antigenic sites on a cell surface
[77] (Scheme 2). In any case, binding to the target should result in an increase of
the rotational correlation time and therefore in a higher relaxivity. This was
indeed observed by antisense binding of a paramagnetic oligonucleotide, ON-1-
Gd-DTPA, to the ribosomal 5S rRNA of E. Coli. A fair 16 % increase in relaxivity
was observed upon binding. Additional experiments established the correlation
between the observed enhancement and binding to the 5S rRNA. This early
result shows the promise of this approach. Optimization of the targeted agent is
obviously necessary but could lead to interesting new compounds.
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Scheme 2. Top, synthesis of a paramagnetic oligonucleotide. (i) DTPA dianhydride in DMSO;
(ii) GACl;; bottom: binding of the antisense probe to E. Coli 5 S rRNA [77]

3.4
Internalization: Fluid Phase and Receptor Mediated Endocytosis

Apart from attaching MRI contrast agents to the cell surface, cell labeling may
also be achieved by using cell uptake processes. Endocytosis, whether receptor
mediated or not, and phagocytosis are mechanisms that may be considered and
that could lead to accumulation of a magnetic label inside the cell. Provided the
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internalization mechanism is efficient enough, the concentration of MRI con-
trast agent inside the cell will clearly exceed that which can be expected by bind-
ing on the surface of the same cell. This approach could therefore alleviate the
main problem traditionally associated with cell surface targeting contrast
agents, i.e. concentration. Several procedures have been devised to take advan-
tage of the endocytosis processes for intracellular magnetic labeling.

Fluid phase endocytosis was the first mechanism to be considered for inter-
nalization of magnetic labels, as it does not rely on the presence of receptors on
the surface of the cell. It can be a very efficient mechanism especially for un-
differentiated and dividing cells. For example, gadolinium(III) texaphyrin,
Gd-Tex (Fig. 5) has been shown to accumulate selectively and effectively at
tumor sites [78]. Fluid phase endocytosis of dextran coated monocrystalline
iron oxide nanoparticles (MION) has also been studied and gave interesting
results [79-82], cell functions being maintained after endocytosis. Unfortunate-
ly, this mechanism is generally not very efficient, particularly in non-dividing
cells [83].

Receptor mediated endocytosis, on the other hand, requires recognition by
the receptor before internalization of the molecule. So far, two receptor mediat-
ed endocytosis protocols have mainly been studied for potential applications
in MRI contrast enhancement, namely the transferrin and folic acid receptor
systems.

Weissleder et al. [84] first showed that the human transferrin receptor (hTfR)
can be used to internalize MRI contrast agents. The hTfR regulates cellular
uptake of iron from transferrin, a plasmatic iron transport protein [85], via a
receptor mediated endocytosis mechanism. Thus, MION particles (dextran
coated iron oxide) were oxidized with sodium periodate. Holotransferrin was
added and the resulting Schiff base adduct was reduced with sodium
cyanoborohydride to give transferrin labeled MIONs, Tf-MION (Scheme 3).
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Scheme 3. Synthesis of transferrin labeled MION by reductive amination T

Cellular uptake of the targeted nanoparticles was measured and competition
experiments with transferrin allowed to demonstrate that the magnetic
nanoparticles were internalized mostly via the hTfR, although some non specif-
ic fluid phase endocytosis was also taking place. Finally both T,- and T,-weight-
ed MR images of cell pellets in agar displayed enhanced contrast when transfer-
rin labeled MIONs were internalized. This process is more efficient than trans-
ferrin endocytosis as it results in a significantly higher concentration of iron per
cell (1.68 - 10! instead of 8.7 - 105 in a specific example) because there is no
downregulation of the targeted-MION uptake. Bulte et al. [86] labeled oligoden-
drocyte progenitor cells by using the same approach and successfully followed
their migration with three-dimensional MR microscopy, thus demonstrating the
viability of MRI tracking of cell migration, an essential step in the study of neur-
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al cell transplantation. In a subsequent paper [87], this approach was applied in
vivo in mice for imaging gene expression. Sarcoma cells were transfected with a
gene encoding for an engineered transferrin receptor lacking iron downregula-
tion elements. These cells were thus constantly overexpressing the engineered
TfR. Transfected and control tumors were then injected into mice. Experiments
demonstrated a strong correlation between overexpression of engineered TfR
and uptake of transferrin-labeled MION, as about 500 % more labeled iron oxide
nanoparticles were taken up by transfected cells than by control cells. MR
images showed no contrast enhancement of the transfected tumor due to
endogenous sources of iron only, but 24 hours after injection of labeled iron
oxide nanoparticles, a clear difference between transfected and control tumor
could be seen in T,-weighted images.

This first demonstration of MRI detection of gene expression holds promis-
es for future applications. Imaging gene expression is indeed a crucial step both
on a fundamental point of view, particularly in embryology, and on a practical
point of view, especially in gene therapy. Imaging could play an important role
in the rapid development of gene therapy as it could be used to demonstrate and
quantify gene delivery by minimally invasive techniques and to monitor expres-
sion of delivered gene [88]. Nuclear imaging has already been applied but it suf-
fers from a lack of resolution. Optical techniques may also be used but are of
limited applicability for imaging in deep tissues. MR imaging, on the other hand,
potentially offers very high resolution. Its applicability may however be ham-
pered by its intrinsically low sensitivity although new developments in contrast
agent design try to remedy this situation.

One example of a superior design has been reported by Hégemann et al. [89]
who reported on the preparation of improved transferrin-labeled MIONs.
Indeed, coupling of transferrin to MION via periodate oxidation and Schiff base
reduction causes a decrease of the protein affinity to its receptor. A dextran-
coated monodispersed iron oxide colloid (MION) was thus cross-linked with
epichlorhydrine. Amino groups were generated by heating in ammonia. The
amino-substituted cross-linked iron oxide (CLIO) was then reacted with a
bifunctional linker. The 2-pyridyl disulfide moiety was finally used to link CLIO
to a transferrin modified by reaction with 2-iminothiolane (Scheme 4). This new
reaction scheme allowed binding of about 4 times more transferrin per
nanoparticle. Uptake was also substantially improved, which resulted in a 16-
fold increase in in vitro efficacy of the contrast agent.

Not only gene expression, as in the preceding example, but also gene delivery
may be followed by MR imaging. An original procedure was indeed proposed by
Meade and coworkers [90] several years ago. Using electrostatic interactions,
they were able to build a complex framework comprising negatively charged
DNA and positively charged polylysine chains. By carefully choosing the substi-
tution of the polyamino acids, DNA delivery and contrast enhancement could be
achieved at the same time. Thus, poly-L-lysine was conjugated with transferrin
in order to take advantage of the transferrin receptor endocytosis pathway. Sim-
ilarly, poly-D-lysine was reacted with DTPA dianhydride and the polychelate
was metallated with Gd(III). Enough side chains were left free to ensure electro-
static binding to DNA (Scheme 5). Cells were transfected in vitro with the
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Scheme 4. Synthesis of transferrin labeled CLIO (Tf-S-S-CLIO) as proposed by Hogemann et
al. [89]

ternary complex formed between the luciferase plasmid and the substituted
polylysines. Gene delivery and expression was established easily as it could be
determined from the measurement of the fluorescence of the expressed
luciferase. A two-fold increase of the intensity of T,-weighted MR images of cap-
illary tubes containing transfected cells demonstrated the effective co-delivery
of the MRI contrast agent. About 1200 Gd(III) ions were taken up in each cell
which exceeds by far the number of chelates that can be attached to a mono-
clonal antibody.

Recently, interesting results were obtained with a folate receptor targeted MRI
contrast agent [91]. Indeed, the folate receptor binds highly specifically to folic
acid and is overexpressed in a variety of tumors, such as ovarian carcinoma [92].
Furthermore, the conjugation of high molecular weight species to the y-car-
boxylic group of folic acid does not affect its ability to bind to its receptor [93,
94]. A dendrimer-core MRI contrast agent was thus synthesized (Scheme 6). A
4th generation PAMAM™ dendrimer was reacted with folic acid in the presence
of carbodiimide. The remaining amine functionalities were then substituted
with DTPA-like ligands by reaction with a DTPA substituted with an isothio-
cyanate moiety. Complexation of Gd(III) was performed as the last step [95].

Compared with the extracellular agent Gd-HPDO3A, the targeted den-
drimeric contrast agent gave a much higher contrast enhancement of human
ovarian tumors that had been implanted in mice (-33 % signal intensity com-
pared to +8% in T,-weighted images recorded 24 hours after injection). These
results confirmed earlier in vitro work [95]. Unfortunately, the mechanism
responsible for tumor accumulation is still unknown.

Many cells, such as lymphocytes, do however lack efficient internalizing
receptor systems. The development of a new and effective internalizing pathway
thus appears as a very important goal. Weissleder et al. [83, 96] have tried to
develop such a system by attaching a superparamagnetic iron oxide to a mem-
brane translocating signal (MTS) peptide. Several MTSs have been described
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Scheme 5. Co-delivery of DNA and an MRI contrast agent according to Meade et al. [90]

but Weissleder chose to bind a short sequence of 10 amino acid residues from
the HIV-1 tat protein that has been demonstrated to promote translocation of
various molecules [97]. The 2-pyridyl-disulfide activated CLIO was conjugated
to a fluorescein labeled tat-peptide (terminated by a Cys-Gly-Gly sequence) to
get a MTS labeled superparamagnetic iron oxide (Scheme 7).
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Cellular uptake of tat-labeled iron oxide nanoparticles by three different cell
lines was shown to be about 100-fold higher than that of unlabeled MION. This
very effective internalization process resulted in as high as 12.7 10° particles per
cell. It was therefore possible to record highly contrasted T,-weighted MR
images of cell cultures. This method has since been applied for in vivo tracking
of neural and hematopoietic progenitor cells [83]. The tat-labeled CLIO
nanoparticles were further derivatized with DTPA dianhydride, so that ''In
could be chelated for simultaneous nuclear imaging (Scheme 7). Cells were then
loaded with these nanoparticles. Their viability and in vivo distribution was
demonstrated to be unaffected by the iron-load. Single cells could be visualized
in vitro by magnetic resonance imaging at high field (14.1 T). In vivo experi-
ments at lower field proved that between 1 and 10 labeled cells per voxel in the
liver are enough to get a 32 % contrast enhancement (organ intensity is reduced
due to magnetic susceptibility effects of the iron oxide nanoparticles). Gd(III)
and Dy(III) DOTA-like chelates were conjugated to a similar tat membrane
translocation peptide [98] (Fig. 10). Cellular uptake could be established by
using the "'In analog of the labeled lanthanide chelate, while negligible inter-
nalization of the unlabeled ''In-DOTA complex was observed. Depending on
the nature of the lanthanide ion, MRI of labeled cells showed a positive or nega-
tive contrast enhancement of labeled cells. Intracellular concentration of the
complex is therefore sufficient for imaging purpose even if the tat-DOTA Gd(III)
complex is characterized by a lower relaxivity when inside the cell (2.2 mMs!
at 1.5 T and 20°C) than in aqueous solution (4.1 mM™'s™! at 1.5 T and 20°C), as
could be expected because of the slower intracellular water diffusion rate.

Gly——Arg—Lys—Lys—Arg—Arg—GIn—Arg—Arg—Arg— Gly —Tyr—Lys—NH;

Fig.10. Structure of a tat-peptide labeled DOTA chelate [98] (M3* = Dy**, Gd** or In?")

3.5
Direct Imaging of Gene Expression

In vivo monitoring of gene expression represents one of the challenges facing
gene therapy. As we mentioned earlier, solving this problem would also greatly
benefit developmental biology by allowing scientists to map gene expression
and to follow cell migration. We have described several such examples that use
targeted MRI contrast agents in preceding pages. Another possibility has been
explored by Weissleder et al. [99,100]. The authors hypothesized that expression
of the tyrosinase gene could be imaged by following the product of this expres-
sion, i.e. melanin. Melanin production does indeed depend on tyrosinase as this
enzyme catalyzes the first two steps of its synthesis, namely the hydroxylation of
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tyrosine in dioxyphenylalanine (DOPA) and the oxidation of DOPA in
DOPAquinone. DOPAquinone then goes through several synthetic intermedi-
ates to ultimately form melanin (Scheme 8). Furthermore, melanin is known for
its high affinity for metal ions, particularly iron.

0o (o]
HO
MOH tyrosinase WOH
HO Nrte HO ’
(0]
. o o 0
tyrosinase WOH - . m ——=»_ melanin
> 5 NH; o N oH

Scheme 8. Synthesis of melanin from tyrosine

Non melanotic cells were thus transfected with a tyrosinase-encoding gene
and monitored for gene expression. Binding of '''In by melanin was demon-
strated by scintigraphy of control and transfected cell cultures. Similarly, T-
weighted MR images of cells grown in an iron-supplemented medium validated
the hypothesis as only those cells that were transfected showed a higher signal
intensity. The tyrosinase gene could thus act as a reporter gene, i.e. a marker of
gene delivery.

Nevertheless, some issues have to be addressed before this approach can be
applied. Firstly, the tyrosinase gene is quite large and would be difficult to add
to a delivery vector. Secondly, melanin production may be too low in vivo for
effective MR detection of its metal complex [100]. Finally, potentially high
toxicity of melanin and its precursors could restrict the applicability of this
reporter gene [99].

4
Smart Contrast Agents

4.1
Definition

As opposed to extracellular agents, the so-called smart MRI contrast agents gen-
erate a signal that depends on some variable in their immediate environment
(Fig. 11). Various stimuli, ranging from pH to enzymes, have been exploited for
generating intelligent agents. Several examples are outlined below. It should be
remembered here that the percent change in relaxivity, and not its absolute val-
ue, is probably the most important factor for obtaining an efficient smart con-
trast agent. As could be expected, smart contrast agents have been built on
Gd(III) systems because their relaxivity can be dictated by their environment.
The number of water molecules in the first coordination sphere, the water
exchange rate and the rotational correlation time have a strong effect on the
relaxivity of the compounds and, as exemplified below, can be influenced by
many factors.
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Fig.11. Ideal relaxivity behavior of a smart contrast agent in response to a stimulus

4.2
Several Examples

4.2.1
Temperature Sensitive

Hyperthermia is an important therapeutic tool in the treatment of tumors. Its
application does however require a tight control of the temperature, hence the
need for contrast agents that would allow its constant monitoring during the
entire therapy. Magnetic resonance spectroscopy has already been proposed for
measuring the temperature of a sample. Indeed, Aime et al. [101] measured the
temperature dependence of the "H chemical shift of a methyl group of an Yb(III)
chelate. A linear correlation was found for the lanthanide-induced shift in the
explored temperature domain. It was however later recognized that the observed
shift depends on the nature of the tissue in which the MRI spectroscopic probe
is placed, thus limiting the applicability of this technique to relative measure-
ments at best [102]. The problem of temperature monitoring was attacked from
another angle by Fossheim et al. [103], who synthesized a temperature sensitive
liposomal MRI contrast agent (Fig. 12). Liposomal composition was chosen such
that the membrane phase transition, from gel to liquid crystal, was taking place
at the right temperature. This phase transition is indeed accompanied by a
change in the membrane permeability to water molecules. At a temperature
below the transition, the water exchange rate is fairly slow and the relaxivity of
the encapsulated contrast agent remains low while, above the transition temper-
ature, water exchanges rapidly through a more permeable membrane and the
efficacy of the contrast agent increases dramatically. By adjusting the composi-
tion of the lipid membrane of the liposome, the transition temperature can be
fine-tuned in order to suit the needs.
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Fig.12. Thermosensitive liposomal MRI contrast agent as described by Fossheim et al. [103]

4.2.2
PH Sensitive

The reversal of the pH gradient at tumor cells has been known for quite some
time. While, in normal tissue, the extracellular medium is slightly basic, the
opposite situation is observed in tumor tissues [104]. The intracellular pH, on
the other hand, is almost the same for both kinds of cells due to homeostatic
mechanisms. Therefore triggering MRI contrast agents by pH variation seems
like a promising method for highlighting tumors. Several pH sensitive MRI con-
trast agents have already been developed.

The gadolinium(III) complex of a DOTA tetramide derivative (Fig. 13) has
been prepared by Zhang et al. [105] who observed the interesting behavior of its
relaxivity versus pH. Indeed, starting from pH 4, the relaxivity first increases
until pH 6. It then decreases until reaching a minimum at pH 8.5; it remains at
this minimum between pH 8.5 and 10.5 then increases again. A complete analy-
sis of the system was performed, including the recording of *'P and 70O NMR
spectra and fluorescence measurements on isostructural lanthanide complexes.
The unusual pH dependence of the relaxivity could be accounted for by the pres-
ence on the ligand molecule of uncoordinated phosphonate groups. The proto-
nation of these ionisable groups between pH 9 and 6 can catalyze the exchange
of protons between the bound water molecule and the bulk by providing an effi-
cient hydrogen bond network. This network could be disrupted at lower pHs by
further protonation, leading to a decreased relaxivity. The relaxivity increase
observed at higher pH can be ascribed to a facile exchange of bound water pro-
tons catalyzed by hydroxyl ions. Careful modification of a simple Gd(III) com-
plex can thus provide a pH sensitive contrast agent.
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Fig.13. DOTA tetraamide derivative, the GA(III) complex of which is a pH sensitive MRI con-
trast agent
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Advantage has also been taken from the formation of a ternary complex
between a Gd(III) chelate and carbonate ions [106]. The coordination sphere of
a Gd(IIT) complexed by a heptadentate ligand shown in Fig. 14 is incomplete.
The relaxivity of this complex can therefore be affected by the saturation of its
coordination sphere either by two water molecules or a bidentate ligand such
as hydrogenocarbonate (Fig. 14). This was readily observed by measuring the
relaxivity of the complex as a function of pH in a saturated aqueous solution of
sodium hydrogenocarbonate. The relaxivity of the complex changes from
about 7.5 mM!s7! at low pH to 1.9 mM~!s7! at high pH, reflecting the replace-
ment of two water molecules in the first coordination sphere by a carbonate
ion.

R= H20, (o]
)—OH

(o}

R' = H,0,

Fig. 14. Hydrogenocarbonate and pH-sensitive MRI contrast agent [106]

The degree of hydration of Gd(III) ions also plays the important role in the
pH dependence of a polyionic MRI contrast agent described by Mikawa et al.
[107,108]. A poly-Gd-DTPA chelate was prepared by reaction of DTPA dianhy-
dride with 1,3-propanediamine followed by Gd(III) chelation. In the right pH
range, the excess negative charge of the poly-Gd-DTPA complex can then be
neutralized with poly(2-(diethylamino)ethyl methacrylate) (Fig. 15). The pH
behavior of the relaxivity of a stoechiometrically neutral mixture of the polyca-
tion and the negatively charged polychelate is interesting. The relaxivity first
decreases from pH 5 to about 7, as can be expected from an increased electro-
static interaction, the polyamine being positively charged and the carboxylic
groups on the poly-Gd-DTPA being progressively deprotonated. This enhanced
interaction being accompanied by a release of water molecules, the relaxivity of
the polyion is reduced. When the pH reaches 8, the relaxivity increases because
the amino groups of the polymethacrylate are neutralized. As the charge neu-
trality is not respected anymore, the two polymers separate and water molecules
are able to access the first coordination sphere of the Gd(III) ion.

Unbalanced polymer mixtures are not as efficient as the charge balanced mix-
ture. Early in vivo trials in mice are encouraging, the MRI signal being more
intense at sites where the pH is lower, i.e. at tumor sites.

A structural change in a gadolinium complex may result in a relaxivity
change when it goes together with a change in the hydration state of the metal



152 V.Jacques - J.F. Desreux

G ‘iiﬁm)@o e

poly[Gd-DTPA-1,3-propanediamide]

0.8

L.
’jH
[oXgge]
o
poly(2-(diethytamino)ethyl methacrylate)

Fig. 15. Polyionic GA(III) chelate as proposed by Mikawa et al. [107, 108]

HQO—M:S:Z - >M18: M<
/ 2
low pH high pH

Fig.16. Left,gadolinium-hexaazacomplex and, right, its proposed pH behavior [109] (the bold
line represents a side-view of the ligand)

ion. This was observed for a planar gadolinium complex akin to Gd-texaphyrins
(Fig. 16), the relaxivity of which decreases steadily and reversibly from pH 6
to 11 [109].

