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A new class of intracellular contrast agents (CA) for magnetic resonance imaging has been developed,
based on Gd(DTPA) with two positively charged amide-linked substituents. Uptake of Gd(DTPA) into cultured
tumor cell lines (B16 mouse melanoma, MH3924A Morris hepatoma) was below the detection limit while
CA with the melanin-binding pharmacophore 2-(diethylamino)ethylamine reached intracellular concentrations
of ca. 0.03 fmol/cell (ca. 20µM) for melanoma and 0.02 fmol/cell for hepatoma (24 h at 10µM CA). With
the polyamine substituents bis(2-aminoethyl)amine or spermidine, CA uptake increased up to 3-fold for
melanoma (0.083 fmol/cell) and 9-fold for hepatoma (0.18 fmol/cell). Uptake of polyamine-substituted CA
was reduced by the polyamine transport inhibitor benzyl viologen. Molar relaxivities for three Gd-DTPA-
polyamine complexes were in the range 5.6-6.9 for the free complex in solution and 7.7-23.5 s-1 mM-1

for Morris hepatoma cell pellets.T1-weighted magnetic resonance imaging at 2.35 T of rats with MH3924A
tumors showed contrast enhancement in tumor at 1 and 24 h postinjection of polyamine-substituted CA.

Introduction

To enhance magnetic resonance imaging (MRIa) contrast
between normal and pathological tissue or between specific
tissue compartments, a variety of intra- or extravascular
paramagnetic contrast agents (CA) are available, e.g., extracel-
lular agents such as the gadolinium(III) chelation complex Gd-
(DTPA) ([Gd(DTPA)(H2O)]2-; DTPA ) diethylenetriamine-
N,N,N′,N′′,N′′-pentaacetic acid) or Gd(DO3A-butrol) ([Gd(DO3A-
butrol)(H2O)]; DO3A-butrol ) 1,4,7-tris(carboxymethyl)-10-
(1,2,4-trihydroxy-but-3-yl)-1,4,7,10-tetraazacyclododecane).1 By
increasing the relaxation rateR1 ) 1/T1 of neighboring water
protons in the vasculature or interstitium, such agents enhance
the intrinsic contrast between tissues or compartments inT1-
weighted MR images in a concentration-dependent manner.

Increasing efforts are being made to develop target-specific
agents.2-5 For example, tissue specificity has been achieved with
complexes conjugated to monoclonal antibodies.6,7 As an
alternative, folate dendrimer-based contrast agents have been

developed which bind to the high-affinity folate receptor (hFR)
overexpressed in many types of epithelial tumors such as ovarian
carcinomas.8 However, the number of cell-surface antigens or
receptors that can be utilized by extracellular, interstitial contrast
agents may represent a limitation of this technique.

Another interesting strategy is to employintracellular uptake
as a means of “labeling” the cells of interest, whereby 107-108

Gd(III) complexes (0.017-0.17 fmol) per cell need to be
internalized to achieve a detectable contrast enhancement via
T1-weighted MRI. Ideally, CA uptake should reflect a specific
tissue type or pathophysiologic process of diagnostic signifi-
cance. However, only a few reports have appeared concerning
cellular internalization of gadolinium complexes, which may
be attributed to the lack of specific transporters for the currently
used CAs.8-11 Intracellular MRI CAs employing membrane-
penetrating peptides, such as the arginine-rich HIV-tat mem-
brane translocation signal peptide11,12or polyarginine oligomers,9

lack tissue (e.g., tumor) selectivity.13 Stem cells can internalize
[Gd(HP-DO3A)(H2O)] by pinocytosis and have been labeled
with this agent in ex vivo incubations.14 Gd-texaphyrin, a
porphyrin-based agent, exhibits tumor cell uptake15 with rapid
influx and efflux characteristics.16 To our knowledge, there have
been no reports of an intracellular CA which can serve as a
marker for tumor cells in general or for a specific tumor type
such as melanoma.

