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Several water-soluble paramagnetic metalloporphyrins were found to increase significantly the relaxation 
rate (l/Tl) of water. Such compounds are known to be selectively retained by tumors in animals, and 

consequently we identify them as potential contrast agents for tumors in NMR imaging. 
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1. INTRODUCTION 

Nuclear magnetic resonance (NMR) imaging has 
become a significant tool in diagnostic medicine 
[ 1,2]. One major reason for its preference to X-ray 
computed axial tomography (CAT) scanning is the 
superior contrast observed in NMR images bet- 
ween soft tissues. This results largely from the dif- 
ferences in relaxation rates of the bulk water in dif- 
ferent tissues, and between normal tissues and 
tumors (31. However, the differences in relaxation 
rates between tissue often do not differ by more 
than a factor of 2-3 [4], and the spatial definition 
of a tumor and the distinction between malignant 
and benign growths in NMR images is still quite 
limited. Consequently, many paramagnetic 
reagents are currently being considered as potential 
contrast agents for NMR imaging [5-71. 
Paramagnetic species by virtue of their unpaired 
electron spins are very efficient relaxation agents 
for protons. Therefore, if selective absorption of 
these agents by cancerous tissue could be obtained, 
then the increase in the relaxation rate of the bulk 
water would give a greater contrast in the NMR 
image between the tumor and the surrounding nor- 
mal tissue. Among the paramagnetic reagents 
tested have been several ‘bare’ metal ions [S], 

which are quite toxic at low concentrations, and 
whose basis for selective uptake by tissues is uncer- 
tain. Various metal ion chelates have also been 
tried [9]. 

We have chosen to test water-soluble metallo- 
porphyrins as NMR contrast agents for several 
reasons. Porphyrins are ubiquitous natural pro- 
ducts, and many derivatives of hematoporphyrin 
(I) are well known to be selectively retained by 
tumors [lo]. Water-soluble porphyrins such as the 
tetraphenylsulfonyl porphyrins (TPPS4) have also 
been shown to be localized in tumors [l l] and in 
cells [ 121. These porphyrins form complexes with a 
wide variety of paramagnetic metal ions, and the 
metalloporphyrins formed from them are stable in 
vivo. Metalloporphyrins have been used as con- 
trast agents in radiological imaging [ 11,131, and a 
great deal is known about their selective retention 
by different tissues, including tumors, in live 
animals. Particularly, it was found that the radio- 
active lo9Pd derivative of TPPS4 (II), showed the 
greatest degree of selective retention in cancerous 
vs normal tissue in mice [14]. Consequently, we 
have evaluated several of these water-soluble 
metallo-TPPS4 complexes as potential contrast 
agents in NMR imaging by measuring their effects 
on the spin lattice relaxation rate (l/Tr) of water. 
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2. EXPERIMENTAL 

2.1. Materials 
Reagent grade CuClz .2HzO (Fisher), CuSO4 - 

5HzO (Allied), FeCL - 6H2O (Baker), MnCl2 * 
4HzO (Baker), and FeEDTA (EDTA, ferric- 
sodium salt with 1.5 equiv. HzO; Sigma) were used 
without further purification. Practical grade 
Mn(OAc)s - Hz0 (Fluka) was purified by filtration 
to remove some insoluble material. Cu(II)TPP%i 
(sodium salt, C44H24N&uOr2Na& - 4HOAc - 
Hz0 [III]), Fe(III)TPP$ (acid form, C44Ht~N4 
FeO& . Cl. 2HzO [IV]), and Mn(III)TPP& (acid 
form, C~H2sN4Mn0r&w Cl - 4HzO [V]) were pur- 
chased from Porphyrin Products, Logan, UT. 
Cu(II)TPP$-CHs (sodium salt, C4sHzCuN4012 
Na4S4 - CFsS03 - 5HzO [VI]) was supplied by the 
Drug Synthesis and Chemistry Branch, NCI. All 
metalloporphyrins were analyzed for C, H, Cl 
(when applicable), N, S, and the relevant metal, 
and were found to have chemical compositions 
consistent with these molecular formulae and 
solvents of crystallization. The oxidation state of 
the manganese in Mn(III)TPP& was determined 
from its characteristic UV absorption in water by 
comparison with the spectrum of the correspond- 
ing Mn(II)TPP$, which was obtained by sodium 
hydrosulfide reduction of Mn(III)TPP$ in a seal- 
ed container. The absorption maxima for the 
Mn(II1) derivative were 465, 561 and 593 nm, 
while those for the Mn(I1) derivative were 434, 
572, and 612 nm. 