Based on the interpretation of luminescence measurements and pH titration
results, the formation of a y-dioxo dimer (see Fig. 16) at high pH has been pro-
posed to account for this original pH behavior as this dimer does not possess
any coordinated water molecule or hydroxyl ion.

The four examples given above illustrate the effect of water exchange or more
exactly proton exchange rate and of the number of water molecules in the first
coordination sphere of the paramagnetic metal ion on the water proton relax-
ation rate. Nonetheless, the relaxivity of a contrast agent can also be strongly
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affected by its tumbling rate, hence the development of potential MRI contrast
agents, the structure of which depends on pH. Noting the propensity of basic
polyaminoacids, such as polylysine and polyornithine, to change their structure
according to the pH of the solution, Aime et al. [110, 111] prepared new macro-
molecular systems by reacting polyornithine with a DO3A derivative substitut-
ed by a squaric ester moiety (Fig. 17). At low pH (<4), the Gd(III) complex is
characterized by a relaxivity of about 23 mM~'s"!. The aminoacid side chains are
indeed protonated and highly hydrated at acidic pHs. Therefore they tend to stay
as far apart as possible, which means highly mobile Gd(III) chelates. On the
other hand, as soon as the pH is raised, side chains are deprotonated and
intramolecular hydrogen bonds lead to the formation of a highly rigid and ster-
ically hindered structure. The relaxivity of the gadolinium complex increases
accordingly and reaches a maximum value of 32 mM-!s™! at pH 8. In order to
achieve this variation of the relaxivity with pH, it is essential to keep a limited
degree of substitution of the amino acid side chains, as free amine moieties are
responsible for the observed structural modifications.

Fig. 17. Structure of a macromolecular polyornithine Gd-DO3A complex, note that the 84
unsubstituted and the 30 substituted residues are randomly distributed on the polypeptide
chain

4.2.3
Oxygen Pressure Responsive

Oxygen is an important parameter in living systems. Variations in partial blood
oxygen pressure have been linked to several pathologies such as stroke. Measur-
ing blood oxygenation thus appears as an interesting goal for new smart con-
trast agents. Two such systems have been developed by the group of Aime in
Turin, Italy [112, 113].

The Gd-DOTP chelate (Fig. 18) has been examined as a potential allosteric
effector of hemoglobin [113]. Human hemoglobin is a tetrameric protein whose
quaternary structure is affected by an allosteric effector. Binding of this low mol-
ecular weight species stabilizes the so-called T-form of hemoglobin, which is
characterized by a low oxygen affinity, as opposed to the R-form, a very efficient
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Fig. 18. Two MRI contrast agents proposed by Aime et al. [112, 113]

oxygen binder. The natural effector being 2,3-diphosphoglycerate and acting via
electrostatic interactions, Aime and his colleagues theorized that the tetraphos-
phonate Gd(III) complex Gd-DOTP could function in a similar manner. They
were able to show that the complex does indeed bind T-form hemoglobin more
effectively than it does recognize the R-form, the strong interaction being
accompanied by an increase of the relaxivity by a factor of 5. This enhanced
relaxivity can obviously be attributed to the slow tumbling rate of the macro-
molecular adduct when compared to the fast reorientation of the small Gd-
DOTP chelate.

Hemoglobin being confined in red blood cells, the applicability of the pre-
ceding protocol appears scarce. Therefore, the same group studied another com-
pound, namely the manganese complex of 5,10,15,20-tetrakis(p-sulfonato-
phenyl)-porphyrin or TPPS [112] (Fig. 18). This complex may exist in two dif-
ferent redox states, the Mn(II) complex being oxidized to the Mn(III) derivative
by oxygen. Careful analysis of the relaxation behavior of the two redox states
showed that both have the same relaxivity at MRI relevant frequencies (about
20 MHz). Fortunately, the relaxity of the Mn(II)-TPPS complex depends on the
reorientation time while that of Mn(III)-TPPS is essentially function of the elec-
tronic relaxation time of the metal ion. Therefore, the formation of a high mol-
ecular weight adduct decreases the tumbling rate of both species but only affect
the relaxivity of the Mn(II) complex. Interaction with poly-f-cyclodextrin was
tested. Formation of the high molecular weight species did indeed increase the
relaxivity of the Mn(II) species by a factor of 4 while that of the Mn(III) complex
stayed essentially unchanged. The system sensitivity to oxygen pressure was
then demonstrated by measuring the decrease of the relaxivity in the presence
of increasing amounts of oxygen. Other paramagnetic redox switches may be of
interest. One such redox couple is the Eu(II)/Eu(III) system, in which the former
has the same electronic structure as Gd(III) and could therefore lead to the
development of very effective contrast agents [114].
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4.2.4
Enzyme Responsive

The elaboration of enzyme responsive MRI contrast agents could provide a
means of measuring enzyme activity and enzyme localization. Imaging at a
molecular level is indeed one of the major challenges for the future of the tech-
nique as it would provide great insight into physiological and pathological
processes at a fundamental level, either molecular or cellular [115]. The sensi-
tivity of MRI contrast agents to specific enzymes depends on the mechanism of
their interaction as illustrated below.

Provided the interactions between a contrast agent and an enzyme are suffi-
ciently strong, a large increase in relaxivity will be observed due to the increased
rotational correlation time of the adduct. This behavior was observed for a Gd-
DTPA derivative substituted by an arylsulfonamide pendant arm [116].
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Fig. 19. Sulfonamide-substituted Gd-DTPA complex that can act as an inhibitor of carbonic
anhydrase

This compound, represented in figure 19, like many primary sulfonamides
[117,118],does indeed act as an inhibitor of carbonic anhydrase, an ubiquitous
zinc enzyme that catalyzes CO, fixation. A relaxometric titration of the substi-
tuted GA(III) chelate by carbonic anhydrase confirmed the formation of an
addition product with a stability constant of about 15000 + 5000 M. The stabil-
ity of the adduct is large enough to ensure a long circulation time of the contrast
agent while simultaneously limiting toxicity problems that might arise if the
association constant was higher [3]. As expected, the relaxivity of the adduct is
much higher than that of the free low molecular weight complex (from 5 to
about 27 mM1s"! at 20 MHz). However using this contrast agent as a blood-pool
agent was deemed impossible. Experiments on whole blood samples failed to
show enough binding to the small quantity of carbonic anhydrase displayed on
the surface of red blood cells. This new enzyme specific MRI contrast agent
could nonetheless be useful for imaging certain tissues.

MRI contrast agents may also act as enzyme substrates, the enzyme-catalyzed
reaction resulting in an enhancement of the relaxivity of the contrast agent.
Proof of principle has been given by Lauffer et al. [119] who synthesized a Gd-
DTPA chelate with a hydrophobic sidearm terminated by a phosphate group.
This ionic moiety prevents the binding of the MRI agent in the lipophilic pock-
ets of human serum albumin (HSA). Cleavage of the phosphate by alkaline
phosphatase transforms the prodrug in an active agent that is able to bind to the
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protein because of an increased hydrophobicity (Scheme 9). The formation of
the complex between HSA and the hydrophobic MRI contrast agent increases its
relaxivity by about 70% because of the slower tumbling rate of the macromole-
cular adduct.
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Scheme 9. Activation of a Gd-DTPA derivative by alkaline phosphatase

The relaxivity of a gadolinium(III) based contrast agent depends not only on
the rotational correlation time of the compound but also on the number of water
molecules in the first coordination sphere of the metal ion. Advantage has been
taken from this dependence to generate an enzyme-sensitive MRI contrast
agent, the relaxivity of which increases upon activation by the enzyme thanks to
the liberation of free coordination sites for water molecules. Moats et al. [120]
have designed a analog of DOTA, i.e. a galactopyranosyl substituted 1-hydrox-
yethyl-1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (Scheme 10, R = H).
When this ligand binds Gd(III), all nine coordination sites of the metal ion are
occupied and there is no water molecule in the first coordination sphere. When
P-galactosidase cleaves the galactopyranosyl moiety enzymatically, a free coor-
dination site appears, that is quickly occupied by a water molecule, hence the
20% increase in relaxivity observed in the presence of the enzyme. If the inac-
tive complex is rigidified by adding a methyl group on the galactopyranosyl
linker [121] (Scheme 10, R=Me), free rotation of the sugar moiety is further
hindered and water access to the first coordination sphere of the GA(III) ion is
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Scheme 10. Activation of a Gd(III) based MRI contrast agent by the enzyme f-galactosidase
(R=H or Me)

further decreased. Consequently, cleavage of the sugar pendant arm irreversibly
increases the relaxivity by a factor of three (from 0.903 to 2.72 mM1s!).

The enzyme f-galactosidase has been used as a marker of gene delivery and
expression in gene therapy and developmental biology as it is not expressed nat-
urally in human cells. Detection has usually been performed on excised tissue by
colorimetric assay. On the contrary, this MRI contrast agent has been used to
monitor gene expression in vivo in a developing embryo of Xenopus Laevis
[121]. The paramagnetic probe was injected into both cells of the embryo at the
two-cell stage while the mRNA encoding for f-galactosidase was delivered in
only one cell. MR images of the developed embryo display a clear difference
between both sides of the animal. This was expected because the first mitosis in
an embryo is known to define the left and right sides of the future animal. MRI
has also the advantage of allowing in vivo imaging of deep tissues, something
not possible with classical optical techniques. Furthermore, the authors were
able to demonstrate gene translation and expression by injecting a DNA con-
struct containing the lacZ gene encoding for f-galactosidase. Only those cells
expressing the enzyme were detected by MRI, thus showing that this contrast
agent is not just a cell tracer but is sensitive to gene expression. This method
holds great promise for mapping gene expression in vivo in developmental biol-
ogy and gene therapy. Improvements are obviously needed, as microinjection is
not applicable to patients.

4.2.5
Metal lon Concentration Dependent

Several metal ions are essential or beneficial to life while others, such as lead,
cadmium or mercury, are highly detrimental. Many diseases have been associat-
ed in a way or another to altered metal ion concentrations in the body. Deficien-
cies can be as damaging as overloads. Copper deficiency has been associated to
anemia while excess copper can lead to Wilson’s disease (liver cirrhosis). Anemia
may also be caused by a lack of iron and overload of this same metal ion is con-
nected to thalassemia and siderosis [122]. In vivo determination of metal ion
distribution is thus highly desirable and progresses have been made towards the
design of MRI contrast agents sensitive to the concentration of metal ions.



158 V.Jacques - J.F. Desreux

Calcium (Ca?*) is probably one of the most important metal ions for life. Its
roles are numerous both in healthy and damaged tissues. It controls muscular
contraction, neural cell communication, hormonal secretion, ... Its signaling
ability is unrivaled but its concentration should not exceed a critical level, above
which cell death may occur [123]. The development of selective fluorescent
probes has helped in the understanding of calcium multiple roles [124], but their
use is restricted to transparent samples of a limited thickness because of light
absorption and scattering. In order to improve calcium detection in vivo, con-
trast-enhanced MRI presents the advantage of being insensitive to sample
depth. Li et al. [125] have therefore proposed a new MRI contrast agent, Gd-
DOPTA, the relaxivity of which depends on calcium concentration (Scheme 11).
Gd-DOPTA consists of two different subunits: a derivative of 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA) known for its high
selectivity towards calcium [126, 127] linked to a 1,4,7-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (DO3A) that can chelate lanthanide ions. When
calcium is added to a solution of the Gd(III) complex, the relaxivity per
gadolinium ion increases by about 80 % (from 3.26 to 5.76 mM~'s™'). The mech-
anism that has been proposed to account for this observation is presented in
scheme 11. The first coordination sphere of Gd(III) is completed either by two
carboxylates from the closest iminodiacetate moiety of the calcium binding sub-
unit or by two water molecules when calcium is bound to the BAPTA ligand.
Thus, Gd-DOPTA is a calcium sensitive MRI contrast agent that may help to
assess calcium activity in cells not accessible by optical techniques.

02 /'40 (3\\\ O o0
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Scheme 11. Activation of a calcium-sensitive MRI contrast agent according to Li et al. [125]
(see text)
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As important as calcium is probably iron [122]. Iron is the metal center of
many essential proteins and enzymes, such as hemoglobin, an oxygen carrier, or
peroxidase, that oxidizes hydrogen peroxide, or even the large family of
cytochromes, which act as electron transfer proteins in many important bio-
chemical processes [85]. New families of MRI contrast agents have been
designed such that their relaxivity is iron concentration dependent [128-130].
The two latest are based on Gd(III) chelates (Fig.20) but differ by the mechanism
responsible for their iron sensitivity and will be described further.
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Gd-PhenHDO3A Gds-tris-hydroxamic acid

Fig.20. Two recent examples of iron-sensitive MRI contrast agents [129, 130]

The first family, whose prototypical member is Gd-PhenHDO3A (Fig. 20),
relies on the formation of a supramolecular entity by self-assembly around iron
to get an increase of relaxivity of about 145% (from 5.1 to 12.5 mM~'s!). Indeed
the increase of the molecular weight accompanying self-assembly results in a
slowdown of the tumbling rate, hence a higher relaxivity (Scheme 12). In this
case, the 5,6-dihydrophenanthroline subunit acts as a bidentate ligand for both
Fe(II) and Gd(III). This chelating mode forces the rotational correlation time at
the paramagnetic Gd(III) ion to be equal to that of the entire self-assembled
species.

co,
N 2
S
O0,C— 7/

Scheme 12. Self-assembly of Gd-PhenHDO3A around Fe(II) resulting in an increased
relaxivity
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A second group of iron sensitive MRI contrast agents uses iron chelation by a
tris-hydroxamate ligand in order to restrict free rotation at the gadolinium cen-
ters (Scheme 13), thereby increasing the relaxivity of the contrast agent without
changing its molecular weight. This new approach gave interesting results with
a 57 % relaxivity increase upon iron binding (from 5.4 to 8.5 mM™'s™! at 20 MHz)
in the case of the molecule shown in Fig. 20.

)|

e

Scheme 13. Wrapping of a tris-Gd-chelate tris-hydroxamate around Fe(III), responsible for an
enhanced relaxivity of the contrast agent
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5
Concluding Remarks

MRI contrast agents that are currently used clinically are all non specific extra-
cellular agents. Their ability to enhance the contrast of MRI images stems essen-
tially from their preferential blood distribution and their small size. Further-
more, the relatively low sensitivity of the magnetic resonance technique requires
the injection of large amounts of contrast agent.

Two main goals are currently pursued by many laboratories around the
world: increased efficacy and enhanced specificity. We have reported in this con-
tribution several examples that point in these two directions. We have also tried
to point the reader to important factors that may affect the development of new,
more efficient and more specific MRI contrast agents. Much work however
remains to be done in order to put these new and exciting results to practical
use.
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Contrast agents for magnetic resonance imaging based on metal ions other than gadolini-
um(III) including manganese(II), manganese(III), iron(III) and copper(II), have been investi-
gated over the past decade. Although the intrinsic properties of these metal ions tend to make
these agents less attractive than gadolinium(III)-based agents, the large volume of literature
on the biochemistry of these metal ions has allowed for the development of viable contrast
agents. Agents specific for tissues such as the liver, pancreas, adrenals, cancerous tumors, and
even the insides of cells and neuronal tracts as well as non-specific agents have been devel-
oped and tested in animal models. Two manganese(II)-based agents, the liver-specific agent
manganese(II)-dipyridoxal diphosphate (Teslascan®) and an oral agent containing man-
ganese(II) chloride (LumenHance®), and one ferric ammonium citrate-containing oral agent
(FerriSeltz®) are available clinically for human use. Information on the toxicity, relaxivity,
image enhancement, and tissue specificity of agents is discussed here. In addition to agents
designed for use in living systems, contrast agents that measure pH and redox reactions in
non-living systems have also been investigated and will be discussed.
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List of Abbreviations

BOPP
CNR

DF

boronated protoporphyrin
contrast-to-noise ratio
desferrioxamine B

DOTA 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecanate
DPDP dipyridoxal diphosphate

DPP dihydroxypropyldecylamine

DTPA diethylenetriaminepentaacetic acid

EDTA ethylenediaminetetraacetic acid

EHPG N,N’-ethylenebis-[2-(o-hydroxyphenyl)glycine]

FAC ferric ammonium citrate

GDF N-(glutaryl)desferrioxamine B

GRE gradient recalled echo

HBED N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetate

HP hematoporphyrin

HP-DO3A 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triacetate

HSA human serum albumin

i.p. intraperitoneal

L. intravenous

LDy, lethal dose for fifty percent of animals

MnHA manganese-substituted hydroxylapatite

MP mesoporphyrin

MRCP magnetic resonance cholangiopancreatography

MRI magnetic resonance imaging

MRU magnetic resonance urography

PAS p-aminosalicylic acid

PcS, tetrasulfonated phthalocyanine

PEG polyethylene-glycol

pen penicillamine

PGDF N-(3-phenylglutaryl)desferrioxamine B
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PSDF N-(2(3)-phenylsuccinyl)desferrioxamine B
R, spin-lattice relaxivity

R, spin-spin relaxivity

SA stearic acid

SDF N-(succinyl)desferrioxamine B

T, spin-lattice or longitudinal relaxation time
T, spin-spin or transverse relaxation time

TA tetramic acid

THF-ASP  2,4-bis(1-tetrahydro-fulfuroxyethyl)-deuteroporphynyl(IX)-
6,7-bisaspartic acid
TMPyP meso-tetrakis(4-N-methyl-pyridiniumyl)porphyrin

TPP tetraphenylporphyrin
TPPS, tetra-(4-sulfonatophenyl) porphyrin
TTHA triethylenetetraaminehexaacetic acid

UROP-I  uroporphyrin I

1
Introduction

Contrast agents for magnetic resonance imaging (MRI) are useful for the deter-
mination of several conditions within the body. Blood flow, organ status and
location of disease states can all be monitored using MRI contrast agents. These
agents act by raising or lowering the signal intensity of a given region on a MR
image. Paramagnetic metal ions affect both the spin-lattice (longitudinal, T,)
and spin-spin (transverse, T,) relaxation times of protons. Pulse sequences
designed to highlight these changes are employed to visualize the location of the
contrast agent molecules.

Gadolinium(III) complexes have received the most attention as contrast
agents for MRI [1]. With seven unpaired electrons, a large magnetic moment,
and a suitably long electronic relaxation time, gadolinium(III) is the ideal para-
magnetic metal ion for use in a MRI contrast agent. Unfortunately there is no
natural human biochemistry for gadolinium(III) that can be exploited when
designing contrast agents. Concerns about the increasing amounts of gadolini-
um in ground water as a result of the use of these agents have been raised [2, 3].
Agents based on manganese(II), manganese(III), iron(III), and copper(II)
ions are attractive alternatives because these metals occur in large amounts in
the environment and a large body of information on the human biochemistry
of these elements is available. These agents are not as attractive as gadolini-
um(III), however, because each have fewer unpaired electrons, lower magnetic
moments and shorter electronic relaxation times. Knowledge of the biologi-
cal fates of these metals can be utilized in order to maximize the utility of
these agents despite their shortcomings as compared to gadolinium(III)-based
agents.

Several considerations must be taken into account when designing and eval-
uating potential MRI contrast agents. The relaxivities (R, and R,) of a contrast
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agent are measures of the efficacy of the agent in reducing the T, and T, values
of water protons in the immediate vicinity of the agent as a function of concen-
tration. The relaxivities of contrast agents are dependent on the magnetic field
strength and temperature employed in the measurement and these values
should be reported whenever possible.

The measurement of the relaxivity of a contrast agent may not provide a
direct correlation to the in vivo relaxivity, however. One of the factors influenc-
ing the relaxivity of a contrast agent is the rate at which the agent tumbles in
solutions [4]. Changes in the viscosity of a solution slow this tumbling and
increase the relaxivity. Another way to alter the tumbling rate of a molecule is to
attach it to a macromolecule, such as a protein. There are two common ways to
approach this: covalent bonding of the agent to a macromolecule before admin-
istration of the agent and administration of a small-molecule agent that non-
covalently binds to a macromolecule in vivo.

Another critical consideration for contrast agents is the toxicity. Acute toxic-
ity is usually more important than chronic toxicity as the administration of the
agents on a regular basis (i.e. daily) is rarely necessary. The easiest measure of
acute toxicity is the lethal dose for fifty percent of animals exposed to the agent
(LDsp). While this value measures only the most extreme effect of toxicity
(death), it is nonetheless useful for comparison purposes. Toxicity data are often
dependent upon the species of animal as well as the route of administration,
including intravenous (i.v.) and intraperitoneal (i. p.) injections. Information on
subacute toxicity in humans, including nausea and dizziness, is also of interest.
The toxicity of an agent is dependent on several factors including the thermo-
dynamic and kinetic stability of the agent, osmolality of the injection solution,
and the rate of clearance.