The pharmacophoresN-(2-diethylaminoethyl)benzamide and
2-(diethylamino)ethyl-carboxamide enhance the intracellular
delivery of a series of technetium metal complexes.17-19 The
2-diethylaminoethyl side chain was found to be responsible for
targeting of benzamide derivatives to melanoma cells.20-23 High
melanin affinity was also found for spermidine-substituted
benzamides24 or the polyamines themselves.25 It has been
suggested that the radioiodinated benzamides used for melanoma
scintigraphy enter tumor cells not only by passive diffusion but
also by active transport via polyamine carriers.26 Biogenic
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polyamines (putrescine, spermidine, spermine) are internalized
by receptor-mediated active transport processes which can result
in the accumulation of up to millimolar quantities with intra-
to-extracellular ratios of polyamines as high as 1000.27,28

Furthermore, when cell proliferation is stimulated, polyamine
uptake increases relative to that in nonproliferating tissue.29

The primary objective of this work was to determine whether
or not basic amine substituents such as the known melanoma-
seeking pharmacophores or polyamines are able to facilitate
intracellular uptake and retention of gadolinium-DTPA com-
plexes in tumor cells and elicit melanoma-targeting behavior.
Therefore, we investigated the pharmacophores 4-amino-N-(2-
diethylaminoethyl)benzamide (procainamide) and 2-(diethy-
lamino)ethylamine as well as the bacterial polyamine bis(2-
aminoethyl)amine30 and the mammalian polyamineN-(3-
aminopropyl)-1,4-diaminobutane(spermidine)asDTPAsubstituents
(Chart 1). The polyamine transport system has broad substrate
tolerance,31 and spermidine conjugates bearing large substituents
on the secondary amino group have been found to be good
transporter substrates.26,32

Cellular uptake of the synthesized complexes was quantitated
for incubations with murine melanoma (B16) and Morris
hepatoma (MH3924A) cells in culture and, for comparison, in
a limited number of experiments with normal human hepatocytes
and melanocytes. Furthermore, biodistribution and MRI studies
were performed with rats bearing solid MH3924A tumors.

Results

Ligand Synthesis.The bis(amide) ligands1-6 (Chart 1)
were obtained by straightforward aminolysis reactions of DTPA-
dianhydride with one (symmetric adducts) or two (asymmetric
adducts) of the selected amine compounds listed in the Introduc-
tion. Boc protection of primary amino groups33 was applied
where necessary. After deprotection the ligands were complexed

with Gd3+, and the complexesGd-1 to Gd-6 were purified by
HPLC or obtained pure as precipitates from the reaction mixture.

Intracellular Uptake of Gadolinium Complexes. B16
melanoma and MH3924A hepatoma cells were incubated for
24 h in the presence of the gadolinium complexes with the
synthesized ligands shown in Chart 1, using concentrations in
the range 0-10 µM. For comparison, incubations with the
unsubstituted Gd(DTPA) complex were performed. Following
cell harvest and acid hydrolysis, inductively coupled plasma
mass spectrometry (ICP-MS) with direct detection of gado-
linium was used to quantitate uptake of complexes. For
comparison, a few experiments were performed with normal
human melanocytes and hepatocytes. The results are sum-
marized in Figure 1. In the following, uptake values cited in
the text refer to 10µM incubations.

The uptake of [Gd(DTPA)(H2O)]2- into B16 cells was below
the ICP-MS detection limit (<0.0002 fmol/cell for instrument
1, see Methods). The uptake ofGd-1 was concentration
dependent (Figure 1A) and reached a maximum of 0.033 fmol/
cell in B16 and 0.020 fmol/cell in MH3924A for the 10µM
incubation. ForGd-2, lacking the benzamide functional group,
cellular uptake was a factor of 4-5 lower and appeared to
plateau at ca. 0.006 fmol/cell (Figure 1A). Replacement of one
2-(diethylamino)ethylamide group (ligand2) with a bis(2-
aminoethyl)amide moiety (ligand3) resulted in a dramatic
increase in uptake forGd-3 vsGd-2. This increase was a factor
of 11 for B16 (0.083 fmol/cell) and 32 for the hepatoma cells
(0.176 fmol/cell, Figure 1B). In contrast, the introduction of
one lipophilic nonylamide function (ligand4) resulted in reduced
uptake ofGd-4 vs Gd-2 by about a factor of 3 for B16 (0.0019
fmol/cell at 10µM) and more than a factor of 10 for hepatoma
(0.0004 fmol/cell). With the addition of a second bis(2-
aminoethyl)amide substituent inGd-5, uptake (0.030 fmol/cell
in B16, 0.053 fmol/cell in MH3924A) was actually reduced by
about a factor of 3 compared toGd-3 but was still higher than
for Gd-2. Finally, Gd-6, which features two spermidine
substituents, exhibited uptake that was similar to that ofGd-3
at low incubation concentrations but somewhat lower for 10
µM incubations (0.063 fmol/cell for B16 and 0.108 fmol/cell
for MH3924A), i.e.,Gd-6 uptake was intermediate between that
of Gd-3 andGd-5. Thus, the polyamine-substituted complexes
Gd-3, Gd-5, andGd-6 (Figure 1B) showed uniformly higher
uptake in Morris hepatoma compared to B16 melanoma cells.