an IBM PC-20 series NMR Analyzer (Minispec) at 
20 MHz, with a 13 mm probe, and a micropro- 
cessor which provides automatic calculation of TI 
or T2 (in s). All measurements were carried out at 
37”C, determined with a copper-constantan ther- 
mocouple in a glass sleeve inserted into the sample 
tube prior to the measurement. The maximum 
temperature deviation measured was 0.4% after 
3-4 min, the time required for the longest experi- 
ment. A standard 10 mm round-bottomed NMR 
tube was placed inside a 13 mm flat-bottomed tube 
to reduce the sample volume to 2.0-2.2 ml. Ali- 
quots of concentrated solutions were added step- 
wise to the sample tube to obtain the concentration 
of metalloporphyrin desired. In general, the TI 
data were reproducible in duplicate runs to within 
1%) and were consistent with the values calculated 
in a different computer using the same intensity 
data and a standard equation of the form, 1(r) = 
A + B(r/Tl), where I is the intensity, 7 the delay 
time between the two pulses, and A and B are 
constants. 

3. RESULTS AND DISCUSSION 

2.2. Methods 
All Tr and TZ measurements were performed on 

Four different paramagnetic metallo-TPPS4 
complexes were evaluated for their effect on the 
spin lattice relaxation rate (l/Tr) of water. The 
corresponding metal ions (as chloride, sulfate or 
acetate salts) were also tested for comparison. The 
results are presented in fig. 1. The water relaxation 
rate increases linearly with concentration for all 
compounds studied (except for FeCls below 
1 mM). This was expected since it is known that 
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Fig.1. Spin lattice relaxation rate (l/Tr) of water as a 
function of concentration of metal ion or metallo- 
TPPS4 complex. Lines are least-square fits: (-) Mn, 
(- - -) Fe, (- - -) Cu. Symbols are for experimental data: 
(0) Mn(III)TPPS4, (0) Mn(OAc)s, (a) MnC12, (m) 
Fe(III)TPPS4, (0) FeCl3, (0) FeEDTA, (A) 
Cu(II)TPPS4, (A) CuC12 or cuso4, (v) 

Cu(II)TPP&-CHs. 

the water relaxation rate is proportional to the con- 
centrations of paramagnetic ions present in solu- 
tion [15], according to the equation, 

(l/Tr) = 12~~*tpZN/5kT 

where y is the gyromagnetic ratio of protons, 7 the 
solvent viscosity, ,u the effective magnetic moment 
of the paramagnetic agent, k Boltzmann’s cons- 
tant, T the absolute temperature, and N the 
number of paramagnetic ions per unit volume. The 
slopes obtained by linear least-square fitting are 
given in table 1. The pararnagnetic effect falls off 
rapidly with distance, i.e., (l/Ti) QC l/r6, where r 
is the mean distance from the paramagnetic center 
to the water protons. Thus, an effective 
paramagnetic contrast agent should have a metal 
ion in a high-spin state (large magnetic moment) 

and have facile access to coordination sites by 
water molecules. 

Among the 4 metallo-TPPS4 complexes in- 
vestigated Mn(III)TPP& had the greatest effect, 
increasing the water relaxation rate with a slope of 
10.4 (mM . s)-l, and Cu(II)TPPS4 had the smallest 
effect with a slope of 0.14 (mM .s)-‘. This large 
difference can be attributed to the fact that 
Mn(II1) has 4 unpaired electron spins, while Cu(I1) 
has only one unpaired spin, and C(I1) porphyrins 
do not readily coordinate axial ligands. 
Cu(II)TPP&-CHs, an N-methyl-substituted de- 
rivative [la], was more effective (slope 0.54 
(mM - s)-l) than the non-methylated material in in- 
creasing the water relaxation rate, apparently due 
to its non-planar geometry affecting the electronic 
structure allowing binding of axial water ligands to 
the metal site. Although Fe(III)TPP& with 5 un- 
paired electron spins was less effective (slope 3.9 
(mM .s)-l) than Mn(III)TPP$, it was more than 
twice as effective in increasing the water relaxation 
rate than FeEDTA (slope 1.9 (mM - s)-l), which 
has been tested as a potential contrast agent in 
NMR imaging of rabbits [9]. This clearly shows the 
advantages in terms of relative efficacy of 
paramagnetic agents of having relatively labile ax- 
ial ligands such as water in metalloporphyrins 
compared to the EDTA chelating functional 