The biological distribution of agents is also important. Preferably contrast
agents localize in one tissue type in preference to other tissues in order to high-
light the pathology of the target tissue. Contrast agent specific for the liver, pan-
creas, adrenal glands, myocardium, lymph nodes and cancerous tumors have all
been investigated [5]. Protein-bound contrast agents are useful as potential
blood-pool agents as they are typically cleared at a slower rate from the body
than small-molecule agents which do not bind to proteins [6].

This review focuses on the development since 1990 of contrast agents based
on manganese(II), manganese(III), iron(III) and copper(II). Information on
contrast agent development before this time can be found in any one of several
reviews [7-10]. Superparamagnetic iron oxides, more exotic contrast agents
such as nitroxide spin labels and hyperpolarized xenon, and proton density
agents, including barium, clays, perfluorocarbons, and oil emulsions are beyond
the scope of this review (for examples of these agents the reader is referred to
[11-14]). The structures shown represent the ligands in their fully-protonated
states with the exception of the structure in Fig. 21, which represents metal com-
plexes with mixed ligands. When complexed to metal ions and at physiological
pH the protonation states will vary accordingly.
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2
Manganese Agents

One of the earliest contrast agents to be used was a solution of manganese(II)
chloride [15]. The measured R, value for aquo manganese(II) at 20 MHz and
37°Cis 8.0 + 0.1 mM' s7! [16] and at 40 MHz and 40°C it is 6.0 mM' s7! [17].
The R, value at 40 MHz and 40°C is 57.2 mM™! s7! [17]. It was quickly deter-
mined, though, that i. p. and i.v. manganese(II) were too toxic to be used in clin-
ical practice. The LD, in mice for MnCl, is 0.3 mmol kg! injected i.v. [18] and
1.0 mmol kg! injected i.p. [19], but if the compound is administered orally, the
LDy, increases to 13.6 mmol kg! [19]. Similar results were seen in rats, with an
i.p. LDs; of 0.7 mmol kg™! and an oral LDs; of 7.5 mmol kg™! [20]. A more com-
plete review of the toxicity of manganese(II) as it pertains to MR contrast agents
has been published [21]. No corresponding toxicity and relaxivity data are avail-
able for aquo manganese(III) because the free ion is not stable above pH 0 and
is reduced to manganese(II) [22].

Manganism, the result of overexposure to manganese, primarily affects the
brain [23]. Severe psychiatric symptoms including hyperirritability, violent acts,
and hallucinations are characteristic of manganism. These symptoms manifest
themselves due to the ability of manganese(II) to cross the blood-brain barrier
[24]. Manganese(II) ions also interfere with the calcium channels of cardiac
cells, which leads to decreased ability of the heart muscle to contract [25]. This
results in a decrease in heart rate, an increase in aortic pressure and ventricular
fibrillation [25,26]. Manganese has been found to interfere with DNA replication
and has been shown to increase the occurrence of cancer [27].

2.1
Manganese(ll) Agents

2.1.1
Mndl,

The toxicity of orally-administered MnCl, is lower than the i.v. toxicity due to
two factors: low rate of absorption and presystemic elimination. Between 1-9%
of ingested manganese(Il) is absorbed, depending on the formulation and
amount ingested [28-30]. Manganese(II) that is ingested is carried through the
portal vein to the liver before entering systemic circulation. Approximately
30-35% of the manganese in the portal vein is absorbed by the liver resulting in
smaller amounts of metal in the bloodstream as compared to i.v. injection [31].
This absorption by the liver increases the signal-to-noise ratio on T,-weighted
images by 88 % two hours after ingestion of 0.2 mmol kg-! MnCl, by rats [17]. In
the same animals, implanted Walker 256 mammary carcinosarcoma enhanced
only 6% and the liver-to-tumor contrast-to-noise ratio (CNR) increased by 375 %.

Manganese(II) chloride has also been investigated as an oral contrast agent
for the gastrointestinal system. LumenHance® is a mixture of MnCl,, polygalac-
turonic acid, xanthan gum, sucrose, sodium acetate, glycine, sodium bicarbon-
ate,sodium benzoate, and artificial strawberry flavoring [32]. The R, value of the
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solution at 10 MHz and 37°C is 20.9 mM™! s7! and the R, value is 35.0 mM™! s!
under the same conditions, values substantially different from those for MnCl,
in water [33]. The agent is administered in three doses of 300 ml each in a 45-
minute period leading up to imaging. Owing to the high R, and R, values,
LumenHance® acts as both a T, agent, increasing the signal intensity on T)-
weighted images, and as a T, agent, reducing the signal intensity on T,-weight-
ed images [33]. Variation in readers was seen in the clinical trials, but between
8-26% of the patients investigated demonstrated significant additional infor-
mation impacting diagnostic and management decisions [32,34]. The agent was
found to be relatively safe, with the amount of adverse events reported with
LumenHance® (24 %) similar to the amount reported with a placebo (22 %) [32].
The only potential complication with LumenHance® is the large volume of lig-
uid that is required to be consumed, as 14 % of the patients were unable to con-
sume at least 800 ml of the solution [32].

Approaching the problem from a different direction, a MnCl,-based enema
has been developed [35]. The signal intensity reached with the enema usinga T -
weighted pulse sequence was only 41% of the value obtained with a gadopente-
tate solution at a concentration of 10 mM. This value was considered too low for
routine use.

Topical application of MnCl, has also been investigated [36]. Application of
MnCl, to the naris of mice allowed for visualization of the olfactory pathway as
the Mn?* ions were transported up the neuronal tract. Administration of this
agent did not affect the ability of the mice to detect odors and the amount of
manganese(II) accumulated in tissue was below the intracellular toxicity levels.
Injection of MnCl, into the aqueous humor of the eyes of mice demonstrated
enhancement of the vitreal humor and the optic tract.

The visualization of the optic and olfactory nerves was possible due to the
ability of manganese(II) to be taken up by the calcium(II) channels in neurons
[37]. Another example of the utility of MnCl, in the imaging of neurons is
demonstrated by the infusion of 3.6 pmol min~! of MnCl, into anesthetized rats
[38].In T,-weighted images the signal intensity in the brain ventricles increased
by approximately 50 %. Injection of glutamate, which is known to increase calci-
um influx, with inositol, which ruptures the blood-brain barrier and allows the
glutamate to reach brain neurons, increases the signal intensity of the brain by
238 + 23% during MnCl, administration.

2.1.2
Mn-DPDP

The only injectable manganese(II) agent to be approved for clinical use in the
U.S. is Teslascan®, a solution of the manganese(II) complex of dipyridoxal di-
phosphate (DPDP, Fig. 1). This agent is taken up preferentially by normal hepa-
tocytes, leading to determination of organ function and identification of can-
cerous tumors. In aqueous solution, the R, of Mn-DPDP is 2.8 mM~! s! and the
R,is 3.7 mM!s'at 20 MHz and 40°C [18] and 1.88 mM! s and 2.18 mM! s7},
respectively, at 20 MHz and 37°C [39]. In liver tissue, these values increase to
21.7 mM~! s7! and 62.7 mM~! s7}, respectively, at 20 MHz and 40°C [18].
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Fig.1. Dipyridoxal diphosphate (DPDP)

The DPDP ligand was synthesized in order to lower the toxicity of the man-
ganese(II) ion and to provide selective tissue uptake [40]. The LD;, of ani.v.dose
of Mn-DPDP is between 1.9-5.4 mmol kg™! in mice [18, 41]. No mortalities
occurred in dogs injected i.v. with 1.8 mmol kg! [41]. With the recommended
clinical dose of 0.005 mmol kg-!, the safety factor for Mn-DPDP is at least 360
[41].1In the European phase III clinical trials adverse events were reported for 46
of 624 patients (7 %) [42]. In comparison, 123 of 546 patients (23 %) in the U.S.
clinical trials reported at least one adverse event [43]. In both trials the most
common complaints were headache, vomiting and nausea. In addition, 377 of
546 patients (69 %) in the U.S. trials and 26 of 624 patients (4%) in the European
trials reported discomfort at the site of injection. The difference between the two
trials is likely due to the method of administration and formulation of the Mn-
DPDP solution. In the European trials, a 0.010 mM solution of the agent was
slowly infused while in the U.S. trials Mn-DPDP was administered as a bolus
injection of a 0.050 mM solution. Experiments have demonstrated a lower inci-
dence of adverse events with infusion of the agent [44].

The mechanism of uptake of Mn-DPDP was originally thought to be due to
the recognition of the DPDP ligand by pyridoxine transporters on hepatocytes.
Competition studies between Mn-DPDP and pyridoxine demonstrated that the
uptake of the two compounds was by different mechanisms [45]. It was found
that the uptake mechanism of Mn-DPDP involved the release of manganese
from the complex [46]. This release occurs in vivo as a result of transmetallation
of the complex with zinc(II) [47]. The stability constant for Mn-DPDP is 10'>,
considerably less than the 10'3%° stability constant for Zn-DPDP [40]. The rate of
manganese(II) release from Mn-DPDP is slowed by the limited amount of
zinc(II) available in blood, but approximately 80% of the administered man-
ganese is released from the complex [47]. This slowed release accounts for the
lower toxicity of Mn-DPDP as compared to MnCl,. The release of manganese(II)
may also account for the flushing and sensation of warmth felt at the site of
injection of the agent in clinical trials [42,44,48]. Free manganese(II) is a known
vasodilator and in experiments with bovine mesenteric arteries, Mn-DPDP pro-
duced effects similar to MnCl, [49].

The slow release of manganese(II) from Mn-DPDP alters the tissue distribu-
tion of the metal ion. Free manganese ion is not cleared by the kidneys, but 43 %
of an injected dose of Mn-DPDP in rats was excreted renally as either Mn-DPDP
or other metabolites [18]. In addition, less cardiac accumulation of man-
ganese(II) was seen with Mn-DPDP than MnCl,, leading to reduced cardiotoxi-
city for the complex [25, 26, 50, 51]. The bulk of the remaining manganese(II)
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from Mn-DPDP is absorbed by the pancreas and healthy hepatocytes in the
liver [50, 52].

Initial experiments on humans demonstrated the effectiveness of Mn-DPDP
as a hepatobiliary agent. Ten minutes after injection of 0.010 mmol kg~! of Mn-
DPDP, liver signal enhancement was 75-100% of the baseline levels in healthy
subjects [53]. In one study of patients with hepatocellular carcinoma, all forty-
one hepatocellular tumors evaluated showed positive enhancement while only
13 of 162 nonhepatocellular tumors (13 %) showed positive enhancement [54].
The remaining nonhepatocellular tumors showed no perceivable enhancement,
allowing them to be distinguished from enhanced healthy liver tissue. In the
European phase III trials, investigators determined that of the 621 patient
images examined, 45 % of the enhanced images contained information not found
in the unenhanced images [42]. Similar results were found in an independent
evaluation of the results of the study [55] and in the U.S. phase III trials [48].

In addition to use as a hepatocellular contrast agent, Mn-DPDP has been
investigated as an agent for pancreatic and adrenal imaging. The normal pan-
creatic signal-to-noise ratio increased 92 +28% in enhanced gradient-echo
images while pancreatic tumors demonstrated no significant increase in the
signal-to-noise ratio [56]. Another study found that MRI with Mn-DPDP was
slightly more accurate than contrast-enhanced computed tomography in the
detection and staging of pancreatic tumors, but not significantly so [57]. In a
study investigating the enhancement of adrenal glands after injection of Mn-
DPDP, all of the adrenal glands demonstrated enhancement (mean 38%) [58].
Three adrenal adenomas also enhanced, but two metastases did not enhance,
leading to speculation that Mn-DPDP could be used to detect metastatic cancer
in the adrenals.

213
Manganese(ll)-Containing Liposomes

Encapsulation of contrast agents in liposomes decreases the toxicity of the
agents and increases their hepatobiliary uptake [59]. Manganese(II) chloride
encapsulated in liposomes has an LDj, value in mice at least seven times higher
than that of free MnCl, [60]. The R, value of one preparation of liposome-encap-
sulated MnCl, was 35.34 mM™! s~! at 20 MHz [61]. In rats with mammary carci-
noma (R3230AC) implanted in the liver, detection of the tumors was improved
as the liver was enhanced up to 90 minutes post-injection of the contrast agent
encapsulated in liposomes [60]. Intraarticular injection of MnCl,-containing
liposomes allows for the visualization of both mechanical and enzymatic carti-
lage lesions in temperomandibular joints of neonatal and 4-week-old pigs [62].
The enhancement lasted for at least 300 minutes.

The alternative to encapsulation of free manganese (called “ensomes”) is to
complex the manganese(II) with a ligand embedded in the lipid bilayer (“mem-
somes”). Ethylenediaminetetraacetic acid (EDTA)-dihydroxypropyldecylamine
(EDTA-DDP, Fig. 2) was ligated to manganese(II) and inserted into the bilayer
of liposomes [61]. The 30-nm diameter liposomes formed had an R, value at
20 MHz of 37.4 mM~! s~1. When injected into rats with implanted C5 epitheloid
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Fig.2. Derivatives of polycarboxylic acid ligands

carcinoma, the Mn-EDTA-DDP memsomes increased the liver-to-tumor CNR to
105.90 + 11.54 six minutes post-injection of 15.0 pmol Mn kg™'. In comparison,
MnCl, ensomes increased the CNR to 50 + 8.51 when injected at the same con-
centration. The memsome agents were tolerated better than the ensomes and
free MnCl,.

Another liposome-entrapped lipophilic chelate of manganese(II), described
as diethylenetriaminepentaacetic acid (DTPA)-stearate (DTPA-SA), demon-
strated greater relaxivity in rat livers when compared with gadolinium vesicles
[63]. This increase in relaxivity led to high enhancement of dog livers which per-
sisted for at least 45 minutes after injection. The ligand DTPA-SA was reported-
ly synthesized by a literature route [64] but this reference does not describe a
specific synthesis of DTPA-SA and several structures are possible for a com-
pound described by such a name. Unfortunately this increase in relaxivity and
signal intensity was attributed to the slow release of manganese(II) from the
liposomes, making them unsuitable for clinical use.

2.1.4
Other Manganese(ll) Agents

Different particulate manganese(II) mixtures for MR imaging have been pre-
pared. Manganese(II) carbonate particles have a R; value of 0.06 mM™! s7! in
water at 20 MHz and 40 °C and the R, values varied depending on the echo time
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used to make the measurement [65]. In liver homogenate, the R, value increases
to 25.04 mM! s7! after 114 minutes of incubation time. The authors speculate
that this is due to the dissolution of the particles to form free Mn?*. This results
in 34 + 7.2% enhancement of the liver image 125 minutes after injection of
0.01 mmol Mn kg™ into rats and this enhancement remains fairly constant past
300 minutes post-injection. The stability of polyethyleneglycol-stabilized man-
ganese-substituted hydroxylapatite (MnHA) was investigated with the expecta-
tion of using these agents as reticuloendothelial-specific agents [66]. The MnHA
particles have R, values of 21 mM™! s™! and 11 mM™! s7! at 20 MHz and 40 °C for
10-nm and 100-nm particles, respectively. The larger particles were found to
break down in vivo into smaller particles that are stable in plasma and blood.

An alternative to manufacturing solutions of manganese(II) is the use of
foodstuffs rich in the ion. Blueberry juice is known to be rich in manganese(II),
and also contains paramagnetic iron(III) [67, 68]. Initial experiments demon-
strated that blueberry juice with concentrations of manganese greater than
0.3 mg L' acted as a positive contrast agent in T,-weighted imaging scans and
as a negative contrast agent in T,-weighted imaging scans [69]. In subsequent
experiments on 21 healthy volunteers using T,-weighted imaging scans, blue-
berry juice significantly increased the signal intensity of the stomach in all sub-
jects, significantly increased the signal intensity of duodenum in thirteen sub-
jects and moderately increased the signal intensity in the other eight, and the
increase in signal intensity of the proximal intestine was significant in seven
subjects, moderate in five subjects, and minor in nine subjects [68]. Blueberry
juice also lowered the amount of ghost artifacts seen due to bowel motion [67].

The water extract from Theae folium (green tea) contains manganese com-
plexed by a pectin-like polysaccharide [70]. Administration of a preparation of
this extract resulted in an increased signal of the stomach contents in T,-weight-
ed imaging [70]. Manganese(II) pectin also showed contrast-enhancing activity
in phantoms [71].

A series of manganese(II) chelates attached to polysaccharide molecules were
synthesized and the R, values were measured [72]. Ethylenediaminetetraacetic
acid (Fig. 2) chelated to manganese(II) and attached to sucrose-epichlorohydrin
copolymer and aminoethyldextran yielded R, values of 19.2 mM™ s™' and
12.8 mM! s}, respectively, at 10 MHz and 37°C in a 1:2.13 glycerol-water mix-
ture. Diethylenetriaminepentaacetic acid (Fig. 2) and triethylenetetraamine-
hexaacetic acid (TTHA, Fig. 2) were both conjugated to dextran molecules.
Chelating of manganese(II) ions resulted in complexes with R, values at 10 MHz
and 37°C of 7.7 mM™' s7! for Mn-DTPA-dextran and 5.5 mM™' s™! for Mn-TTHA-
dextranin a 1:2.13 glycerol-water mixture. The glycerol-water mixture was used
instead of pure water as the mixture has relaxation properties similar to those of
bodily fluids.

Small volumes of MnSO, were used to visualize different tissue zones within
the cartilage of chicken femoral condyles and pig temperomandibular joints
[73]. The images, obtained at 9.4 T using MR microscopy techniques, demon-
strate five different tissue types in the chicken samples that were soaked in
MnSO,: surface layer, fibrous zone, articular cartilage, growth cartilage,and can-
cellous bone. Injection of MnSO, into the pig joint allowed for similar visualiza-
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tion of structures. The authors speculate that the Mn?* ions are interacting with
the anionic proteoglycans in the cartilage allowing for differentiation of tissues.

2.2
Manganese(lll) Porphyrins

Porphyrins are planar compounds composed of four pyrrole-like five-mem-
bered rings linked by methene bridges [74]. Four nitrogen atoms bearing two
protons point inward in the center of the structure and allow for the coordina-
tion of metals. For manganese porphyrins, manganese(II) inserted into the por-
phyrin ring is quickly oxidized to manganese(III) [75]. The accumulation of
porphyrins in cancerous tumors by an as-yet undetermined mechanism has led
to the use of these agents as photosensitizers in photodynamic therapy for the
treatment of cancers [76]. Irradiation of the porphyrins leads to the formation
of reactive oxygen species that cause oxidative cell damage. Such damage indi-
cates a potential problem with porphyrins; namely, that accumulation of the
porphyrin molecules in the skin may lead to photosensitivity in the skin that
could result in harm to the patient [76, 77].

2.2.1
Mn-TPPS,

One of the earliest paramagnetic metalloporphyrin agents investigated was the
manganese(III) complex of tetra-(4-sulfonatophenyl) porphyrin (TPPS,, Fig. 3)
[16]. The R, of this agent was found to be 10.36 + 0.09 mM! s~! at 20 MHz and
37 °C [16], an unusually high value for a manganese(III) agent. This high relax-
ivity was attributed to both the anisotropy of the ground-state wave function of
the metal ion and to the longer-than-expected paramagnetic relaxation time of
the manganese(III) spins [78]. The R, value increased in human plasma [79], an
effect that was later attributed to the binding of Mn-TPPS, to human serum
albumin (HSA) [80]. The LD, of Mn-TPPS, has been reported to be approxi-
mately 0.50 mmol kg™' when injected i.v. into mice [81, 82] and toxic side effects
have been reported with doses as low as 0.25 mmol kg™! [83, 84]. In addition to
the high toxicity of this agent, the green-colored metalloporphyrin complex has
been reported to change the color of the skin of mice and rats up to two days
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Fig.3. Sulfonatophorphyrin derivatives
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post-injection [84 - 88]. This color change appears to be only cosmetic, however,
as no cutaneous photosensitivity has been reported in mice [77].