For comparison, a few experiments were performed with
normal human hepatocytes and melanocytes in culture (Figure
1C). Gd-6 showed higher uptake compared toGd-5 in hepa-
tocytes (0.59 vs 0.15 fmol/cell), and in both cases the uptake
was a factor 3-6 higher than in Morris hepatoma. The uptake
of Gd-6 into human melanocytes (0.026 fmol/cell) was a factor
2.4 lower than in B16 melanoma.

The data in Figure 1, expressed as fmol/cell, represent the
actual measured amounts of gadolinium detected in harvested
cells. The mean diameter of Morris hepatoma cells was
estimated via light microscopy to be 15( 1 µm, yielding a
mean cell volume of ca. 1.77 pL. Therefore, a gadolinium
content of 1 fmol/cell corresponds to a concentration of ca. 570
µM. The uptake achieved forGd-3, Gd-5, andGd-6 after 24 h
for 10 µM incubations (Figure 1B) corresponds to intracellular
concentrations in the range 20-100 µM. The resulting intra-
to-extracellular concentration ratio (up to a factor 10) provides
evidence for an active transport process.

Temperature Dependence of Intracellular Uptake.Figure
2A demonstrates that the uptake ofGd-5 into MH3924A cells
over 1 h was strongly reduced at 4°C vs 37°C. When cells

Chart 1
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that had been tested at 4°C were subsequently incubated at
37 °C, uptake ofGd-5 was restored to the levels observed with
freshly harvested cells. The temperature dependence of passive
diffusion alone is proportional toT/η, whereη is the solvent
viscosity at temperatureT. This leads to the prediction that the
uptake rate should decrease by at least a factor of 2.5 at 4°C
vs 37°C. The observed decrease in uptake shown in Figure 2A
was about a factor of 5-6.

Inhibition of Intracellular Uptake. An inhibition assay with
the polyamine uptake inhibitor benzyl viologen is shown in
Figure 2B. For incubations of MH3924A cells with 1µM Gd-5
or Gd-6, uptake of CA was effectively inhibited to plateau levels
of 14% or 19%, respectively, for benzyl viologen concentrations
greater than 25µM. The estimated IC50 values were 16 and 1.3
µM with Gd-5 andGd-6, respectively.

Subcellular Distribution. Following a 24 h incubation of
MH3924A with 100µM Gd-5 at 37°C, the ProteoExtract kit
was used to isolate four subcellular fractions: (1) cytosol and
plasma membranes, (2) mitochondria, (3) nucleus, (4) cytosk-
eleton, endosomes and lysosomes. Under these conditions total
uptake of contrast agent was 0.126 fmol/cell, and the distribution
into fractions 1 to 4 was 22, 15, 11, and 52%, respectively

(Figure 2C). Thus, the highest concentration ofGd-5 was found
in the cytoskeleton fraction.

Cellular Toxicity. Cellular toxicities ofGd-3, Gd-5, Gd-6,
and Gd(DTPA) were tested in an MTS assay with MH3924A
cells. Incubations with gadolinium complex at concentrations
of 1-100 µM were performed for 48 h, and cell survival
(percentage relative to untreated controls) ranged between 90%
and 118%. There were no significant differences between
different complexes or between complex and control (data not
shown).

Serum Albumin Binding. Incubation ofGd-3, Gd-5, or
Gd-6 with human serum albumin for 30 or 90 min at 37°C
(see Methods) resulted in no significant binding of complex to
protein, e.g., 93( 6% of Gd-3 was found to be free. This
situation was considered to be favorable for in vivo studies.