Table 1 

The effect of metallo-TPPS4 complexes on water 
relaxation rate (1 /T$ 

Metal ion Slope 
or complex (mM.s)-’ 

Mn(III)TPPS4 10.36 f 0.09 
Mn(OAc)3 4.04 f 0.01 
MnCl2 803 kO.12 
Fe(III)TPPS4 3.91 + 0.02 
FeCIJb 6.82 + 0.20 
FeEDTA 1.87 f 0.01 
‘h(II)TPPS4 0.139 f 0.004 
Cu(II)TPPS&H3 0.538 + 0.006 
CuC12 or CuSO4 0 836 f 0.004 

’ Data from fig.1; (l/Tl) intercepts were from 
0.26-0.51, while the value for deionized water at 37°C 
was 0.26 s-’ 

b The linear fit applies only when concentration 1s higher 
than 1.0 mM 
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groups. Both Cu(II)- and Fe(III)TPPS~ were less 
effective than their corresponding free metal ions 
in increasing the water relaxation rate. By contrast, 
Mn(III)TPP!& had a greater effect than its cor- 
responding free metal salt. It should be noted that 
free Mn(II1) salts are relatively unstable in solu- 
tion. However, Mn(III)TPPS4 is completely stable 
while Mn(II)TPP& is readily oxidized. 
Mn(III)TPP& also had a greater effect than 
Mn(II)Clz, which has 5 unpaired electron spins. 
These differences depend upon the rate and the ex- 
tent of ligand water exchange, and on the degree of 
delocalization of the unpaired electron spin in the 
porphyrin ring system. 

To test for the effect of another ligand upon the 
water relaxation rates we carried out parallel ex- 
periments adding Mn(III)TPP& and Fe(III)TPP% 
to a solution of 0.2 M pyridine in water. The 
slopes of plots of (~/TX) vs concentration of com- 
plex obtained in these experiments were 7.6 and 0.2 
(mM-s)-‘, respectively. In other words the effec- 
tiveness of the Fe(II1) complex is reduced by a fac- 
tor of 20 while that of the Mn(111) complex is only 
reduced by about 25% by competition of pyridine 
for water. It has also been shown that the presence 
of pyridine in water significantly reduces the pro- 
portion of the high-spin form of Fe(III)- 
protoporphyrin [17]. A similar phenomenon may 
explain the dramatic reduction in the water relaxa- 
tion rate due to Fe(III)TPPS4 in the presence of 
pyridine, 

The T2 relaxation time of aqueous 
Mn(III)TPP$ was also measured as a function of 
concentration. It was found that the TZ relaxation 
rate of water also increased linearly with concen- 
tration with a slope of 12.6 (mM-s)-‘. In view of 
the shorter values of T2 and the consequent greater 
scatter in the data, these values were not deter- 
mined in the other cases, 

From the above results it is apparent that several 
of the soluble metalloporph~ins, notably 
Mn(III)TPPS4, show great potential as contrast 
agents in NMR imaging. However, aqueous solu- 
tion is not the same as the mileau of the cell, and 
the relative differences in the amount of free water 
and in the intrinsic relaxation times of water in 
given tissues, will affect the efficacy of these agents 
in vivo. In addition, potential coordinating ligands 
other than water may also significantly reduce 
their effectiveness in vivo. This may not be a disad- 

vantage since there may be different comp~tments 
with different coordinating ligands in different 
tissues such that the effectiveness of the 
paramagnetic contrast agents may vary although 
their concentrations may be the same. These con- 
siderations are in addition to the degree of selec- 
tivity of retention of m~~loporphyrins in dif- 
ferent tissues, notably cancerous tissue. By con- 
trast, the order of magnitude of the effect of 
radiopharmaceuticals is solely dependent on their 
degree of localization, and not on the coordination 
chemistry of the metal. We are preparing to 
analyze the pha~acokinetics of metallopor- 
phyrins, as well as to observe directly their effect 
on NMR images of live animals. 
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