Investigations of Mn-TPPS, in animal tumor models show that the agent accu-
mulates in several different tumor types. Up to four days post-injection of Mn-
TPPS,, rat brain gliomas (F98) were selectively enhanced as compared to peritu-
moral tissue [85]. Malignant Schwannoma (RN6) and E367 neuroblastoma were
also enhanced with this contrast agent [89, 90]. In vivo relaxometry experiments
on rats implanted with all three tumor models demonstrated a 30 + 7% reduc-
tion in the T, values of the tumors after i. p.injection of 0.25 mmol kg~ Mn-TPPS,
[91]. Enhancement of brain tumors had been proposed to be due to selective
uptake of the metalloporphyrin by peripheral benzodiazepine receptors, but this
assertion was later proved false [92, 93]. Subcutaneous human breast carcinoma
(MCF-7) in nude mice demonstrated enhancement that was discernable 24 hours
post-injection, when the background level of the surrounding tissues had
decreased [83, 84]. This enhancement lasted up to eight days post-injection for
both MCEF-7 tumors and human colon carcinoma (LS-174 T) in nude mice [79].
Manganese(III)-TPPS, was not found to significantly enhance liver metastases of
human mammary carcinoma (R3230 AC) in rats, as compared to normal liver tis-
sue [94]. More recent experiments have evaluated Mn-TPPS, as an agent for the
detection of malignant skin tumors, finding that the metalloporphyrin was use-
ful but not advantageous over the readily-available Gd-DTPA [88].

Initially the image enhancement by Mn-TPPS, was thought to be due to the
tumor-specificity for the agent. Further research has shown that Mn-TPPS, is
not tumor-specific but necrosis-specific [87]. Both necrotic tumors and necrot-
ic renal and hepatic tissue demonstrated at least 150 % contrast ratio after injec-
tion of Mn-TPPS,. Surprisingly, the manganese content of the necrotic renal and
hepatic tissue was not significantly elevated, suggesting that there is not a large
amount of the agent present and that the increased image enhancement is at
least partly due to specific binding of the agent, which consequently increased
the relaxivity.

Other manganese(III) sulfonatoporphyrins with progressively fewer sul-
fonate groups (TPPS;, cis-TPPS,, trans-TPPS,, Fig. 3) have also been investigat-
ed as contrast agents for MRI [84, 95]. Twenty-four hours after injection of the
agents into mice bearing subcutaneous mammary carcinoma (SMT-F), all four
agents exhibited a decrease in the relaxation rate of the tumor cells with Mn-
TPPS; demonstrating the greatest relaxivity [95]. Manganese(III)-TPPS; also
demonstrated the highest tumor concentration and the greatest tumor-muscle
ratio. This result was supported by later research with mice bearing MCF-7
human breast carcinoma [84].

2.2.2
Mn-Mesoporphyrin

The mesoporphyrin (MP, Fig. 4) complex of manganese(III) has been investi-
gated as a hepatobiliary contrast agent. In water at 20 MHz and 40 °C, the R, val-
ue for Mn-MP is 1.9 + 0.1 mM™! s7! [96]. This value increases to 2.35 mM s™! in
bovine plasma due to interactions with bovine serum albumin. While these in
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vitro relaxivities are relatively low, the calculated relaxivity of Mn-MP in the liv-
er (R; = 15.7 mM™' s7!) is comparable to those of the gadolinium(III) agents Gd-
EOB-DTPA and Gd-BOPTA (R, = 16.6 mM' s~! and 14.6 mM~! s7!, respectively)
[97,98]. Unlike Mn-TPPS,, Mn-MP was not found to discolor the skin of rats [96].

Manganese(III)-MP was originally investigated to determine the ability of the
agent to discriminate rat brain gliomas from normal brain tissue [99]. While the
agent enhanced the tumors up to 48 hours post-injection, Mn-MP demonstrat-
ed greater potential as a hepatobiliary agent. Manganese(III)-MP enhances nor-
mal liver (peak enhancement 43 %) without enhancing abscesses or mammary
adenocarcinoma (R3230 AC) metastases in rats [94]. This enhancement lasted
over a 60-minute observation period. Over a three-hour period, 65% of an intra-
venous injection of 0.1 mmol kg™' Mn-MP was cleared into the bile [96]. Further
evidence of the efficacy of Mn-MP as a hepatobiliary agent was demonstrated in
rabbits implanted with VX-2 liver carcinoma [100]. The normal liver was
enhanced (99.7 + 14.7%) while the tumor tissue was not (14.8 = 13.9%) when
the agent was injected i.v. at 0.04 mmol kg1

Intestinal absorption studies of Mn-MP were undertaken in an effort to
assess the viability of the metalloporphyrin as an oral hepatobiliary agent [101,
102]. Mixed micelles of Mn-MP complexed with monoolein and taurocholate
were administered to rats, resulting in liver image enhancement 68% above
baseline levels six hours after administration [101]. In pigs, the mixed micelle
preparation showed variable enhancement over 24 hours. Observation that Mn-
MP interacts with oleic acid vesicles [103] led to investigations of the effect of
oleic acid on the absorption rate of Mn-MP from the small bowel into the circu-
latory system [102, 104]. The increase in absorption of the complex was mediat-
ed by a decrease in the relaxivity of the metalloporphyrin resulting from the
interaction with the lipid vesicles.

2.23
Mn-Hematoporphyrin

The biodistribution of hematoporphyrin (HP, Fig. 5) complexes of radioactive
metals has been well-characterized, making such complexes logical choices for
investigation as MRI contrast agents [105, 106]. Manganese(III)-HP increased
the signal intensity of rat livers an average of 37 + 11 % 24 hours after two injec-
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Fig.5. Hematoporphyrin (HP)

tions of Mn-HP totaling 0.025 mmol kg~ [107]. No evidence of dissociation of
manganese(III) from the porphyrin was noted [108], but the injection of
0.038 mmol kg™! of Mn-HP led to the death of five of fifteen rats [107].

2.2.4
Mn-TPP

The tetraphenylporphyrin (TPP, Fig. 6) complex of manganese(III) has one of
the highest R, values reported for manganese-porphyrin agents, 13.0 mM™' s™! at
20 MHz [109]. Injection of this agent into rats led to a greenish color in the skin
of the rats that faded over the course of 48 hours. After injection of 0.05 mmol
kg~! Mn-TPP into rats with undifferentiated hepatocellular carcinomas, homo-
geneous enhancement of the tumors was seen almost immediately and decayed
over time. Undifferentiated hepatomas, both implanted and primary, showed
delayed enhancement that corresponded to histologically determined intratu-
moral necrosis and thrombosis.

The observation that the agent accumulated in necrotic tissue and not specif-
ically or preferentially into viable tumors led to the investigation of the agent as
a marker for necrosis [110]. Acute myocardial infarctions were induced in rats
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Fig.6. Tetraphenylporphyrin (TPP)
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and the animals were injected with varying concentrations of Mn-TPP. At con-
centrations greater than 0.05 mmol kg™!, the contrast between normal myocardi-
um and infarcts increased by up to 200 %. Necrotic lesions as small as 1 mm in
size were detected with no false positive or false negative results.

2.2.5
ATN-10

The manganese(III) complex of the DTPA-ester of 2-[1-(2-hydroxyethoxy)-
ethyl]-4-vinyl-deuteroporphyrin (IX) (Fig. 7) has been investigated as both a
manganese(III)-based contrast agent (ATN-10) and as a heteronuclear contrast
agent containing both manganese(III) and gadolinium(III) (Gd-ATN-10)
[111-113]. The manganese-only complex was investigated in rat brain tumors
(9L gliomas) and demonstrated the ability to distinguish between brain tumor,
cold injury model and cytotoxic brain edema after injection of 0.02 mmol kg™
of ATN-10 [111]. Further research has shown a maximum tumor/normal tissue
concentration ratio of ATN-10 of 18.0 was obtained 24 hours after administra-
tion of 0.04 mmol kg of the contrast agent [114]. The results of these experi-
ments, however, have been called into question [115]. It has been pointed out
that the tumor model used was of a malignant type and, owing to the lack of dif-
ferentiation between viable and necrotic tissue, the accumulation of the ATN-10
in the tumor may be due to the localization of the porphyrin in necrotic tissue
and not due to tumor-specificity.

Gadolinium(III) was complexed to the DTPA component of ATN-10 for pos-
sible use in neutron capture therapy [113]. An additional benefit of the incorpo-
ration of gadolinium(III) into ATN-10 is the increase in the relaxivity of the
agent [113]. Injection of Gd-ATN-10 into rats with 9L gliosarcomas demonstrat-
ed an increase in the signal intensity of the tumor. The agent potentially has
toxicity problems, though, as it was demonstrated that the metal ions may dis-
sociate from the complex.
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Fig.7. The DTPA-ester of 2-[1-(2-hydroxyethoxy)ethyl]-4-vinyl-deuteroporphyrin (IX)
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2.2.6
Mn-BOPP

Boronated protoporphyrin (2,4-(a,B-dihydroxyethyl)deuteroporphyrin IX, BOPP,
Fig. 8), a neutron capture agent, localizes in cerebral gliomas with a ratio of
400:1 as compared with normal brain tissue [116]. The manganese(III) complex
of BOPP was investigated as a MRI contrast agent in the expectation that it
would behave similarly to the free base BOPP and would act in the dual role of
tumor detector and radiation sensitizer [117]. The R, value for Mn-BOPP at
10.7 MHz and 37°C is 4.43 mM~! s~!. When 0.02 mmol kg~! Mn-BOPP was inject-
ed into rats with 9L cerebral gliomas the tumors had approximately 62 % greater
signal intensity as compared to normal brain tissue twenty-four hours post-
injection. No discoloration of the animals was observed.

The toxicity of Mn-BOPP is approximately twice that of the unmetallated
compound [118]. For this reason liposomal preparations of Mn-BOPP were
investigated. The optimal liposome composition was determined and liposomal
Mn-BOPP was better tolerated than the free drug in mice.

2.2.7
Other Manganese(lll) Porphyrins

The manganese(III) complex of uroporphyrin I (UROP-I, Fig. 9) has a R, value
of 4.75 mM™! s7! at 10 MHz in aqueous solution at pH 6.5 [119]. At 300 MHz in
human plasma the R, value increases to 4.8 mM~! s™. Injection into rats with 9L
cerebral gliomas demonstrated enhancement of the tumors in 16 of 18 rats stud-
ied. This enhancement continued for at least 24 hours post-injection. Unfortu-
nately Mn-UROP-I is too toxic to be used in a clinical setting (LDs, of approxi-
mately 0.18 mmol kg™ in rats).

The tetrasulfonated phthalocyanine (PcS,, Fig. 10) complex of manganese
(II1) has a R, value of 10.10 mM! s7! at 10.7 MHz and 37 °C and has a LDs, in
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Fig.9. Uroporphyrin I (UROP-I)

mice of 600 mg kg™ [120]. The structure shown in Fig. 10 is taken directly from
the reference but analytical data presented in the paper do not appear to support
this structure. Injection (96 mg kg!) into mice bearing human breast carcino-
ma demonstrated a maximum increase in the tumor intensity of 131.8 + 32.8%
over twenty four hours. The animals were reported to turn blue for three-to-five
days after injection.

2,4-Bis(1-tetrahydro-fulfuroxyethyl)-deuteroporphynyl(IX)-6,7-bisaspartic
acid (THF-ASP, Fig. 11) is a derivative of hematoporphyrin. The manganese(III)
complex of THF-ASP (ATN-4 T) has a LDs, of more than 2 g kg™! in mice [121].
In mice implanted with PC-3 human prostate carcinoma tumors the average
increase in tumor-to-muscle ratio was 32% 1 hour after injection. VX-2 squa-
mous cell carcinoma implanted in rabbits also demonstrated increased tumor-
to-muscle enhancement after injection of ATN-4 T [122]. No phototoxicity was
demonstrated in the rabbits.

Similar to Gd-ATN-10 and Mn-BOPP, KADTF, a manganese(III) complex of 2-
[1-(2-hydroxyethoxy)ethyl]-4-vinyl-deuteroporphyrin (IX) attached to the radi-
ation sensitizer KU2280 (Fig. 12), was conceived as both a method of detecting
cancerous tumors and of treating them [123]. The R, value for KADTF in water
at 10.7 MHz and 37°C is 7.15 mM™! s~! and the LDs, in mice was reported to be
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Fig. 10. Tetrasulfonated phthalocyanine (PcS,)
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Fig. 11. 2,4-bis(1-tetrahydrofurfuroxyethyl)-deuteroporphynyl(IX)-6,7-bisaspartic acid (THF-
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Fig. 12. 2-[1-(2-Hydroxyethoxy)ethyl]-4-vinyl-deuteroporphyrin (IX) attached to the radia-
tion sensitizer KU2280

at least 0.8 mmol kg™ or higher. Injection of KADTF into squamous cell carci-
noma-bearing mice resulted in increase in tumor signal intensity of greater than
100% without a decrease in the effectiveness of the agent as a radiosensitizer.

3
Iron Agents

High-spin d° iron(III) would seem to be an ideal candidate as a MRI contrast
agent. It has five unpaired electrons and a large volume of literature on the bio-
chemistry of iron is available. Naturally occurring low molecular weight iron-
sequestering agents, siderophores, are available for use as ligands and for the
development of model systems [124, 125]. The R, value for aquo iron(III) at
20 MHz and 37°C is 6.8 £ 0.2 mM~! s7! [16]. Unfortunately iron(III) is toxic in its
free form, with an LD, in mice of 0.42 mmol kg~! when injected i.p., 0.88 mmol
kg! when injected i.v., and 7.9 mmol kg~! when administered orally [19]. Acute
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iron poisoning leads to increased respiration and pulse rates, as well as conges-
tion of blood vessels [27]. Levels less than 500 pg dL-! plasma are associated with
the chance of shock and coma [126].

The greatest concern with iron(III) is the ability of the ion to participate in
redox reactions and to catalyze the oxidation of organic substrates. Even ben-
zene has been hydroxylated in the presence of iron(III)-catecholate complexes
and hydrogen peroxide in one model system [127,128]. Iron(III) complexes have
also been known to behave as Lewis acid catalysts for hydrolysis of phosphates
[129]. Complete coordination of iron(III) lessens the degree of toxicity by
decreasing the amount of oxidative cell damage and eliminating open coordina-
tion sites to minimize the Lewis acid character. One such example of this
approach is the treatment with the ligand Tiron® (Fig. 13) of Chinese hamster
V79 cells [130]. The cells were protected against oxygen- and hydrogen perox-
ide-induced cytotoxicity from redox-active metals such as iron(III). Unfor-
tunately, the complete coordination of iron(III) eliminates the possibility of
inner-sphere coordination of water, leaving outer-sphere and second-sphere
coordination as the only mechanisms for relaxation. This limitation decreases
the efficacy of iron(III)-based contrast agents but has not stopped investigation
into the viability of such agents.

3.1
Fe-EHPG and Derivatives

N,N’-Ethylenebis-[2-(o-hydroxyphenyl)glycine] (EHPG, Fig. 14) is found in na-
ture as a transporter of iron(III) in plants [131]. The ligand occurs as two stereo-
isomers (rac-EHPG and meso-EHPG) which are in approximately 1:1 ratio in
unseparated mixtures of EHPG [132]. The iron(III) complexes of the two
diastereomers have different stability constants (log K = 33.28 for meso-EHPG
and log K = 35.54 for rac-EHPG) [133]. Unless otherwise stated, the information
given here is for a mixture of the stereoisomers. The R, value of this complex is
0.9 mM!s7! and the R, value is 1.2 mM~! s~! at 10.7 MHz and 37°C [134]. The R,
value increases to 1.313 mM™! s™! at 300 MHz and 37 °C [135]. For the individual
stereoisomers, the R, values at 20 MHz and 5°C are 1.37 mM™! s™! for rac-Fe-

o R Ligand
PO
Ho” NN NH_“Son -H EHPG
HO HO -Br 5-Br-EHPG
R R -CH,CH;  5-CoH5-EHPG

Fig. 14. Derivatives of N,N’-ethylenebis-[2-(o-hydroxyphenyl)glycine] (EHPG)
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EHPG and 1.41 mM™! s7! for meso-Fe-EHPG [136]. Binding experiments with
HSA demonstrated a difference in the binding affinities of the two complexes
[136]. The association constant for the dominant binding site of rac-Fe-EHPG to
HSA is 1.3 + 0.3 x 10° M™! and the relaxivity increases approximately four times
because of this binding. The meso-Fe-EHPG demonstrated almost no observable
binding to HSA (K = 340 £ 80 M™!) and an increase in relaxivity of approxi-
mately two. The LDs, of the complex in mice is reported as between 3.4 mmol
kg™ [137] and 8.0 mmol kg™ [135].

In addition to different affinities for HSA in vitro, the two stereoisomers of
Fe-EHPG have different distributions in vivo [133]. The meso-Fe-EHPG complex
is cleared from the blood more slowly than rac-Fe-EHPG. The rate of liver
uptake was also different for the two diastereomers.

Animal experiments with Fe-EHPG demonstrate the effectiveness of this
agent as a hepatobiliary contrast agent. Fifteen minutes after i.v. injection of
0.05 mmol kg™ Fe-EHPG into mice the liver images demonstrated 64 + 14%
enhancement and the gallbladder demonstrated enhancements of greater than
500% using a T-weighted pulse sequence [134]. T,-weighted imaging of dogs
revealed that the signal intensity of the liver parenchyma increased 30% after
injection of 0.167 mmol kg! Fe-EHPG [135].

The capability of Fe-EHPG as a contrast agent for the detection of tumors was
also demonstrated. In separate experiments utilizing mice with either intrahep-
atic implants of reticulum cell sarcoma (M5076) tumors or chemically-induced
undifferentiated colon (C-26) tumors, liver-tumor CNR was significantly higher
on all post-injection T;-weighted images [138]. For small lesions (<3 mm), post-
injection T,-weighted images revealed 99 lesions while pre-injection T'- and T,-
weighted images showed 37 and 49 lesions, respectively. The difference was less
for 3-5 mm lesions (153 for T,-weighted post-injection images, 104 and 114 for
T,- and T,-weighted preinjection images) and all three image sets revealed
lesions >5 mm in size.

Several derivatives of Fe-EHPG have been synthesized and investigated to
see if the substitution of functional groups influences the characteristics of the
complex as a MRI contrast agent. Substitution of a bromine atom into the 5-
position (5-Br-EHPG, Fig. 14) results in two iron complexes: rac-Fe-5-Br-EHPG
and meso-Fe-5-Br-EHPG. As with the unbrominated complexes, rac-5-Br-
EHPG and meso-Fe-5-Br-EHPG have different properties. The R; values at
20 MHz and 37°C are 0.84 + 0.02 mM™! s™! for rac-Fe-5-Br-EHPG and 1.03 £
0.02 mM! s7! for meso-Fe-5-Br-EHPG [139]. The three binding constants
measured for rac-Fe-5-Br-EHPG to HSA are 7.8,1.4 and 0.2 X 10* M. The addi-
tion of bilirubin displaces rac-Fe-5-Br-EHPG from the primary binding site.
Meso-Fe-5-Br-EHPG binds to two binding sites on HSA with binding constants
of 2.6 and 1.1 x 10* M~!. Bilirubin displaces rac-5-Br-EHPG from its secondary
binding site indicating that the two complexes bind to different sites with dif-
ferent affinities. The relaxivities of these complexes increase by 2-5 times as a
result of these binding interactions. Upon i.v. injection into dogs, Fe-5-Br-
EHPG demonstrated comparable liver image enhancement to that obtained
with Fe-EHPG when administered at 0.167 mmol kg™ in T,-weighted images
[135].
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A derivative of EHPG with an ethyl group attached in the 5 position (5-C,H;-
EHPG, Fig. 14) was also synthesized and evaluated [140]. At 20 MHz and 37 °C,
the R, value of Fe-5-C,H;-EHPG was 0.94 mM™! s! and the R, value was
0.96 mM™! s7L. This derivative also binds to HSA. The LDs, in mice is 3.49 mmol
kg!. Up to one hour post-injection in T,-weighted images, the signal intensity of
rat livers was enhanced by 40 %.