Biodistribution and Excretion Data. Individual ACI rats
bearing a subcutaneous MH3924A tumor in the right thigh
received an intravenous bolus injection of Gd(DTPA),Gd-5,
or Gd-6. At 1 h or 24 hpostinjection animals were sacrificed
and the Gd content of various tissues, blood, and in some cases
urine and faeces was determined by ICP-MS. The data are
summarized in Table 1 and expressed asconcentrations(nmol

Figure 1. Intracellular uptake of gadolinium complexes into cultured cells after 24 h incubation at 37°C, as determined by ICP-MS. (A) B16
melanoma or MH3924A Morris hepatoma withGd-1, Gd-2, or Gd-4; n ) 1 cell sample per determination; error bars denote SDs of replicate
ICP-MS measurements with instrument 1. (B) B16 or MH3924A withGd-3, Gd-5, or Gd-6 (n ) 2, instrument 2); error bars denote SDs for
sample variance. Uptake of Gd(DTPA) into tumor cells was<0.001 fmol/cell and below the detection limit for our ICP-MS protocol. (C) Uptake
of Gd-5 or Gd-6 into human hepatocytes or melanocytes at selected incubation concentrations (n ) 1, measurement SD< 2%). Note: the vertical
scales of the three graphs increase by a factor of 5 from A to B and from B to C. Uptake of 1 fmol/cell corresponds to ca. 570µM intracellular
concentration for tumor cells.

Figure 2. (A) Gd-5 uptake into MH3924A cells after 1 h incubations at 4°C and 37°C (n ) 1). (B) Inhibition assay for uptake ofGd-5 or Gd-6
into MH3924A cells (24 h incubations with 1µM complex at 37°C, n ) 2) in the presence of the polyamine uptake inhibitor benzyl viologen. (C)
Distribution ofGd-5 in four subcellular fractions of MH3924A cells [(1) cytosol and plasma membranes, (2) mitochondria, (3) nucleus, (4) cytoskeleton,
endosomes, and lysosomes] after 24 h incubation with 100µM at 37 °C (n ) 1 for mitochondria, otherwisen ) 2).
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per g tissue or fluid) after linear scaling to correspond to a
constant dosage of 100µmol/kg, as typically used for MRI (see
Methods). In general, at 1 h postinjectionGd-5 and Gd-6
exhibited higher tissue concentrations and lower urine concen-
trations compared to Gd(DTPA), in particular for tumor, liver,
kidney (uncorrected for urine content), lung, and small intestine.
At 24 h postinjection Gd(DTPA) could not be detected in tumor,
liver, or kidney by our ICP-MS protocol (<0.03 nmol/g) while
the polyamine-substituted agents were still present in significant
amounts. The cumulative excretion ofGd-5 andGd-6 in urine
and faeces was calculated to be, respectively, 98% and 94% of
total dose.

Relaxivities of Gd-DTPA-Polyamine Complexes.MRI
techniques were used to simultaneously measure the longitudinal
relaxation ratesR1 ) 1/T1 for water protons in the following
reference solutions at 300.13 MHz and 25°C: (1) phosphate-
buffered saline (PBS) at pH 7.4; (2,3,4) 1 mMGd-3, Gd-5, or
Gd-6 in PBS. TheR1 values summarized in Table 2 have
standard errors of estimate (SE) of<0.1%, and the calculated
relaxivities r1 for Gd-3, Gd-5, andGd-6 are 6.23, 5.59, and
6.86 s-1 mM-1, respectively. For comparison,R1 for a 5 mM
solution of Gd(DTPA) in PBS was measured under identical
conditions using a spectroscopic inversion-recovery method.
The calculatedr1 of 3.81 s-1 mM-1 agrees well with literature
values of 3.00( 0.56 (6.3 T, 37°C) for Gd(DTPA) in aqueous
solution34 and r1 ) 4.02 ( 0.14 (4.7 T, room temperature) or
3.87 ( 0.06 (8.45 T, room temperature) for Gd(DTPA) in
saline.35

Intracellular Relaxivities. Cultured MH3924A tumor cells
were incubated at 37°C for 24 h with the selected CA (Gd-3,
Gd-5, or Gd-6) at 0, 10, 30, or 75µM. Relaxation ratesR1 at
300.13 MHz and 25°C for harvested cell pellets in glass
capillaries were determined by MRI as described above and in
the Experimental Section. For each incubation an aliquot of 1.5
× 106 cells was frozen for later determination of the intracellular
Gd concentration by ICP-MS. The measured Gd concentrations
and the observed relaxation ratesR1obsare summarized in Table
2 (n ) 1 determination for each incubation). Monoexponential
relaxation behavior was observed, consistent with fast exchange
of water between the intra- and extracellular compartments.
Therefore, for a simple two-site model,R1obs represents the
weighted average of the intra- and extracellular relaxation rates

R1in and R1ex. The mole fraction for intracellular waterfin )
0.32 was determined by Terreno et al.36 for rat hepatocarcinoma
cell pellets, and, in the absence of specific data for our cell
pellets, this value was used to calculate the intracellular
relaxation ratesR1in listed in Table 2 (via eq 1). Finally, the
molar relaxivitiesr1obs (for the cell pellet as a whole) andr1in

(for a hypothetical homogeneous intracellular compartment)
were calculated from the relaxation rates and the intracellular
Gd concentrations determined by ICP-MS (Table 2, see
Experimental Section).