3.2
Fe-HBED

The structure of N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetate
(HBED, Fig. 15) is similar to that of EHPG, with the important difference being
the lack of stereocenters in HBED. The Fe-HBED complex is more stable than the
Fe-EHPG complexes, with a log K of 39.68 [141]. The R; values for Fe-HBED,
1.22 mM s at 20 MHz and 5°C [136] and 1.1 mM-! s~ at 10.7 MHz and 37°C
[134],are lower than those for either Fe-EHPG diastereomer. The R, value for Fe-
HBED is 1.2 mM~! s7! at 10.7 MHz and 5 °C [134]. The LDs, of Fe-HBED in mice
is 2 mmol kg! [137]. As compared to Fe-EHPG, Fe-HBED demonstrates a
stronger binding interaction with HSA, with an association constant of 1.7
0.45 x 10° M™! for the primary binding site [136]. The binding interactions
between Fe-HBED and HSA account for an increase in the relaxivity of the com-
plex of four times. Fifteen minutes after i.v. injection of 0.05 mmol kg™ of Fe-
HBED into mice the liver enhancement was 54 + 11% [134].
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Fig.15. N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetate (HBED)

3.3
Desferrioxamine B Derivatives

The iron(III) complex of the microbial siderophore desferrioxamine B (DEF,
Fig. 16) was investigated as a MRI contrast agent [142], but the rapid injection of
this agent may result in a precipitous drop in blood pressure [143]. For this rea-
son, the primary amine on Fe-DF was conjugated with polyethylene-glycol to
form Fe-PEG-DF (Fig. 16) [143, 144]. The new derivative has a R, value of
1.35 mM~! s! and R, value of 1.67 mM~! s~! at 20 MHz and 37 °C, both values are
similar to those of Fe-DF under the same conditions [143]. The LDs, for Fe-PEG-
DF in mice is 7.7 mmol kg™! and no blood pressure drops were observed after
injection of Fe-PEG-DE The enhancement of dog kidneys after injection of
0.2 mmol kg! Fe-PEG-DF was similar to the enhancement profile caused by
Gd-DTPA [143].
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More lipophilic derivatives of DF were synthesized in an attempt to increase
the liver uptake of the agent [145]. N-(Succinyl)desferrioxamine B (SDF), N-
(2(3)-phenylsuccinyl)desferrioxamine B (PSDF), N-(glutaryl)desferrioxamine B
(GDF) and N-(3-phenylglutaryl)desferrioxamine B (PGDF) were all prepared
(Fig. 16) and the iron(III) complexes were tested. Racemic mixtures of Fe-PSDF
and Fe-PGDF were formed in the syntheses and used without further separa-
tion. The R, values for the four derivatives at 10.7 MHz and 37 °C are 2.3 mM™!
§71,2.0 mM! s71,2.1 mM! s7! and 2.0 mM™! s7}, respectively, all close to the R;
value of Fe-DF of 2.3 mM~! s! under the same conditions [145]. None of the
derivatives nor the parent compound showed substantial binding to HSA [145,
146]. After i.v. injection of 0.2 mmol kg! into rats, the enhancement patterns of
T,-weighted images with Fe-DF, Fe-SDF and Fe-GDF were all similar [145].
Renal enhancement was seen with little or no enhancement of other organs.
Both Fe-PSDF and Fe-PGDF gave markedly different enhancement patterns. The
small intestine lumen was strongly enhanced (maximum of 150%) post-injec-
tion. Surprisingly, only 20 % enhancement of the liver was seen, suggesting that
Fe-PSDF and Fe-PGDF are both rapidly taken up by the liver and excreted into
the bile. In vivo competition experiments demonstrate that bromosulfoph-
thalein interferes with Fe-PGDF liver uptake, suggesting that the two anions
make use of the same transporter mechanism [146, 147].
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34
Ferric Ammonium Citrate

Ferric ammonium citrate (FAC) is the major ingredient in liquid Geritol® and
was originally investigated as an oral contrast agent due to the approval of the
agent as a foodstuff [148]. The R, value of FAC at 16 MHz is 1.60 mM! s7! [149].
Diluted solutions of Geritol® in water were tolerated by patients but the agent
was distributed inhomogeneously throughout the small bowel [150]. Unfortu-
nately Geritol® is also 12% ethanol, precluding its use in large volumes as a con-
trast agent [148].

A mixture of FAC with sodium hydrogen carbonate, tartaric acid, aspartame
and artificial grape flavoring was prepared [151]. This agent, alternately
referred to as OMR (oral magnetic resonance) and FerriSeltz®, forms a carbon-
ated grape drink when dissolved in water and, unlike Geritol®, contains no alco-
hol.In phase Il and phase III trials in the U.S., forty-eight of 220 patients (22 %)
reported minor side effects, with diarrhea being the most common [152]. A
similar amount of adverse events were reported in the European trials [153],
while in the Japanese clinical trials only one patient of 167 reported an adverse
event [154]. The difference between the studies may in part be due to the high-
er volume of solution and larger amount of FAC administered in the European
and U. S. trials (600 ml solution containing 1200 and 2400 mg FAC) [152,153] as
compared to the Japanese trials (300 ml solution containing 600 mg and
1200 mg FAC) [154].

In the Japanese study, 600 mg and 1200 mg FAC were administered and both
solutions were judged to provide clinically adequate T,-weighted imaging
though the stomach and duodenum appeared brighter after administration of
1200 mg FAC [154]. In both the U.S. and European clinical trials 1200 mg and
2400 mg FAC were used [152, 153]. When the results of both dose groups in the
U.S. trials were combined, administration of FAC contributed new or additional
information that potentially changed diagnosis, management or surgical
approach in 142 of 220 cases (64 %) and in 22 of the 142 patients (15%). A retro-
spective analysis of the U.S. clinical trials confirmed the efficacy of FAC as a con-
trast agent for the upper abdomen [155]. In the European trials, T,-weighted
gradient recalled echo (GRE) images provided diagnostic confidence equal to or
greater than that in the precontrast images [153]. Use of GRE and T, and T, spin-
echo imaging sequences provided more diagnostic information than precon-
trast images, regardless of the dose used. A separate study demonstrated the
utility of FerriSeltz in imaging of the pharynx during swallowing [156].

The addition of other compounds to solutions of FAC has been investigated
to determine the effect of these other agents on the performance of FAC as an
oral contrast agent. FerriSeltz was added to a 1:5 mixture of water and milk in
an attempt to improve contrast in the small intestine [157]. The agent was
employed in MR cholangiopancreatography (MRCP, 20 patients) and urography
(MRU, 20 volunteers) experiments using single-shot rapid acquisition with
relaxation enhancement sequences. In MRCP, the signals from the gastrointesti-
nal organs were better eliminated on all of the post-contrast images and the
image quality was improved in all but one patient as compared to the precon-
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trast images. In MRU, the signals from the gastrointestinal organs were better
eliminated in all but one of the post-contrast images and the image quality
improved in all but two (one equal, one inferior) of the post-contrast images as
compared to the precontrast images. Optimized corn oil emulsions (20 %) con-
taining Geritol® (12%) and ice cream and milk (30% and 38 %, respectively, to
improve palatability) provided “excellent” enhancement of at least 80% of the
bowel in five volunteers using three different pulse combinations [158]. Generic
FAC in corn oil emulsification also provided similar results in one subject, but
the taste of the preparation was not rated as highly as the ice cream-containing
agents. A solution of FAC doped with 6% barium sulfate was prepared, allowing
the filling of the bowel to be monitored by fluoroscopic techniques [149]. The
addition of the barium lowered the R, value to 0.5 mM™! s! at 16 MHz. Very lit-
tle difference was found between doped and undoped sample of FAC using a
series of spin-echo sequences. Another FAC/barium sulfate solution, this one
containing 1% w/v FAC and 2% w/w barium sulfate, offered no advantage over
baseline examination of the small bowel [159]. A highly viscous (~ 14,000 cp at
25°C) mixture of FAC and carboxymethylcellulose sodium paste was investigat-
ed for opacification of the esophagus using T,-weighted SE imaging [160]. In
twenty patients with esophageal disorders, the esophageal lumen at the site of
the lesion was identified in sixteen cases. Thirty-two of thirty-eight (84.2%)
sagittal images of patients with abnormal esophagus were judged to be of
“excellent” quality.

3.5
Other Iron(lll) Agents

The use of blueberry juice, which contains iron(III), as an oral contrast agent was
discussed above [67 -69]. Other food stuffs were added to iron(III) chloride and
investigated as oral contrast agents [161]. Compounds added to iron(III) in-
clude phytic acid (Fig. 17), tannins, inositol, cellulose, polyethylene glycol and
polyvinylpyrrolidone. The pH of the solutions and the identity of the compounds
produced in solution were not reported although it was speculated that the iron-
phytate solution formed an oligomer. The R, values at 20 MHz for the solutions
were: iron and phytate, 3.04 mM s7}; iron and phytate in a 1% solution of cellu-
lose, 1.60 mM™! s~ iron and tannic acid, 1.046 mM~! s~!; and iron and oxalic acid,
1.72 mM™! s71. As the mixture of iron(III) and phytate possessed the highest R,
value, the optimal ratio of iron(III) and phytate was determined and used in fur-
ther studies. A 1:1.5 ratio of iron(III):phytate was mixed with xanthan gum (to
increase viscosity to 10 cp), propylene glycol (to increase osmolality to
270 mosM), acetic acid (to buffer the solution) and saccharin and vanillin (to
improve taste) to produce an oral contrast agent solution. Five human volunteers
ingested 900 ml of solution containing 50 to 250 mg L~! iron in 50-mg increments
and were imaged. A solution containing 200 mg L~! iron was found to be the most
effective for enhancing the bowel. Ingestion of this solution by five volunteers
demonstrated that the contrast agent significantly improved the delineation of
anatomic features and decreased the amount of artifacts. No side effects were
noted and no changes in the serum levels of iron were found.
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An iron(III) glycerophosphate solution was prepared and evaluated as a
potential agent for MR colonography [35]. The effect of this solution on the T;-
value of water was greater than that seen with gadopentetate dimeglumine ene-
ma solutions. When the 45 mmol L! solution of iron glycerophosphate was
injected into pigs, the mean CNR of the colonic lumen was 48 + 5 relative to sur-
rounding tissues on T,-weighted images. The colonic wall CNR was 21 + 3 and
10 =+ 4 relative to the colonic lumen and surrounding structures, respectively. No
evidence of iron uptake into colonic mucosal cells was found.

Iron(III) complexed to polymeric backbones yielded high-molecular weight
agents [72]. An iron(III)-DTPA-dextran conjugate has an R, value of 5.0 mM~!
s™'at 10 MHz and 37°C in a 1:2.13 solution of glycerol and water. For compari-
son purposes, the iron(II) analog of the conjugate had an R, value of 2.0 mM~!
s71. The effect of the conjugation of iron(III)-DTPA to dextran is demonstrated
by the huge increase in relaxivity as compared to iron(III)-DTPA (0.72 mM™!
s!). Under the same conditions, iron(III)-EDTA-sucrose-epichlorohydrin
copolymer conjugate had an R, value of 0.5 mM s7! and iron(III)-carboxy-
methyldextran compound had an R, value of only 0.07 mM™! s7%. The glycerol-
water solution was used instead of water since this solution has relaxation prop-
erties similar to those of body fluids.

A heterobimetallic MR contrast agent containing both iron(III) and gadolin-
ium(III) was prepared using a DTPA-based ligand [162]. Bis(salicylamide)-
DTPA (DTPA(PAS),, Fig.2) was synthesized and complexed with gadolinium(III)
yielding a complex with an R, value of 4.6 mM~ s! at 20 MHz and 25 °C, similar
to the value of Gd-DTPA. Addition of iron(III) to the solution produced two dif-
ferent complexes with higher relaxivities, [(H,0)-Gd-DTPA(PAS),],-Fe(H,0),
and [(H,0)-Gd-DTPA(PAS),];-Fe, depending on the pH of the solution.

The iron(III) tris-complex of Tiron® (Fig. 13) has an R, value of 3.15 mM s™!
at 60 MHz and 25°C [163]. This value is higher than that reported for any other
low-molecular weight iron(III) complex [10]. Injection of 0.15 mmol kg™! into
rats demonstrated maximum increases in the kidney and liver image signals of
137 % and 73 %, respectively. No toxic effects were seen at this concentration, but
all animals injected with 0.3 mmol kg! of contrast agent died.

Both 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecanate (DO-
TA) and 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetate
(HP-DO3A) (Fig. 18) have been used as ligands for gadolinium(III) in com-
mercially available MR contrast agent solutions [164, 165]. The analogous
iron(III) structures have R, values at 20 MHz and 40°C of 0.4 mM! s7! and
0.5 mM™! s7! for Fe-DOTA and Fe-HP-DO3A, respectively [166]. The iron(III)
complex with the natural chelator mugineic acid (Fig. 19), demonstrated similar
contrast-enhancement behavior to both Fe-DF and Gd-DTPA [71]. The iron(III)
complexes with the porphyrins TPPS, (Fig. 3) and meso-tetrakis(4-N-methyl-
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HO,C—. / \ ,—CO.H /—\ ,—CO,H
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Fig. 18. 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecanate (DOTA, left) and
10-(2-hydroxypropyl)-1,4,7,10-tetraazacylcododecane-1,4,7-triacetate (HP-DO3A, right)

Fig.19. Mugeniec acid (MA)

Fig.20. Meso-tetrakis(4-N-methyl-pyridiniumyl)porphyrin (TMPyP)

pyridiniumyl)porphyrin (TMPyP, Fig. 20) were found to be unsuitable for use as
MRI contrast agents due to a large drop-off in relaxivity above pH 6 [80, 167].
This drop-off is attributable to the formation of dimers and the generation of
low-spin adducts upon binding to biomolecules. Synthesis of iron-DTPA-SA
liposomes (Fig. 2) yielded liposomes that were too unstable to investigate fur-
ther [63].

The utility of iron as a MRI contrast agent in non-living systems has also been
explored [168]. Due to the different numbers of unpaired electrons, iron(II)
and iron(III) have different relaxivities (at 20 MHz and 37°C the R; values
are 0.43 mM! s7! and 8.37 mM! s7}, respectively) [169]. Using appropriate T;-
weighted imaging techniques the oxidation of iron(II) to iron(III) and the
reduction of iron(III) to iron(II) can be observed by the change in the effect of
the metal ions on water molecules [168]. This was demonstrated by the migra-
tion of sodium bromate, an oxidizing agent, and ascorbic acid, a reducing agent,
through polyacrylamide gels doped with iron(II) and iron(III), respectively.

4
Copper Agents

Understandably, complexes of copper have received little attention as contrast
agents for MRI. Copper(II) ions have only one unpaired electron and thus have
a significantly lower relaxivity than manganese(II), manganese(III) or iron(III).
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The R, value of copper(II) chloride at 20 MHz and 37 °C has been reported as
0.836 + 0.004 mM!s™'and as 1.0 mM~! s7! [16,170]. On the other hand, free cop-
per(Il) is relatively non-toxic (i. p. LDs, in mice is 55 mmol kg!) as compared to
manganese and iron ions [19]. This allows for the injection of greater amounts
of copper(II), somewhat lessening the handicap of a lower R,. Symptoms of
acute copper toxicity include tension, hemolytic anemia with intravascular
hemolysis, uremia, and cardiovascular collapse [27]. Copper(Il) ions oxidize
unhindered sulfhydryl groups on proteins, forming disulfide linkages, while
themselves being reduced to copper(I) [22].

4.1
Copper(ll) lons

Copper(II) chloride has been investigated as a potential contrast agent for MR
microscopy of cartilage [171, 172]. Copper(II) ions migrate through the carti-
lage, interacting with the anionic proteoglycan molecules. This interaction slows
the relative rate of diffusion as compared to Cu-EDTA (Fig. 2) which cannot
interact with the proteoglycans [171]. The binding of the copper(II) ions leads
to an increase in the relaxivity of the ions. Evidence of the involvement of
the proteoglycans was found by neutralization of the anionic groups on the
proteoglycans by either acid or enzymatic digestion [172]. Changing the pro-
teoglycans led to a decrease in the effect of the ions on the relaxation of local
protons.

The diffusion of copper(II) ions in non-living systems has also been investi-
gated using MRI techniques [173]. As the paramagnetic ions diffuse through
aqueous systems the relaxation rates of the water protons change, allowing for
visualization of concentration gradients of copper(II). Using null-point imag-
ing, the rate of diffusion of a copper(II) sulfate solution through polyacrylamide
gels and samples of Richemont limestone was monitored [174]. The natural het-
erogeneity of the rock samples was easily seen in the irregular advance of the
copper(II) solution. The rate of diffusion of copper(II) ions through a variety of
gel systems was determined using similar techniques [168]. The rate of diffusion
of sulfuric acid through a polyacrylamide gel was monitored using similar prin-
ciples [175]. The R, value of aquo copper(II) ions (1.0 mM s7! at 10 MHz and
37°C) is higher than that of Cu-EDTA (0.3 mM™! s7! at 10 MHz and 37 °C) due to
the reduction in the number of inner-sphere water molecules in the EDTA com-
plex [170]. As the pH of a solution of Cu-EDTA is lowered, the carboxylate
groups on the ligand are protonated and no longer interact with the metal cen-
ter. This frees more coordination sites for inner-sphere water molecules and
results in an increase in the relaxivity of the copper complex. Copper(II)-EDTA-
doped polyacrylamide gels were spotted with sulfuric acid and the change in the
relaxivity of the copper(II) solution was visualized as the acid diffused through-
out the gel [175].
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ﬂ & Rs Isomer Complex
-CHgq -CHs -CH, 7z Cu-aTA
-CHj -CH,CH3 -CH,CHj E/E Cu-bTA
-CHs CHy  -CH,CHj n.d. Cu-cTA

-H -CHy -CHj3 E/E Cu-dTA

-CH,CH;  -CHj3 -CH3 Z/E Cu-eTA
-CHj -H -H n.d Cu-fTA

Fig.21. Derivatives of tetramic acid (TA)

4.2
Copper(ll) Tetramic Acid Derivatives

A series of derivatives of tetramic acid were synthesized and complexed to cop-
per(II) (Cu-TA, Fig.21) [176, 177]. At 300 MHz, the R, value of Cu-aTA is 0.073 +
0.004 mM~' s”! and the R, value is 0.091 + 0.006 mM~' s™! [176]. The ability of the
Cu-TA derivatives to cross membranes was measured using defolliculated Xeno-
pus laevis oocytes as model cells. Using MR microscopy techniques, Cu-aTA, Cu-
bTA, Cu-cTA and Cu-eTA were all found to cross into the cytoplasm of the cells
[177]. Additionally, atomic absorption spectroscopy revealed the presence of
Cu-dTA and Cu-fTA, suggesting that while the complexes failed to cross the
cell membrane that they were stored in the membrane-bilayer. Liquid chro-
matography experiments demonstrated that Cu-aTA crosses membranes intact
[176].

4.3
Other Copper(ll) Agents

Mixture of D-penicillamine (pen, Fig. 22) and copper(II) chloride forms a com-
plex of the formula [Cu(I);Cu(Il);pen;,]°~. The R, value of this complex at
300 MHz and 23°C is 0.586 mM! s7! [178]. The carboxylate groups on the clus-
ter have been shown to react with aziridines such as XAMA-7 (Fig. 23) which in
turn can be reacted with biotin [179]. The copper clusters can then be attached
to antibodies or other biotinylated proteins via an avidin linker molecule.

H,,]
”Sj<kcozH

HO oj)\/\Nj>

Fig.23. XAMA-7 3

Fig.22. D-Pennicillamine (pen)
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Organic polymers with copper(II) complexes attached result in high-molec-
ular weight agents [72]. A copper(II)-DTPA-dextran conjugate has an R, value
of 0.6 mM s7! at 10 MHz and 37°C in a 1:2.13 solution of glycerol and water.
A copper(II)-mercaptosuccinic acid-dextran conjugate has the same R, value
under the same conditions. A copper(II)-carboxymethylcellulose complex had a
higher R, value of 2.0 mM™! s~! under the same conditions. The glycerol-water
solution was used instead of water since this solution has relaxation properties
similar to those of bodily fluids.

5
Conclusions

Research has demonstrated that non-gadolinium-based contrast agents for MRI
are viable alternatives to gadolinium-based agents. One intravenous and two
oral contrast agents utilizing manganese and iron as paramagnets have already
been approved for clinical use in many countries. The natural biochemistry of
these metals makes a greater knowledge base on the distribution of the ions and
their complexes in the body available for researchers to exploit and extend upon,
allowing for development of targeted agents. The inherently low relaxivity of the
non-gadolinium-based contrast agents may be enhanced by designing complex-
es that interact with serum proteins and other macromolecules. While it is
doubtful that the relaxivities of non-gadolinium-based agents will ever surpass
the highest of those of gadolinium-based agents, the opportunity for targeted,
high-relaxivity agents is there.
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List of Abbreviations

BBB blood-brain barrier

BPCA blood-pool contrast agent

BSA bovine serum albumin

BWR Bloch-Wangsness-Redfield

CNS central nervous system

Da Dalton

DOTA 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10- tetraazacyclododecane
DTPA diethylene triamine pentaacetic acid
EPR electron paramagnetic resonance
ESEEM electron spin echo envelope modulation
HSA human serum albumin

LODEPR longitudinally-detected EPR

MR magnetic resonance

MRI magnetic resonance imaging

MW molecular weight

NMR nuclear magnetic resonance

NMRD nuclear magnetic relaxation dispersion
PAMAM  poly(amidoamine)

PBL Poupko-Barum-Luz

PCA paramagnetic contrast agent

RIME receptor-induced magnetization enhancement
USPIO ultrasmall superparamagnetic iron oxide
ZFS zero field splitting

1 Introduction

The use of paramagnetic contrast agents to improve the diagnostic specificity of
MRI examinations has expanded rapidly in the last two decades. GA(III)-DTPA
was first introduced to clinical trials in Berlin in December, 1983 [1], and gained
FDA approval in the United States in 1988. Since the first trials, literally hundreds
of different chelates of Gd**, Mn?*, Fe** and other paramagnetic metal ions have
been synthesized and tested as potential paramagnetic contrast agents (PCAs),
as have several superparamagnetic agents. In all the creative efforts in this field,
the twin goals of higher contrast agent effectiveness (higher relaxivity) and
greater patient safety (lower toxicity) have guided researchers.

The first successful compounds used in MRI contrast-enhanced imaging
were small Gd** chelates, with molecular weights roughly in the range from
500-1000 g/mole. After intravenous administration, these compounds rapidly
diffuse out of the vasculature into the extracellular space. The exception to this
extravascular diffusion is in the brain, where an intact blood-brain barrier
(BBB) prevents rapid movement out of the vessels. The great success that these
small, extravascular agents have had in diagnosing lesions in the brain and CNS
is due largely to the fact that any disease that disrupts or compromises the BBB
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provides a route for PCA diffusion out of the vessels, with an accompanying
diagnostic alteration in MRI image contrast.

While rapid extravascular diffusion is an advantage in diagnosing brain
lesions, it comes with several serious drawbacks. The very ease of diffusion out
of the circulation leads to a short half-life and rapid excretion, usually via the
kidneys. After intravenous injection in man, for example, Gd-DTPA rapidly
undergoes intravascular distribution and diffusion into the extracellular space.
The early distribution phase is complete within a few minutes (t;, = 10 min),
and the elimination phase has a half-life of about 1.5 hours [2]. The extremely
hydrophilic character of Gd-DTPA keeps the agent from penetrating cellular
membranes, and no binding to proteins is observed. This rapid exit from the cir-
culation means that the contrast-enhanced phase of the MRI examination also
is short, and that very little of the extracellular agent is available in the circula-
tion for other diagnostic procedures, such as MR angiography. Clearly, it would
be useful to have PCAs that are retained in the circulation for longer times.

Another disadvantage of the small, hydrophilic agents is that they tumble
very rapidly in the extracellular fluid. In water at 25°C, for example, Gd-DTPA
has a rotational correlation time (7z) of 58 ps as determined by the fitting of
NMRD data [3], and 105 ps by EPR simulation in the VO**-DTPA analog [4].
This very rapid motion dominates the relaxivity of the PCA in the frequency
range of typical clinical interest (42-63 MHz). The reasons for this dominance
of 1z can be traced to the fact that small Gd** chelates like Gd-DTPA have a relax-
ivity at clinical frequencies that is determined predominantly by an inner sphere
process; for Gd-DTPA at 50 MHz, Chen et al. calculate that the relaxivity in water
is 43 % inner sphere, 25% second sphere, and 32 % outer sphere [4]. In turn, the
inner sphere contribution to relaxivity is often modeled by the Solomon-Bloem-
bergen equations [5, 6]

1 P

?sz—q (1)
1 lm+Tm

1 2 y}g2p58(8+1)[ 31, 71, ] @)
- = +

T, 15 ré (1+ @)  (1+ w?13)

1 1 1 1

—=—t—+— (3)

In these equations, the symbols have their customary meanings (see Toth et
al. in this volume for an excellent review of the topic), and the correlation times
given in Eq. (3) have the following typical values at 50 MHz in water: T, (elec-
tron spin-lattice relaxation time) =10 ns, T,. (electron spin-spin relaxation
time) =1 ns, 7,,, (inner sphere water exchange correlation time) =130 ns [3],and
g = 60 ps. These values, in the context of Eq. (1-3), show why rotational dynam-
ics control relaxivity for such chelates.

One effect of this rapid rotational motion is the loss of relaxivity at clinical
frequencies. Figure 1 shows a Nuclear Magnetic Relaxation Dispersion (NMRD)
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Fig. 1. Proton NMRD curve for Gd-DTPA in water at 24°C

curve for Gd-DTPA, which illustrates the problem caused by a rapid ry. Similar
profiles are produced by virtually all low molecular weight agents. The same
dynamic factor which causes the effectiveness of PCAs to fall off at higher
frequencies also can restore relaxivity (r;) in the clinical frequency range if 7z
can be slowed. This dependence of r; on ry is illustrated in Fig. 2. If the rotation-
al motion of the agent can be slowed, effectiveness in the clinical frequency
range will be restored, and even enhanced over values observed in fast-tumbling
PCAs.

Blood pool contrast agents are designed to address both the need for longer
vascular retention times and the desire for longer . First developed as Gd**
complexes covalently bound to proteins like HSA or BSA [7] or to polymers like
polylysine [8], the general class of agents has expanded to include complexes
covalently and non-covalently bound to proteins, covalently bound to polymers
and dendrimers, and micro-particles of iron oxide. All of these approaches
have advantages that include high dose efficiency, prolonged tissue enhance-
ment that eliminates the critical timing of images, the ability to gauge tissue
blood volume and perfusion, and the ability to evaluate changes in capillary
integrity [9]. The key physical characteristic that allows these agents to remain
longer in the vasculature is to have a size greater than can easily pass out of
capillaries. For example, glomerulus capillaries in the kidneys are fenestrated
with pores 60-70 nm in diameter, each closed by a pore diaphragm. These
capillaries can filter the plasma to remove any drug that has a molecular weight
below about 20 kDa.

Above this weight, excretion also depends on the lipid solubility and polarity
of the agent, as well as the pH of the environment [10]. Larger agents are partly
or completely limited in diffusion through the endothelial membrane, but they
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Fig. 2. Simulated dependence of relaxivity (r,) on 1y
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Fig. 3. Distribution and elimination of different sized PCAs. Note difference in permeability
(pore size) of endothelial capillary and glomerular membrane ECCA = extracellular contrast
agent; BPCA = blood-pool contrast agent. Adapted from [10] with permission

usually still are excreted by the kidneys. Molecules larger than about 70 kDa do
not pass the glomerulus filter, but are metabolized before excretion [11].
Endothelial capillaries have a smaller permeability (pore size),and may not pass
particles larger than 10-20 nm in diameter (MW <20 kDa). A schematic of the
distribution and elimination of different sized contrast agents is shown in Fig. 3
[10]; details of the diagram will be discussed in following sections.
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2
Types of Blood Pool Agents

2.1
Gd3** Chelates Covalently Bound to Proteins

One of the first attempts to slow the rotation of small Gd** chelates was to
covalently attach them to proteins like HSA and BSA [7,12-14]. DTPA chelates
can be bonded to the protein by means of the reaction of DTPA-dianhydride
with BSA or HSA in buffered aqueous solution. Resulting PCA/protein
conjugates can be synthesized with up to about 30 Gd-DTPA ligands per
protein, or up to 90 Gd**/HSA with the chelate diethylenetriaminetetraacetic
acid monoamide (DTTA-MA) [15]. A significant enhancement in the re-
laxivity/Gd** is observed in these protein conjugates, due to a longer z
produced by the slower tumbling of the chelate/protein system. For example,
the relaxivity per Gd’* (r,) of the DTTA-MA/HSA conjugate is 14 mM™ s}
at 10 MHz [15], while the relaxivity of Gd-DTPA at the same frequency is
about 3. This increase is by no means optimal (and may indicate both
segmental rotational freedom of the protein linker and dipole-dipole inter-
actions between neighboring Gd** ions), but the expected increase clearly
is seen. For a less heavily loaded albumin, utilizing the cyclic anhydride of
DTPA as a starting material, a relaxivity of about 20 mM~! s7!/Gd’* has been
reported [13].

Albumin conjugates show a much longer contrast-enhancing effect, and pro-
longed intravascular retention [13]. Since HSA has a molecular weight of about
68 kDa, the chelate/protein conjugates can be considered large BPCAs, as seen in
Fig. 3. Albumin-based macromolecular agents are not considered optimal for
clinical development for several reasons. The consistency of the synthetic prod-
uct is difficult to control. Cardiovascular toxicity may be a problem. Finally, there
is a prolonged retention of gadolinium in the bone and liver for weeks to months
after administration of a typical imaging dose.

2.2
Polymeric Gd** Chelates

Dextran [16] and polylysine-linked Gd-DTPA [17, 18] or Gd-DOTA [19] formed
the basis for the first polymer-based BPCAs. The successes that these com-
pounds have had in a variety of vascular and cardiac imaging applications has
led to the development of a wide range of synthetic linear polymer-based agents
that modify both the intravascular retention times and the relaxivity. Figure 4
illustrates the variation of r, relaxivity in three polylysine-Gd-DTPA compounds
of differing molecular weight, compared with a monomeric Gd-DTPA prepara-
tion. Simulation of the NMRD curves gives approximate values of r; of 640 ps,
500 ps, 235 ps, and 70 ps for molecular weights of 50 kDa, 40 kDa, 2.3 kDa,
and 0.7 kDa, respectively. If the behavior of these complex compounds can be
approximated by a simple spherical Stokes-Einstein model for rotation in
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Fig. 4. NMRD curves for three polylysine-Gd-DTPA compounds (MW 50 kDa, 40 kDa, and
2.3 kDa), together with a Gd-DTPA preparation in water at 22°C. Compounds courtesy of
H.J. Weinmann, Schering AG

solution, then the variation of 7 with molecular weight will follow a relationship
of the form:
_4mR’p

=—1 4
ST (4)

Here, R is the radius of the sphere, 1) is the coefficient of viscosity, kg is Boltz-
mann’s constant, and T is temperature. Equation (4) implies that 7z should vary
linearly with volume, or mass, in the range where the Stokes-Einstein equation
is valid. Figure 5 shows the roughly linear behavior of z; for these compounds,
and illustrates why polymeric conjugates of Gd** chelates remain a very attrac-
tive method of modulating both 7z and the intravenous retention time (t;,) of
BPCAs.

Molecular weight alone is not an assurance that 1z will increase in an optimal
fashion. Local segmental flexibility can permit the Gd-chelate moiety to rotate
rapidly while the overall motion of the polymer conjugate is much slower. In
fact, many linear polymer systems show no appreciable increase in 7 as molec-
ular weights increase beyond 10 kDa, indicating that segmental flexibility dom-
inates the motion of the paramagnetic ion. This can be seen by examining one
common chemistry of attachment of a DTPA chelate to the polymer polylysine.
As shown in Fig. 6, the entire carbon chain and amide linkage of DTPA allows for
significant segmental flexibility, resulting in a 7y value that is significantly short-
er than the rotational correlation time for the polymer as a whole. Slower than
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Fig. 5. Variation of 7, with molecular weight for compounds in Fig. 4, illustrating the approxi-
mate Stokes-Einstein behavior
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Fig. 6. Illustration of a method of attachment of Gd-DTPA to polylysine
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optimal water exchange rates also have been implicated as a cause of lower than
expected relaxivities in polymer conjugate systems [20].

Recently, polymeric Gd** chelates of varying molecular weights have been
synthesized to control t,;, (the intravascular half-life) as well as 7 [21]. A rough-
ly linear relationship is seen for t,,, as a function of molecular weight. In gener-
al,blood pool retention is known to be affected by molecular weight (MW), size,
shape and charge [22], so while the linear behavior of t;;, as a function of MW
can be observed for members of a family of compounds with similar physical
characteristics, it is not necessarily expected to hold when comparing polymer-
ic conjugates based on different molecular structures.

In their comprehensive review of Gd** chelates as MRI contrast agents, Cara-
van et al. point out that macromolecular conjugates exhibit less complete elimi-
nation from the body, increasing the odds of cellular uptake and processing,
leading potentially to the release of toxic byproducts, including free Gd** [20].
Moreover, large multivalent molecules are more likely to be antigenic than small
molecules. There also is a concern than clinical doses of these materials will lead
to hemodynamic abnormalities. In the case of Gd-DTPA-polylysine, typical
doses of 0.05 and 0.15 mmole/kg showed no significant hemodynamic effects,
although at higher doses (0.45 mmole/kg) a transient increase in blood pressure
parameters and contractility was observed [23].

2.3
Dendrimeric Gd3** Chelates

Cascade polymers, or dendrimers, differ from linear polymer systems in many
ways. Dendrimers have much lower polydispersities [24]. They can be synthe-
sized to have a higher number of reactive functional groups per unit mass and
volume, and thus can serve as the vehicle to deliver attached paramagnetic ion
chelates. Finally, they can be synthesized in concentric “generations” to achieve
the appropriate size to achieve prolonged intravascular retention and slower
rotation. Figure 7 illustrates one dendrimer system, based on the ammonia core
poly(amidoamine) (PAMAM) cascade polymers, showing how it is synthesized
in generations and derivatized with the chelate DTPA-TU [25]. The generation 2
system has a molecular weight of 8.5 kDa, while a generation 6 dendrimer has a
molecular weight of 139 kDa.

Dendrimers can provide a macromolecular scaffold that is more nearly uni-
form in molecular weight than that achieved by linear polymers. They do not
entirely solve the problems of segmental motion, however, and multiple r; val-
ues have been reported from the same structure [26]. Two classes of motion,
attributed to “internal” and “terminal” carbons have been suggested, with 7
(internal)/7; (terminal) =100 for a generation 7 (MW =87.3 kDa) poly(ami-
doamine) macromolecule. Wiener et al. suggest that the segmental motions that
dominate relaxivity in the PAMAM dentrimer system are actually located in the
interior of the polymer, and that the rotational motion of the whole system
affects the apparent r that is observed [25]. Bryant and co-workers have shown
that in a PAMAM dendrimer system conjugated with a DOTA derivative and
grown to high generation numbers (G =5, 7, 9, 10), T, relaxivity does not con-
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Fig. 7. General synthetic scheme for PAMAM dendrimer and its derivatization with DTPA-TU
[25]. Used with permission

tinue to increase with macromolecular size, but reaches a plateau. Similar results
were found for T, relaxivity; the effect is attributed to relaxivity limited by slow
water exchange in the large dendrimer structures [27].

The synthesis and first animal model trials have been reported for den-
drimer-based BPCAs that are designed to diffuse only very slowly through the
vascular endothelium, while still being freely excreted by the kidneys. Based on
a central core of trimesoyl triamide [28,29], these materials are limited in size to
about 18 kDa, and some versions are below 10 kDa in molecular weight. They
have slower rotational dynamics, and hence improved relaxivity. These BPCAs
remain in the vasculature long enough to conveniently perform MR angio-
graphic procedures, while still being completely eliminated from the serum in 24
hours, reducing the risk of secondary metabolism and possible toxicity. While
not a dendrimer, another macromolecular agent based on the chelate DOTA that
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has been substituted with hydrophilic bulky groups, also is designed to achieve
these advantageous values of longer 7z and 24 hour excretion [30]. Again, mole-
cular weights of 5.29 and 11.59 kDa are used to develop these properties in the
agent. Clearly, the advantages of complete excretion in the span of one day will
make this molecular weight range a popular one for the development of new
BPCAs.

2.4
Iron oxide Particles

A quite different chemical and physical strategy is represented by nano-particles
of iron oxide. Typical formulation consists of a magnetite (Fe;O,) core sur-
rounded by a protective thin dextran coating [31,32]. The magnetite core in one
recently published study was reported to be less than 5 nm in size, while the
overall particle size was about 21 nm; this is typical of materials termed Ultra-
small Superparamagnetic Iron Oxide (USPIO) contrast agents [27]. The term
superparamagnetic is applied to these systems. They exhibit a magnetic suscep-
tibility that is intermediate between paramagnetic and ferromagnetic. The small
size of the magnetite core gives rise to a magnetic moment that experiences a
much smaller magnetic lattice anisotropy than is measured in larger crystalline
systems. The very small magnetic anisotropy permits rapid thermal reorienta-
tion of the magnetization vector, giving rise to superparamagnetic behavior.
Superparamagnetic systems behave more like paramagnetic ones, having a net
magnetization that is proportional to the magnetic field at low fields, according
to the form

MS = FS N’lsL(x)
L(x) = coth(x) - 1/x 5)
psB
xX=—
kT

where N = total number of Fe atoms, F5 = number of magnetite cores divided by
N, s = the magnetic moment of the magnetite core, k = Boltzmann’s constant,
B = external magnetic field strength, and T = temperature. L(x) is called the
Langevin function, with the property that for x <1, L(x) = x/3. Therefore Mg
approaches zero as B approaches zero. Koenig and Kellar have considered the
theory of NMRD profiles for superparamagnetic nano-particles [33]. They point
out that higher field strengths result in a plateau in Mg called magnetic satura-
tion, and this must be considered when analyzing the relaxivity of nano-parti-
cles at clinical frequencies. USPIO systems typically have values of yg that are
much larger than g measured for single paramagnetic ions, and that makes them
powerful relaxation agents.

Proton relaxation is enhanced by the presence of these nano-particles in solu-
tion, although the mechanism of relaxivity is complex [33]. Bulte et al. suggest
that for a particle preparation called MION-46L developed at the Center for Mol-
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ecular Imaging Research, Massachusetts General Hospital and Harvard Medical
School (Boston, MA), both T, and T, relaxivities are dominated by a combina-
tion of outer sphere contributions from large and small magnetite core super-
paramagnetism, as well as inner sphere contributions from residual paramag-
netic Fe**, which may be on the surface of the cores or bound in the dextran
coating [34]. In the preparation reported, approximately 41% of the total Fe
atoms in the system are paramagnetic. In other systems, additional T, effects
due to susceptibility gradients around the particles have been noted [32]. Addi-
tional research is needed to fully clarify the situation.

One critical feature of USPIO contrast agents is their strong relaxation effects
on T, as well as T,. While all paramagnetic and superparamagnetic agents affect
both longitudinal and transverse relaxation, the potentially extremely strong
effects of larger particles on T, can produce artifacts in MRI images. The ratio of
T, to T, relaxivities, r,/r;, is found to be a sensitive function of the size of the par-
ticle core: smaller cores have smaller r,/r, ratios. Koenig and Kellar suggest that
an optimum core size for these systems is between 6 and 10 nm; below 6 nm the
relaxivity is too low, while larger than 10 nm the loss of MRI signal due to T,
effects is too great [35]. Kollmann et al. reported relaxivity ratios (r,/r,) of 7 for
a particle preparation with mean particle size of 60 nm, and 2 for a particle size
of 20 nm. Measurements were made at 1.5 T; core magnetite diameters were not
reported [36].

USPIO contrast agents are eliminated from the circulation by the reticuloen-
dothelial system (RES), and often become sequestered in liver cells. Half-life in
the circulation depends on the chemistry of preparation, and can range from
hours [28] to weeks [37].

25
Low Molecular Weight Gd3+ Chelates Binding to Serum Proteins

All of the strategies thus far considered to develop MRI contrast agents with long
intravascular retention times and slower rotational motion depended on syn-
thesizing materials in a laboratory and injecting them into patients. The last cat-
egory of PBCAs we will consider takes a different approach, termed by Lauffer
“receptor induced magnetization enhancement” or RIME [38]. Here, a low mol-
ecular weight Gd** chelate is chemically designed to bind noncovalently to sub-
strates like serum proteins. Once bound, the PCA-protein conjugate develops a
higher concentration and longer intravascular retention than those of low mol-
ecular weight agents. The rotational motion of the Gd** ion also is slowed by its
association with a high molecular weight molecule, and thus its relaxivity is sub-
stantially enhanced. In effect, the RIME-BPCA is assembled in vivo. The bound
form of the agent is in equilibrium with a small amount of free agent, which acts
like an extracellular agent, and is excreted renally over time. Thus, RIME agents
avoid the problems of slow excretion often exhibited by covalently bound
macromolecular systems, while enjoying longer intravascular retention and
larger 1y values.