In the relaxivity study the incubations performed with 10µM
CA correspond to the highest concentration used for the
experiments of Figure 1B. The intracellular concentrations
of Gd complex obtained, namely, 0.151 fmol/cell (86µM) for
Gd-3, 0.071 fmol/cell (40µM) for Gd-5, and 0.113 fmol/cell
(64 µM) for Gd-6, are comparable to the mean values shown
in Figure 1B. For the relaxation measurements higher
incubation concentrations were also tested. At 30µM CA there
was a less than proportional increase in CA uptake, and no
further increase was observed for the 75µM incubations. Thus,
CA uptake over 24 h is either saturated at extracellular
concentrations of 30µM, or an equilibrium is reached between
import and export of CA. The range of intracellular Gd
concentrations in Table 2 corresponds to (0.43-1.42) × 108

atoms per cell.
The relaxation data show that for MH3924A cells without

CA, R0
1obs) 0.44-0.48 s-1. AssumingR0

1ex ) 0.337 s-1 (PBS),
we obtainR0

1in ) 0.67-0.78 s-1. For Gd-3 and Gd-6 with
intracellular concentrations ranging from 64 to 133µM, R1obs

) 1.10-1.33 s-1 (SE< 1%), which translates tor1obs) 6.0-
10.3 and r1in ) 19-32 s-1 mM-1. For Gd-5 with lower
intracellular concentrations (40-61 µM) somewhat higher
relaxation rates were observed (1.35-1.45 s-1, SE < 3%),
implying r1obs ) 14.2-23.5 andr1in ) 45-73 s-1 mM-1.

Magnetic Resonance Imaging in Vivo.A pilot series of MRI
experiments with ACI rats bearing a subcutaneous MH3924A
tumor in the right thigh was performed at 2.35 T, as described
in the Experimental Section. The anesthetized animals received
an intravenous bolus injection (100µmol/kg) of Gd(DTPA),
Gd(DO3A-butrol)) or one of the polyamine-substituted com-
plexesGd-3, Gd-5, or Gd-6. Multislice transverse and coronal
images were obtained 1 h post Gd with eitherT1- or T2-
weighting and after 24 h withT1-weighting. Individual transverse
slices covering the central tumor region are compared in
Figure 3.

With T2 weighting the tumor was delineated as a hyperintense
area, independent of contrast agent, with a contrast ratio of 2.0-
2.3 relative to neighboring muscle tissue. WithT1 weighting at
1 h post Gd, there was low contrast for tumor vs muscle tissue
with Gd(DO3A-butrol) (maximum contrast ratio) 1.06; similar
results for Gd(DTPA), not shown) while accumulation of the
polyamine complexes could be visualized as regional hyperin-
tensity in the tumor with contrast ratios of 1.22, 1.11, and 1.49
for Gd-3, Gd-5, andGd-6, respectively. At this time point all
contrast agents showed high accumulation in the kidneys and
urine-filled bladder. Even after 24 h sufficient concentrations
of polyamine complex were still present in tumor, resulting in
regional hyperintensity with contrast ratios of 1.11, 1.08, and
1.21 forGd-3, Gd-5, andGd-6, respectively. With Gd(DTPA)
hyperintensity in tumor could be detected at 10-15 min post
Gd and also at 1 h when a 3.6-fold higher dose was used (data
not shown), but in all cases at 24 h the extracellular agent was
cleared from tumor, and no contrast withT1 weighting was
achieved.