Several chelates have been developed to exploit the RIME approach. These
include [Gd(BOPTA)(H,0)]?>" (Multihance™, Bracco) [39], [Gd(EOB-DTPA)-
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Fig. 8. Molecular structures for MS-325 (left) and Gd(EOB-DTPA)(H20)* (right)

(H,0)]* (Eovist™, Schering) [40-42], MP-2269 (Mallinckrodt) [43], B-21326/7
(Bracco) [44], and MS-325 (AngioMARK™, EPIX) [45, 46]. Figure 8 shows the
molecular structure of two of these agents, AngioMARK and Eovist. Both are
based on the chelate DTPA, and both have additional functional groups that
interact with serum proteins, particularly HSA. Gd(EOB-DTPA) currently is
being evaluated as a liver contrast agent, targeting hepatocytes [42]. Because of
its modest non-covalent association with HSA, it also acts as a BPCA, and pro-
vides a useful contrast to MS-325, which is structurally similar and binds strong-
ly to albumin.

The mechanism of non-covalent binding of these agents to proteins is still a
matter of research interest. Protein binding results similar to those obtained
from the agents mentioned above have been obtained from alkyl-substituted
DOTA complexes [47, 48], where the lipophilic side chain targets lipid binding
sites on HSA. In addition to lipophilicity, however, other targeting mechanisms
may play a role in the non-covalent attachment of RIME-BPCAs to serum pro-
teins. Some agents, like MS-325 and EOB-DTPA, can bind at several sites on HSA:
athigh concentrations,as many as 20 = 5 MS- 325 molecules bind to a single HSA
molecule [46].

Non-covalent attachment of low molecular weight chelates to proteins slows
the tumbling rate of the paramagnetic agent (increases rz). While the parent
chelate, GADTPA, has a 1 of between 60-100 ps, the derivatives MS-325 and
EOB-DTPA have r;; values of approximately 180 ps in HEPES buffer at 25°C. The
increase in 1z can be attributed to the addition of the substituents to the core
chelate. When HSA is introduced, however, rotation is much more strongly
affected. Toth et al. have studied the interaction of MP-2269 with 4% HSA in
buffer [43]. They estimate a 7y value of about 1 ns, 7 times longer than that of the
unbound complex. A rotational correlation time of 30 ns is reported for the com-
plex [GA(PCTP-[13])(H,0)]* bound to HSA at 25°C [49]. Chen et al. found a 7,
value of 9.8 ns for the VO** analog of GA(EOB-DTPA) bound to HSA [50],and a
value of between 20-30 ns for the VO** analog of MS-325 bound to HSA [51].
The longer values of 7 result in an enhanced relaxivity, and thus the protein-
bound complexes become more effective T, contrast agents. Furthermore, the
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Fig. 9. The NMRD profile of the bound and the unbound populations of GA(EOB-DTPA) in
4% HSA scaled to 1 mM [50]

effect of slower tumbling enhances relaxivity in the 40 - 60 MHz frequency range
currently used in clinical MRI, thus helping to counter the fall-off in relaxivity
exhibited by low molecular weight paramagnetic agents in this region. Figure 9
illustrates this point for GA(EOB-DTPA) bound and unbound in a 4% HSA
solution.

While differences in substituents on a core chelate may seem modest, the
effects on protein binding can be very large. For example, MS-325 is reported to
be 96.2% protein bound in human plasma at the clinical concentration of
0.1 mmole/L, and 94.3% bound in a 4.5% solution of HSA [46]. In contrast,
Gd(EOB-DTPA) is only 10% bound in human plasma at a concentration of
1 mmole/L [40], and 11% bound in a 5% HSA solution with a Gd(EOB-DTPA)
concentration of 1.5 mmol/L [50]. Thus, relatively modest changes in chelate
structure can have large effects on protein binding, providing a route for “fine
tuning” the MIME interaction for different applications.

Protein binding can also effect water exchange rates and electron spin relax-
ation in MIME-BPCAs. As 1z becomes longer, its dominant effect in Eq. (3) above
is lost,and the values of 1y (water exchange correlation time) and 75 (T,. and T,,,
electron spin relaxation times) become important in controlling relaxivity. Toth
etal. have studied MP- 2269 in the presence and absence of 20% w/v BSA (bovine
serum albumin), making use of 7O NMR to measure water exchange rates [43].
They find no significant changes in 7,; when the agent binds to the albumin
molecule. Aime et al. found that 1y, increased from 190 ns to 300 ns when
Gd(BOM);DTPA bound to HSA, and that it increased from 250 ns to 390 ns when
MS-325 bound to the protein [52]. These decreases in water exchange rates of
about 50 % when agents bind to HSA could result in lower-than- expected relax-
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ivities, and the control of 7y, through careful chelate design currently is an active
research area. Aime suggests that hydrophobic complex/protein interactions
produce smaller changes in water exchange rates than purely electrostatic inter-
actions [49, 52].

Changes in electron spin relaxation can affect relaxivities when chelates bind
to proteins and rotational rates become slowed. For the Gd(BOM);DTPA system,
Aime found that T,, went from 15.3 ns to 57.9 ns when the complex bound to
HSA, while for MS-325 T,, went from 2.1 ns to 2.5 ns [52]. Both of these relax-
ation changes were calculated for a magnetic field value of 0.47 T from data
obtained by 170 NMR at 25°C. The authors advise caution in making use of data
from their variable-temperature NMR studies, however, due to the possible het-
erogeneity of complex/protein binding sites. Here again, much research is still
needed to clarify the relationships between chelate structure and environments
that affect electron spin relaxation.

2.5
Micelles and Liposomes

A micelle is a colloidal aggregate of amphipathic (surfactant) molecules, which
occurs at a well-defined concentration known as the critical micelle concentra-
tion. The typical number of aggregated molecules in a micelle (aggregation
number) is 50 to 100. Figure 10 shows a two-dimensional cross section of a
schematic micelle. Micelle size can be regulated by the structure of its molecu-
lar components to be from 5-10 nm up to 100 nm or larger. Thus, the micelle
structure can provide a system for carrying paramagnetic contrast materials
that will have long intravascular retention suitable for BPCA applications. The
molecules that comprise the micelle may themselves be paramagnetic ion
chelates with suitable hydrophobic chains [53], or the micelle can be formed
independently and act as a vehicle to carry suitably hydrophobic contrast agent
chelates [54]. The relatively large size of the micelle causes slow rotation,
enhancing the relaxivity of these agents. Micelles can have r; values comparable
to large macromolecular conjugates [55], without the problems of slow elimina-
tion from the body that often are encountered with polymer systems. Also, water
exchange seems not to be affected by micellular organization, which may be
loose enough to avoid obstructing the exchange process.
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Fig. 10. a Molecule with ionic head (+ or -) and amphipathic chain. b 2-dimensional cross
section of micelle formed from (a)
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Liposomes are microscopic, fluid-filled vesicles whose walls are made of lay-
ers of phospholipids. Liposomes have been used to deliver certain vaccines,
enzymes, or drugs (e.g., insulin and some cancer drugs) to the body. They have
been filled with a variety of paramagnetic materials and can be synthesized with
sizes greater than 10 nm, which keeps them in the circulation as BPCAs [56]. A
typical preparation contains a range of sizes from 72-395 nm, containing 150 or
250 mM isotonic solutions of Gd-HP-DO3A (diluted ProHance™) [57]. Lipo-
somes can be coated with a variety of materials for tissue targeting, including
antibodies, and their phospholipid walls can be filled with lipophilic paramag-
netic chelates to act as contrast agents [58]. A suitably synthesized Gd-DTPA
derivative incorporated into cholesterol coated liposomes has successfully been
used to study pulmonary perfusion by MRI [59]. The flexible chemistry of the
surfaces of liposomes makes them a very interesting approach for targeted
BPCAs.

3
Physical Characterization of Protein-Associated BPCA's

The development of advanced BPCAs, as well as their creative application, are
guided by an understanding of relationships between molecular structure and
contrast agent performance. There is still much to be learned about the ways in
which structure affects relaxivity, as well as ways in which the biological envi-
ronment modifies this performance. In earlier chapters in this book, Toth, Mer-
bach and Helm have provided the theoretical framework for understanding
relaxivity in terms of structure and dynamics, and Peters and Geraldes have
considered how solution structures of the agents are related to their properties.
BPCAs represent more complex systems, since they are designed to interact with
other molecules and/or the biological environment, and their physical charac-
terization presents experimental and theoretical challenges. In this section, sev-
eral magnetic resonance methods that have proven useful in the characteriza-
tion of RIME-type BPCAs will be discussed.

Because of their size, BPCAs have a slowed rotational motion. The long values
of 1z not only increase relaxivity, but also increase the importance of water
exchange and electron spin relaxation as mechanisms controlling proton relax-
ation enhancement. Experimental methods have been developed to indepen-
dently measure the dynamic parameters 1y, 7y, and 75 (T, and T,.), as well as to
calculate these values from the simulation of NMRD curves. Because of possible
alterations in the structure of BPCAs interacting with proteins and cells, it also
may be important to measure the distribution of water proton- Gd** distances,
r, and the actual effective number of inner sphere (and sometimes, second
sphere) water molecules, q. In this section, results from several RIME-type
BPCAs will be discussed, illustrating physical methods and pointing out areas
for further research in this important class of agents.
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3.1
Physical Methods

Table I lists some magnetic resonance methods that are applied in the physical

characterization of BPCAs, and identifies the key physical parameters best stud-
ied by each technique.

Table 1. Magnetic resonance methods and parameters studied

Physical method Parameters studied

Nuclear Magnetic Relaxation Dispersion  Relaxivity as a function of field/frequency;

(NMRD). The Koenig Relaxometer through analysis by simulation models: r, g, 73,
Ty, Ts for inner sphere, second sphere, and outer
sphere water interactions. Also equilibrium
constants for BPCA-protein and BPCA-cell

interactions.
Multi-frequency EPR and High- Tie> Toe (T5); 8efrective- Through analysis of the
Frequency EPR field/frequency dependence of electronic

relaxation and g.f.iv.: zero field splitting
(ZFS, D, E, A?), 7y Also details of BPCA-protein
interactions, including BPCA fraction bound
to protein.

Variable-temperature 70 NMR Water exchange rate (1/1y),q, Tj.
(through measurement of 0 T,,); g
(through measurement of 170 T,,)

VO?* substituted PCA (VO?* substituted ~ BPCA rotational motion, including specifics of
for Gd**, Mn?*, etc.) anisotropic rotation (g (y,y,,))- Also details of
BPCA-protein interactions.

Electron Spin Echo Envelope Modulation — Distribution of water molecules interacting
(ESEEM, pulsed EPR) with BPCA: r.

3.1.1
Nuclear Magnetic Relaxation Dispersion (NMRD)

This technique measures proton T, over a range of frequencies from 0.01 MHz
to 50 MHz, making use of a Koenig field-cycling relaxometer (see reference [60]
for review of the technique). It still remains the best method of making an over-
all assessment of the behavior of a BPCA, and it measures the frequency depen-
dence of contrast agent performance (relaxivity). Customarily, 15-20 frequency
NMRD points are measured, spanning the entire frequency range of the instru-
ment. The relaxometer follows the return to thermal equilibrium of the longitu-
dinal magnetization by acquiring Hahn spin echos following a jump from the
soak magnetic field (variable) to the observe field (constant at 7.5 MHz), result-
ing in a frequency scan data set that is virtually constant in signal-to-noise.Usu-
ally, 2 or 3 echos are recorded at different field jump times, and T, is calculated
from a single exponential fit of the echo amplitudes. However, when more
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detailed information is required, the machine can be programmed to take 15-20
echos at each frequency, giving a high-resolution measure of the longitudinal
relaxation process. While such a high-resolution NMRD scan takes more time, it
results in a data set that can be analyzed for multi-exponential T, processes.
Because there often is a distribution of BPCAs between several environments,
this more detailed (or 2-dimensional) approach is useful. An analysis approach,
called CONTIN [61], which was developed for relaxometry by Springer and co-
workers [62] from the original program for mathematical analysis of perturba-
tion recovery data by Provencher, often is useful. This inverse Laplace transform
analysis of the relaxation behavior of the proton spins allows the data to be ana-
lyzed for a distribution of relaxation times. Such a detailed study of relaxation
dispersion behavior can reveal relaxivity distributions from water protons in
differing environments, permitting the assessment of contributions to the over-
all relaxivity from bound and unbound BPCAs.

Cell suspensions containing agents like DTPA-EOB, with pronounced hepato-
cyte uptake, for example, exhibit multi-centered T, distributions, as Fig. 11 illus-
trates. In this figure, as the concentration of GA(EOB-DTPA) is increased, the
peak at short T, values moves to even shorter relaxation times, while the peak at
longer T, values remains approximately constant. The peak at short T, values is
assigned to water that is extracellular, while the peak at longer values is believed
to arise from water within the hepatocytes. The familiar NMRD plots thus can
be transformed into a plot having axes for T, probability (frequency of occur-
rence), and BPCA concentration. Such 2- dimensional NMRD plots provide
“cleaner” data by providing a truer picture of the distribution of relaxivity val-
ues, thus allowing more reliable computational modeling.
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Fig. 11. Profiles taken at 10 MHz of 2-dimensional NMRD data sets, showing the distribution

of proton T, values in a packed rat hepatocyte cell preparation with different concentrations
of GA(EOB-DTPA)
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Analysis of NMRD data to obtain values for q, 1, 13, 7y, and 75 is a complex
process, complete with the problem of non-uniqueness of the best simulation
parameters. New methods are being developed in which NMRD data is com-
bined with data from other physical methods to assist in developing a best set of
parameters [4, 63].

3.1.2
Multi-Frequency EPR

The main advantage of a multi-frequency study is that it provides information
on the frequency dispersion of magnetic resonance parameters. This approach
(dispersion), for example, is the power in NMRD studies. Several laboratories
pioneered in the application of multi-frequency EPR as a route to a more accu-
rate evaluation of key spectroscopic parameters (g, A, Q, D, E), as well as a more
sensitive methodology for studying dynamical processes, where an interplay
between the frequency dependence of the spin process and the frequency
dependence of the EPR observation often can provide exceptionally detailed
information [64, 65]. In order to take advantage of the method, the frequency
dependence of spin systems must be understood. This has led to the develop-
ment of several theoretical approaches for better analysis of multi-frequency
data, and especially in BPCA research, for the analysis of the frequency depen-
dence of g.feciive> T1e> T2e» and the overall EPR line shape in frozen glasses and in
room-temperature aqueous solutions.

3.1.2.1
Frozen Glassy Solutions

The technique involves adding a glass-forming solute (e.g. methanol, glycerol,
salts) to an aqueous solution of BPCA, then carefully freezing the solution to a
glass. Spectra are taken at temperatures between 77 K and 4.2 K. Spectra are ana-
lyzed by means of the eigenfield method developed by Belford [66],and a single
set of spectral parameters is developed which best fits spectra taken at several
experimental frequencies. For Gd** chelates, key variables obtained are g.g.ctive>
and the zero field parameters D and E.

3.1.2.2
Frequency Dependence of g.f.iye

Making use of a tracking NMR gaussmeter to measure field, and a digital fre-
quency counter, g-factors (g.srecive) Can be measured to 6,and in some instances,
7 significant figures. This requires very careful technique, but the information
obtained from such an approach justifies the effort, particularly in the case of
Gd** chelates in aqueous solution, where a single resonance line shape is
observed. Measuring g...i. at multiple experimental frequencies and fields
gives information on the frequency dependence of the effective g-factor, and
hence a route to the determination of the magnitude of the ZFS in room tem-
perature aqueous solutions.
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In order to analyze these data, the frequency shift of g....ive can be calculated
by averaging over all orientations the anisotropic shift derived from a static spin
Hamiltonian [67]. This treatment is based on the assumptions that molecular
motion neither changes the spin precession rate nor perturbs the states and,
thus, that the center of gravity of the spectrum is invariant even in presence of
some motional averaging. For the allowed |1/2) <> (-1/2| transition under per-
turbation theory, with expressions valid up to the third order, this shift is given
by [47]:

AB (4S(S+1)-3) (¥;,D*+2E?) (6)

1
208 B,
so the shift is directly proportional to the ZFS term (*;D?+ 2E?), which is usu-
ally denoted by the term A% The result of Eq. 6 is identical to the shift expression
for spin 5/2 that Baram et al. [68] derived by using the semiclassical stochastic
Liouville general formalism in the limit when motional effects are negligible. For
GA(III) ion (S = 7/2), the field shift (Eq. 1) can be recast for an effective g-factor,
8efr> in terms of the squared ZFS matrix A> = D3, + D, + D3,:

3A2 3A%
Lt =& 1-? =g(l1-— (7)

0 UD

where v is the resonance frequency; A is in units of radians/s, while A is in units
of Hertz (s7!). Thus, the variation of gegeye With experimental frequency,
observed by multi-frequency EPR, can be analyzed to obtain A% Figure 12 shows
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Fig. 12. Determination of A? by means of Eq. (7). The BPCA is MS-325
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how the method is applied to MS-325 dissolved in HEPES buffer. Borel and co-
workers also have considered this shift of g.¢ with frequency, and have checked
equation (1) for its region of validity (cwt, >1) [69]. ZFS parameters obtain by
exact consideration of the frequency shifts calculated from the imaginary part
of the Redfield relaxation matrix, and the values obtained by Eq. (7) are in
almost perfect agreement. This method, while approximate, is extremely accu-
rate, and can quickly determine A% and hence is very useful in these studies.

3.1.2.3
Frequency Dependence of Electron Spin Relaxation

Electron spin relaxation in aqueous solutions of Gd** chelates is too rapid to be
observed at room temperature by the usual pulsed EPR methods, and must be
studied by continuous wave (cw) techniques. Two EPR approaches have been
used to study relaxation: studies of the line shape of the cw EPR resonance of
Gd** compounds in aqueous solution,and more direct measurement of T, mak-
ing use of Longitudinally Detected EPR (LODEPR) [70]. Currently, LODESR is
available only at X-band, and the frequency dependence of relaxation is studied
by following the frequency dependence of the cw EPR line shape, and especially
of the peak-to-peak line width of the first derivative spectrum (AB,,).

In some ways, measurement of the frequency dependence of the EPR line
width (1/T,.) is simpler than very accurate g-factor determination. A precise
calibration of the magnetic field sweep used to acquire the spectrum is required,
which is obtained using field standards like the hyperfine splitting in Fremy’s
salt, in conjunction with a tracking NMR Gaussmeter. Once the data are
obtained at multiple EPR frequencies, they can be analyzed to determine A?
and .

Powell et al. give an excellent review of several approaches to interpret the fre-
quency dependence of T, and T,. in these systems [71]. One convenient
approach is that developed by Hudson and Lewis [72], who showed that the
eigenvalues & of the relaxation matrix R as defined in Bloch-Wangsness-Red-
field (BWR) theory [73] are functions of 7, and the experimental frequency w,
and are related to the relaxation time T,,; of the i-th allowed electron spin tran-
sition by the expression:

Lo (8)

In this application of the BWR theory, Hudson and Lewis assume that the
dominant line-broadening mechanism is provided by the modulation of a sec-
ond rank tensor interaction (i.e., ZFS); higher rank tensor contributions are
assumed to be negligible. R is a 7 X 7 matrix for the S = 7/2 system, with matrix
elements written in terms of the spectral densities ] (w, 7,) (see reference [65] for
details). The intensity of the i-th transition also can be calculated from the
eigenvectors of R. In general, there are four transitions with non-zero intensity
at any frequency, raising the prospect of a multi-exponential decay of the trans-
verse magnetization. There is not a one-to-one correspondence between the
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relaxation rates and the degenerate |m,) <> |my+1) transitions, and generally
one transition is predicted to have a T,; that is much longer than the other three.
Particularly at frequencies greater than 35 GHz, the differences between the
longest T,; and the other three values are predicted to be greater than a factor of
10, which suggests that in continuous wave EPR experiments, the spectrum of
GA(III) will consist of a narrow line superimposed on very much broader, weak-
er lines. The narrow line shape is likely to dominate any fitting of the spectrum
by Lorentzian functions in an analysis to determine approximate values of T,,.
Below about 10 Ghz (depending on the value of 1), only one transition has any
appreciable intensity, but above that frequency, all four transitions contribute,
and a multi-exponential behavior for T, is expected.

In order to calculate AB,,, the EPR line shape must be calculated from T, val-
ues. Although one transition dominates the experimental shape, in order not to
overlook real contributions from the other three transitions (and to avoid forc-
ing Lorentzian behavior on non-Lorentzian lines), the values of T,,; and the tran-
sition probabilities for all transitions in the system can be calculated as a func-
tion of magnetic field. In one approach, the time-dependent magnetization,
M(w, A?, 1, t), then is calculated as a sum of all transitions, followed by a
Fourier transformation of the magnetization function, and the peak-to-peak
linewidth of the simulated first derivative spectrum then is determined [74]. The
experimental data are fitted by allowing the values of A2 and 7, to vary, making
use of a non-linear least squares procedure, and calculating eigenvalues of the
R-matrix at each 7, value. A field-independent relaxation rate, R, also is added
to the fitting equation, which then becames

7
-t
M(w, A, 1,,1) = 2 (0, 1,,1) | exp ! (9)
i=1 .
TZe(w’ TV,A2,1)+R—

(]

Here, M(w, A 1,, t) is the magnetization in the x-y plane, I(w, 1,, 1) is the
transition probability of a particular (i=1...7) spin transition at the experi-
mental frequency w, and T,.(w, 7,, A% i) = T,; of Eq. (8). The value of R is held
constant for all calculations of a particular Gd** chelate. The exact mecha-
nism(s) responsible for R, is still the subject of investigation, and it may be the
result of an approximation in this approach which will be discussed later. Figure
13 shows that this model accounts very well for the frequency dependence of the
EPR line width in the MS-325 system. A similar agreement between experiment
and calculation is obtained by this fitting procedure on most contrast agents in
solution. Since the calculation of the T,,; (and ultimately the measured parame-
ter ABPP) can be expressed as functions of A2 and 7., the fitting of line width dis-
persion data provides another route to estimate the transient ZFS interaction
parameters. For this system, best fit parameters are A? = 7.3x10" rad?/s?, 1y =
29 ps,and R, = 1.7x108 s. Muller et al. have studied this system by multinuclear
relaxometry, and they obtain 750 =78 or 101 ps (equivalent to A*=2.4 or
1.9%10% rad?/s?) and 1y = 22 or 33 ps [75]. The two values for each parameter
result from two different assumed values for r.
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Fig. 13. Fitting the frequency dependence of the EPR line width of MS-325 in HEPES buffer at
23°C, making use of Eq. (9). Best fit parameters obtained from the data are: A>=7.3x10"
rad¥/s% 1, =2.9%107 s; R, = 1.7x10% 57!

3.1.2.4
Total EPR Spectral Line Shape

The Hudson and Lewis (HL) approach to calculating spin relaxation makes use
of the real part of the relaxion matrix R from BWR theory. Poupko, Barum and
Luz (PBL) made use of the complete (complex) matrix to calculate both the
relaxation times and the frequency shifts of the four transitions that can con-
tribute to a Gd** spectrum freely tumbling in aqueous solution [76], and Borel
et al. recently applied the method to calculate the complete line shapes of Gd**
contrast agents [69]. The complete PBL simulation does a better job of fitting the
asymmetric line shapes that occur at certain frequencies for certain agents. For
example, Fig. 14 illustrates the fitting of an X-band GADTPA spectrum, taken in
HEPES buffer. This asymmetric line is well-fitted by the PBL approach. While the
detailed fitting of a spectrum taken at a single frequency might allow the deter-
mination of the ZFS parameters A% and t,, it is likely that the multi-frequency
approach is more reliable, particularly when heterogeneous environments add
complexity to the line shape. Also, the PBL and HL approaches use one time-
varying ZFS, often called the dynamic ZFS, leading to the evaluation of two pa-
rameters, A* and 7, . Recently, Bertini et al. have developed a theoretical treat-
ment for S = 1 systems that include both a dynamic and a static ZFS term, each
with its own correlation time [77].
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GdDTPA in Aqueous Buffer
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Fig. 14. Experimental EPR spectrum of GdDTPA at X-band (solid line), together with best fit
using the PBL method (dashed line)

A new treatment for S = 7/2 systems has been undertaken by Rast and co-
workers [78, 79]. They assume that in complexes with ligands like DTPA, the
crystal field symmetry for Gd** produces a static ZFS, and construct a spin
Hamiltonian that explicitly considers the random rotational motion of the mol-
ecular complex. They identify a magnitude for this static ZFS, called a,, and a
correlation time for the rotational motion, called r,. They also construct a
dynamic or transient ZFS with a simple correlation function of the form
(Bp)?e ™. Analyzing the two Hamiltonians (Rast’s and HL), it can be shown that
at the level of second order, Rast’s parameter a, is exactly equivalent to the para-
meter A. The method has been applied to the analysis of the frequency depen-
dence of the line width (AB,,,) of GADTPA. These results are compared to a HL
treatment by Clarkson et al. in Table 2.

Table 2. Comparison of results

Clarkson [74] Rast [78]

AZ Tv Tl{ (a2)2 (BT)2 Tv Tr

rad?/s? s s rad?/s? rad?/s? s s

8x10Y 2.4x10"1! 1.1x1071° 8x 10" 1.8x 10" 1.3x1072  3.9x10°10

* Isotropic rotation correlation time measured for the VO**-substituted DTPA complex [4].
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In this comparison, it is exciting to see the exact correspondence between A?
and (@, that is predicted by theory. It also can be shown that A>= a,’=
2/3D?+ 2E2 Since D and E are the ZFS parameters determined by multi-fre-
quency EPR in frozen glassy systems, a comparison with first measurements by
this approach made by Kang et al. give D = 1525 MHz and E = 440 MHz [80].
Therefore, 2/3D?+ 2E? = 7.6 X 10" rad?/s? again confirming that the A? term,
determined either by powder simulation of frozen solutions, or by either of the
solution methods (Eqs. 7 and 9), is the static ZFS in this system. It also should be
noted that the field-independent relaxation rate R,, which is needed by the HL
method to precisely fit the frequency dependence of the line width, is unneces-
sary in Rast’s treatment, and may be an artifact of the approximate nature of the
HL approach. Finally, the very close agreement between 1 measured by a VO**
substitution method and 7, determined by Rast’s approach hold out the hope
that rotational rates may be determined from a correct analysis of the frequen-
cy dependence of spin relaxation in Gd** systems.

3.1.2.5
High-Frequency EPR

In addition to its importance in the context of multi- frequency methods, high
frequency EPR (v >90 GHz) has unique applications as a single frequency
observation. For example, the effect of HSA protein binding on the static ZFS
term in GADTPA-EOB produces a small shift in the g-factor between the bound
and unbound species. At 95 GHz, this shift is observed in the EPR spectrum of
the system in buffer at room temperature. A deconvolution of the spectrum into
bound and unbound contributions, followed by double integration, leads to a
direct measure of the fraction of the agent bound to the protein, as shown in
Fig. 15. Smirnova et al. [81] have tested this approach against the more time-
consuming titration methods of NMRD, and found excellent agreement. When

A
B
,C__//\/_/___'
D
33;00 — 34000 .

* Magnetic Field, G

Fig. 15. 95 GHz EPR spectra of GADTPA-EOB in a 20% HSA solution. A is the experimental
spectrum. B is the deconvoluted unbound spectrum, C is the bound fraction, and D is the
residual, showing the excellent fit to the model [81]
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possible, this deconvolution also can provide line width information on PCAs
partitioned between bound and unbound states, allowing us to determine A?
and 7, in the two environments simultaneously. High field EPR thus is an invalu-
able addition to our contrast agent research methods, particularly as we begin
to study PCA-protein and PCA-cell interactrions.

3.1.3
Variable Temperature 70 NMR

The original work of Swift and Connick [82] paved the way for modern applica-
tions of this NMR method in paramagnetic contrast agent research. The Lau-
sanne group of Merbach and co-workers have developed elegant applications of
the method [83]. Most frequently, the difference between the transverse relax-
ation rates of 7O in reference buffer (1/T,,) and in solutions containing the
BPCA (1/T,) are measured as a function of temperature. The analysis fits the
temperature dependence of the “reduced” transverse relaxation rate, 1/T,y,
defined as:

L[l 1] 10)
TZR Pm T2 TZA

Py is the mole fraction of water in the first hydration sphere of the complex. The
procedure results in the determination of 7y, the correlation time for water
exchange from the first hydration sphere of the PCA, and can be very diagnostic
in understanding the effects of chelate structure on water exchange, and hence
PCA relaxivity. 70 NMR also is useful in determining q, the number of inner
sphere water molecules associated with any PCA. The method, developed by
Alpoim et al. , compares the chemical shift of 170 in water induced by a known
concentration of DyCl; to the shift induced by a known concentration of Dy**-
substituted PCA [84]. The enhancement of 17O relaxation by the paramagnetic
ion also can be modeled to derive values for electronic relaxation rates, and from
them, values for A? and 1,. Measuring both Ty, and T,, of 70 at multiple fre-
quencies can provide important new insights into rotational motion in BPCA
systems [63].

3.1.3
V0** - Substituted BPCAs

This simple but highly effective method to measure the rotational motion of
BPCAs was first demonstrated by Chen et al. [85]. It begins with a substitution
of VO?* for Gd** or Mn?" in an agent, or the direct synthesis of VO?*-labeled
agents. Chen showed that the hydrodynamic radii of Gd and VO chelates are
nearly identical, and that the VO?* - substituted agent behaves in a manner
nearly identical to that of the Gd chelate [85].

The purpose of the VO?* -for -Gd** substitution is to introduce into the agent
a paramagnetic species with well-resolved hyperfine structure and anisotropic
g and A terms. The motionally modulated EPR spectrum of the tumbling VO?**
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Fig. 16. Use of VO** labeling to determine change in tR when MS-325 binds to HSA. A is
spectrum in buffer, B is simulation (7y = 1.8 x1071%s), C is spectrum in HSA, D is simulation
[1r (1) =6.7%1071% 5 (56%); 1 (2) = 1.6 X108 s (44%)]

ion has been analyzed by Schneider and Freed [86], utilizing a stochastic Liou-
ville matrix approach of Meirovitch et al. [87], and is published as a program
called EPRLL. Chen et al. developed a more general form of EPRLL, in that it
includes nonsecular g matrix and A matrix term in the spin Hamiltonian [4].
Inclusion of nonsecular terms makes it possible to avoid the high-field approx-
imation inherent in the EPRLL programs. This is an essential feature for simu-
lating vanadyl ion spectra at X-band, given that the large hyperfine interaction
in the ion is quite significant compared with the electronic Zeeman interaction
at that frequency. Another advantage of Chen’s method is that it yields accurate
rotational line widths over a wider range of motions than ERPLL, specifically for
very fast motions when (13)"! approaches the electronic Larmor frequency.
The program can make use of several different models of microscopic diffusion,
and can treat the data as if there were one or two species present. Finally, the cal-
culation can fit the spectra with an isotropic or an anisotropic rotational model,
providing a route to study the behavior of BPCA complexes interacting in
protein and cellular environments. Figure 16 illustrates an application of the
approach, measuring the change in 1, when MS-325 binds to HSA. Although
almost all of the PCA is known to be bound to the protein, there are two rota-
tional regimes which are only apparent through the VO?* labeling method, and
which cannot be accounted for by a single species with anisotropic rotation.
In this way, details of BPCA-protein interactions can be studied by means of
VO?**-labeling.
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3.14
Electron Spin Echo Envelope Modulation (ESEEM)

ESEEM techniques provide a way to measure hyperfine interactions with great
precision, even in disordered systems. An analysis of hyperfine couplings can, in
turn, provide information about electron-nuclear distances (often with preci-
sion equal to or better than x-ray crystallographic data), and hence of molecu-
lar structure. The technique has been called “EPR-detected NMR”, and can pro-
vide information about the positions of atoms surrounding the central metal
ion. This is currently of interest, since it can map the distribution of water mol-
ecules, and how these distributions are affected by chelate structure and protein
interactions. ESEEM will help test various molecular modeling approaches
being developed for Gd** chelates by providing direct measurements of water
distributions surrounding a PCA, which can be compared to theoretical predic-
tions from the molecular modeling methods (see, for example, Ref [88]). Valida-
tion of good molecular modeling techniques is vital for more advanced rational
design of PCAs for MRI. ESEEM is a phenomenon observed in electron spin
echo experiments. The experiment requires a pulsed EPR spectrometer, and is
almost always carried our at low temperatures to maximize T, and T,.. Good
reviews of the methodology and instrumentation are available in the literature
[89,90]. Because spin echo envelope modulation potentially can arise from any
electron-nucleus hyperfine interaction, the task in BPCA research is to attempt
to simplify the data by isotopic enrichment. As with solid-state NMR, there are
many pulse sequences available to develop one- and two- dimensional ESEEM
data. New techniques for the determination of water distance distributions (see
for example a recent article by Astashkin and Raitsimring [91]) are making this
a very exciting time for this research. Recently, Dikanov et al. were successful in
applying a four-pulse, 2-dimensional ESEEM technique, called HYSCORE
(hyperfine sublevel correlation spectroscopy) to the study of GADTPA, for the
first time resolving '*N-Gd couplings [92].If the primary crystal field effects that
produce the magnitude of the ZFS in these complexes are due to N-Gd interac-
tions, then it should be possible to correlate the ZFS parameters D and E (or A?)
with HYSCORE data, providing a direct spectroscopic examination of one of the
primary factors controlling PCA effectiveness in slow-tumbling environments.
Figure 17 illustrates the new HYSCORE data.

In a recent paper, Borel et al. have used an electrostatic force field model to
calculate the interactions of Gd chelates with solvent water molecules [88].
Clearly, such modeling is a direct step toward the goal of rational PCA design,
and the detailed molecular dynamics calculations of BPCA-water interactions
are helping to clarify relationships between chelate structure and BPCA relaxiv-
ity. Figure 18 shows the radial distribution function that Borel et al. calculate for
the hydrogens and oxygens in water surrounding Gd(DTPA) and Gd(DTPA-
BMA).

Clarkson et al. used 2H ESEEM to study the Gd(DTPA) system. They deter-
mined water deuteron-Gd>* distances of 2.8 A (inner sphere) and 3.9 A (second
sphere), with 7 D,0 molecules associated with the second sphere [93]. The
distributions in Figurel8 show a significant number of protons with an H-Gd
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Fig. 17. First HYSCORE data from GdDTPA at 4 K, 3502 G. The correlated cross peaks, with
splittings from 0.6-1.0 MHz, may reveal '*N-Gd couplings that can be probed [92]
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Fig. 18. The radial distribution function for water O atoms (left) and H atoms (right) around
Gd of [Gd(dtpa)(H20)]*" (solid line) and [Gd(dtpa-bma)(H20)] (dashed line) [88]
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distance <3 A, and the molecular model predicts 6.8 water molecules in
the second sphere. While more work needs to be done, the good agreement
between ESEEM and molecular dynamics calculations is encouraging. Not only
will combinations of theoretical and experimental methods provide a rigorous
test of modeling strategies, but the combined approach also will advance ESEEM
as an important structural tool for BPCA research, with many advantages over
single crystal X-ray structure determinations. Information gained from the
combined approach should allow the detailed determination the effects of
chelate structure on Gd3**-nuclear distances, and how those distances relate to
ZFS parameters, water coordination, and protein interaction effects.

4
Summary

BPCAs have been developed using a wide range of approaches. The goals of long
intravascular retention times, complete clearance, and, when possible, enhanced
relaxivity have been addressed by covalent linkage of Gd** chelates to large mol-
ecular weight polymers, proteins, and dendrimers; by the use of nano-particles
of superparamagnetic iron oxide; by nano-sized micelles and liposomes made
of or filled with Gd** compounds; and by non-covalent association of lipophilic
Gd?®* chelates to serum proteins. Other paramagnetic ions (notably Mn?* and
Fe3*) also have been used. Table 3 lists the relaxivities of a selection of BPCAs
based on these various approaches.

The characterization of BPCAs by magnetic resonance methods has
advanced our understanding of relationships between chelate structure and
contrast agent performance. Such methods can report on both the dynamic (ry,
Ty, and 1 (T,. and T,.)) and the structural parameters (r and q). Furthermore,
they can help to assess the effects of the biological environment on BPCA per-
formance. This capability is especially important for understanding RIME-type
agents, which are specifically designed to interact with serum proteins, as well as
other agents targeting tissues and cells. New instrumental methods like ESEEM,
and new theoretical models, like that of Rast et al. [79], are providing details of
contrast agent behavior that are useful in the design of even more effective mate-
rials for various MRI applications.

It sometimes is possible to measure the same parameter by several different
physical methods. This helps to improve the accuracy by which the variable is
known, and can also serve as a check on the models being used to interpret the
data. For example, data for the zero field parameters of MS-325 in HEPES buffer
and in HSA solutions are given in Table 4.

While there is general agreement between the various methods, some varia-
tion in the values of A% and 7y are noted. Additional research will be needed to
better understand the reasons for these variations, which may in part be due to
the approximate nature of the models used in the calculations.

While it is beyond the scope of this review to discuss in detail the current
medical applications of BPCAs, some of the general areas of research should be
mentioned.
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Table 3. Relaxivities for selected BPCAs

Contrast agent Conditions Relaxivity (r,) Ref.
(values for 20 MHz unless noted) s' mM-!
Extracellular agents
GA(DTPA) 1 mM, 25°C 43 94
Gd(DOTA) 1 mM, 25°C 42 94
Macromolecular covalent conjugates
GADTPA-polylysine 48.7 kDa, 39°C 13.1 8
GdDTPA-albumin 90 kDa, 25°C 14 15
Dendrimers
Gadomer 17 17.453 kDa, 39°C 17.3 29
Micelles
Gd-HHD-DO3A 39°C 9.2 53
Liposomes
Gd-HP-DO3A 250 mM ProHance™, r, =0.27; 57
242+5nm; 37°C r, = 0.69
72+6 nm; 37°C r, = 1.13; 57
r, =119
Superparamagnetic nano-particles
Magnetite 4.6+1.2 nm (core size); 37°C r, =34.8; 31
r,=16.5
[s'TmM (Fe)™!]
Non-covalent protein conjugates
MS-325 0.1 mM in HEPES buffer; 25°C 7.7 52
0.1 mM in 1.7 mM HSA; 25°C 38 52
Gd (EOB-DTPA) 1 mM in HEPES buffer; 25°C 8 50
37°C 6.52 42
1.5 mM in 18% HSA; 20°C 18 50
Gd-(R)-EOB-DTPA 1 mM; 4% HSA; 37°C 9 95
Gd-(S)-EOB-DTPA 1 mM; 4% HSA; 37°C 13 95
Gd (EOB-DTPA) rat liver; 39°C 16.6 40

Currently, BPCAs are being used to assess perfusion in areas of ischemia and
provide information about capillary permeability in areas of reperfusion. They
are applied to show the extent of tumor neovascularity and associated perme-
ability changes. Finally, they are useful in studies requiring prolonged imaging,
including MR angiography. New applications are being added continually, and
this list mentions only some of the areas currently being studied. Several articles
and reviews of medical applications of BPCAs should be consulted for further

information [28,97-102].
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Table 4. Zero Field Parameters for MS-325

Sample conditions Method? A? (10" rad?/s?) 7y (ps) Ref.
0.1 mM MS-325 in HEPES buffer T, 7.3 29 96
same et 9.6 96
10 mM MS-325 in HEPES buffer 0 NMR 2.5 1.7 52
12.5 mM in water 70 NMR 21 18.7 75
1 mM MS-325 in water 'H NMRD 2.2° 22° 75
at 25°C 2.5 33
0.1 mM MS-325 in 4.5% HSA T)e 7.4 20 96
same Seft 8.0 96
10 mM MS-325 in 3 mM HSA 70 NMR 1.0 6.7 52

2 T,. = multi-frequency EPR measurement of line widths; g.¢ = multi-frequency EPR mea-
surement of gefrciives O NMR = measurement of transverse relaxation of 70; 'H NMRD =
measurement of proton T, relaxation dispersion with relaxometer.

b First values based on NMRD simulation assuming r = 0.295 nm, second values r = 0.31 nm.
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