Table 1. Biodistribution of Gd(DTPA),Gd-5, andGd-6 (Concentration
in nmol/g) and Cumulative Excretion for Tumor-Bearing ACI Ratsa

tissue
Gd(DTPA),

1 h
Gd-5,

1h
Gd-5,
24 h

Gd-6,
1 h

Gd-6,
24 h

tumor (MH3924A) 3.1 5.5 0.6 7.2 0.8
liver 3.0 4.2 2.0 6.6 5.5
kidney (+urine) 40.7 120.3 40.9 141.6 62.3
lung 4.1 12.7 24.2 20.2 5.9
blood 4.8 7.8 0.1 4.8 0.1
muscle (femur) 1.3 1.6 n.a. n.a. n.a.
spleen 1.5 4.7 n.a. n.a. n.a.
bone (femur) 0.8 2.2 0.9 3.3 1.0
bone marrow (femur) 1.5 0.8 1.7 0.9 2.3
small intestine 1.8 18.9 0.4 4.0 0.1
brain 0.4 0.5 n.a. n.a. n.a.

urine (cumulative) 25805 2116 537 n.a. 650
faeces n.a. n.a. 16.6 n.a. 41.4
excretion % of total dose n.a. n.a. 98 n.a. 94

a Rats were sacrificed 1 h or 24 hpostinjection of contrast agent; tissues
and biofluid samples were hydrolyzed and analyzed by ICP-MS to give
Gd concentration in nmol/g tissue or fluid. Each column of data represents
results for one animal, scaled proportionally to correspond to a constant
Gd dose of 100µmol/kg body wt.; n.a.) sample not available. After 24 h
Gd(DTPA) was below the ICP-MS detection limit (ca. 0.03 nmol/g) for
tumor, liver, or kidney.
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At 1 h post Gd theT2-weighted images shown in Figure 3
(TE ) 32 ms) exhibit moderate intensity variations within tumor
that show the same pattern in the images at TE) 8 ms and
are, therefore, mainly due to spin density variations. For the
polyamine contrast agents the images at TE) 96 ms show
hypointense regions (shortestT2) which coincide with the
hyperintense regions (shortestT1) in the displayedT1-weighted
images. In general, the tumors exhibited heterogeneous uptake
of polyamine contrast agent, with large signal intensity variations
within and between the individual image slices. ForGd-3 or
Gd-6 in Figure 3, the tumor periphery and internal regions
showed hyperintensity withT1 weighting at 1 h post Gd.

Discussion

Uptake and Distribution. In this study we have demonstrated
that the extracellular MR contrast agent Gd(DTPA) can be
transformed into a membrane-permeable, intracellular agent by

the addition of two positively charged functional groups such
as procainamide or 2-(diethylamino)ethylamine to the DTPA
ligand. Thus, the intracellular uptake ofGd-1 into B16 or
MH3924A tumor cells reached concentrations on the order of
10-20 µM (1 fmol/cell ) ca. 570µM) after 24 h incubations
with 10 µM contrast agent (Figure 1A). Cellular uptake was
improved, leading to intracellular concentrations in the range
of 20-100 µM, when the polyamine bis(2-aminoethyl)amine
or spermidine was employed as DTPA substituent (Figure 1B),
with Gd-3 and Gd-6 giving the best results. The subcellular
distribution in hepatoma cells was determined forGd-5 only
(Figure 2C) and indicated that there was a clear preference of
CA for fraction 4, which contains elements of the cytoskeleton
to which endosomes and lysosomes are bound,37 i.e., compart-
ments where polyamines are known to be localized.31

Preliminary experiments (Figure 1C) demonstrated a sub-
stantially higher uptake ofGd-6 into normal human hepatocytes
compared to melanocytes, and higher uptake efficiency forGd-6
vsGd-5 into hepatocytes was confirmed, analogous to the results
for Morris hepatoma. The in vivo biodistribution results (Table
1) indicated thatGd-5 and Gd-6 accumulated not only in
hepatoma but also to similar or higher concentrations in liver,
lung, small intestine, and kidney in particular. However, for
kidney (not flushed) a substantial contribution to the CA content
from fresh urine is likely and is reflected in the high content
of Gd(DTPA) also found in the kidney at 1 h postinjection. At
24 h Gd(DTPA) could not be detected in tumor, liver or kidney,
indicating that the urine contribution at this time was negligible.
Thus, the high concentrations ofGd-5 andGd-6 still present
in kidney after 24 h represent tissue (intracellular) uptake. The
distribution pattern observed for these agents after 24 h closely
resembles the pattern observed in mice by Zhuo et al.38 after
4-day treatment with a polyamine-based boron complex de-
signed for neutron-capture therapy (relative concentrations:
kidney > liver > B16 melanoma> muscle). Thus, the tissue
distribution of our polyamine-substituted Gd(DTPA) complexes
appears to follow the basic pattern known for the endogenous
polyamines and lends support to our hypothesis that intracellular

Table 2. Relaxivities of Gd-DTPA-Polyamines in Solution and in Cultured MH3924A Cells

intracell. Gd
(ICP-MS) relax. ratesa (3-param. fit) relaxivityb

samplec
24 h incub.d

(µM CA) (fmol/cell) (mM)
R1obs

(s-1)
SE

(s-1)
calcde R1in

(s-1)
r1obs

(s-1 mM-1)
r1in

(s-1 mM-1)

PBS, pH 7.4 0.3368 0.0006
1 mM Gd-3 6.571 0.018 6.23
1 mM Gd-5 5.926 0.025 5.59
1 mM Gd-6 7.196 0.025 6.86
5 mM Gd(DTPA) 19.39 0.048 3.81
MH + Gd-3 0 <0.0002 0 0.449 0.002 0.69

10 0.151 0.086 1.109 0.006 2.75 7.71 24.1
30 0.231 0.130 1.224 0.011 3.11 5.95 18.6
75 0.236 0.133 1.328 0.010 3.43 6.60 20.6

MH + Gd-5 0 0 0.478 0.006 0.78
10 0.071 0.040 1.423 0.039 3.73 23.5 73.4
30 0.108 0.061 1.349 0.035 3.50 14.2 44.5
75 0.106 0.060 1.448 0.041 3.81 16.3 50.8

MH + Gd-6 0 0 0.444 0.001 0.67
10 0.113 0.064 1.103 0.005 2.73 10.3 32.3
30 0.179 0.101 1.229 0.006 3.13 7.78 24.3
75 0.179 0.101 1.258 0.006 3.22 8.03 25.1

a Water proton relaxation rates for the polyamine derivatives were determined by 2D saturation-recovery spin-echo MRI with slice-selective 180° pulse
and 16 recovery times; for Gd(DTPA) by spectroscopic inversion-recovery with 12 recovery times; mean ROI intensities or signal integral (Gd(DTPA))
were fitted with a three-parameter monoexponential function; SE) standard error of estimate for fitted parameters.b Molar relaxivity r1obscalculated from
R1obs; intracellularr1in calculated fromR1in. c All reference solutions and cell pellets in PBS, pH 7.4.d Standard culture conditions for MH cells with CA
added for 24 h, 37°C. Only one control cell sample with 0µM CA was prepared; it was measured three successive times together with each set of samples
for a given CA.e R1in for intracellular water calculated fromR1obs assuming two-site fast exchange with intracellular fractionfin ) 0.32 andR1ex ) R1obs

for PBS.

Figure 3. Transaxial MR images (2.35 T) were obtained withT2

weighting (spin echo with TR/TE) 2000/32 ms) orT1 weighting
(gradient echo with TR/TE) 212/5 ms, 60° flip angle) from four
anesthetized ACI rats, each bearing a subcutaneous MH3924A tumor
in the right thigh (arrow). The images (2 mm slices, 0.55 mm pixel
resolution) from each individual animal (vertical column) were obtained
at 1 h or 24 hpost intravenous injection of 100µmol/kg of the indicated
contrast agent. RegionalT1-weighted contrast enhancement in the
partially necrotic tumors is observed at 24 h only with the polyamine-
substituted agentsGd-3, Gd-5, or Gd-6. Gd(DTPA) gave results similar
to those of Gd(DO3A-butrol).
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uptake of these complexes is facilitated by polyamine transport-
ers. Note that the substantial concentration of Gd(DTPA)
detected in tumortissueis not in conflict with the absence of
uptake in cultured tumorcellsbut in fact reflects the contribu-
tions of the vascular and interstitial compartments for this
extracellular agent in vivo.

Tumor Specificity and the Role of Polyamine Transport-
ers.Our original goal of developing gadolinium complexes with
high melanoma affinity by introducing melanin-binding phar-
macophores into the side chains of DTPA was realized to some
extent withGd-1 but not withGd-2. The higher accumulation
of Gd-1 in B16 vs MH3924A cells presumably involves
melanosome binding and can be attributed to the 2-(diethy-
lamino)ethylamine terminal substituents. Analogous behavior
was observed with technetium complexes containing similar
structural elements.17-19 The better performance ofGd-1 vs
Gd-2 implicates the importance of the benzamide moiety as
well. The replacement of one melanin-binding pharmacophore
with a polyamine substituent to giveGd-3 resulted in a
remarkable increase in uptake for both tumor cell lines due to
increased affinity for the polyamine transporter. All three
polyamine-substituted DTPA complexes exhibited higher af-
finity for Morris hepatoma cells vs B16 melanoma, consistent
with the expected higher expression of polyamine transporters
in hepatoma (hepatocytes) vs melanoma (melanocytes).

More convincing support for the role of polyamine transport-
ers in the uptake ofGd-5 andGd-6 is provided by the inhibition
experiment shown in Figure 2B. The known transporter inhibitor
benzyl viologen reduced the uptake of our complexes to a
plateau level of ca. 15%. This residual uptake occurs apparently
via other mechanisms not requiring polyamine transporters.

Thus, we have sufficient evidence that the new class of
Gd-DTPA-polyamine contrast agents, represented by the com-
plexesGd-3, Gd-5, andGd-6 can be efficiently imported via
polyamine transporters, which are typically upregulated in highly
proliferating or malignant cells such as the MH3924A and B16
lines chosen for this study.26,29However, uptake is also expected
to be high in those normal tissues such as liver and kidney which
also have high polyamine storage or turnover.

Complex Stability. Cabella et al.39 have shown that rat
hepatoma (HTC) and rat glioma (C6) cells incubated with 1.6
mM Gd-DTPA-BMA, the bis(methylamide) derivative of Gd-
(DTPA), exhibit a ca. 10-fold higher binding+ uptake of Gd
(ca. 10 fmol/cell), compared to Gd(HPDO3A), Gd(DOTA), and
Gd(DTPA). This behavior was explained as a “sponge” effect.
Since the thermodynamic stability constant of Gd-DTPA-BMA
is significantly lower (6-8 orders of magnitude) than for the
other complexes, chelator stripping at the cell membrane surface
results in internalization of Gd as ca. 98% uncomplexed Gd3+.
Such uptake is not saturable, and the resulting intracellular Gd3+

causes a loss of cell viability. Therefore, Cabella et al.39 have
warned against the use of bisamide Gd-DTPA derivatives in
the development of new CAs.

We have no evidence that such a Gd internalization mech-
anism is operating for the Gd-DTPA-polyamine derivatives
described here. Cellular uptake exhibits saturation effects at
incubation concentrations above 30µM and is strongly reduced
by an inhibitor of polyamine transport. No effect on cell viability
was observed at 100µM incubations. Finally, the more stable
Gd-DOTA-polyamine derivatives that we have examined in
preliminary experiments show similar or higher cellular uptake
in comparison with the Gd-DTPA-polyamines.

Relaxivity. The data summarized in Table 2 show that the
three Gd-DTPA-polyamines in solution have similar relaxivities

in the range 5.6-6.9 s-1 mM-1 at 300 MHz and 25°C. These
values are somewhat higher than the value of 3.8 s-1 mM-1

determined for Gd(DTPA) under identical conditions orr1 values
of ca. 3.5-5 measured at 20 MHz for many of the common
agents with DTPA, DOTA, or DO3A ligands.1 The data of Table
2 also show thatGd-5 produces relaxation enhancement in
cultured cell pellets similar to that observed forGd-3 andGd-
6, even though the intracellular concentration ofGd-5 is about
a factor of 2 lower. Thus, in cultured cells the molar relaxivities
for Gd-5 are correspondingly higher.

The parameterr1obs in Table 2 represents (a) an effective
relaxivity for the entire cell pellet, independent of the (unknown)
details of CA compartmentation, and (b) a lower limit for the
intracellularr1in, which can be estimated using a simple two-
compartment model with fast exchange of water across the cell
membrane and with CA distributed in a (homogeneous) intra-
cellular water fraction withfin ) 0.32, as determined by Terreno
et al.36 The fast-exchange condition appears to be justified by
the monoexponential relaxation observed, the low concentrations
of CA involved (,2 × 109 molecules/cell) and relaxation
enhancements that are much lower than the water exchange
rate.36 The two-site analysis leads to rather high intracellular
relaxivities, suggesting that the contrast agent is involved in
binding equilibria with macromolecules or subcellular structures.
Actually, we know from the cellular distribution experiments
(Figure 2C) that a major fraction of intracellularGd-5 is
associated with the subcellular fraction 4 which includes the
cytoskeleton, endosomes and lysosomesselements where
polyamines tend to accumulate. We do not have data for the
distribution of the other complexes, but the relaxivity results
suggest thatGd-3 and Gd-6 may have less affinity for
macromolecular structures.

For Gd-3, Gd-5, and Gd-6 the highest relaxivities were
obtained with the 10µM incubations (r1obs ) 7.7, 23.5, 10.4,
respectively), while somewhat lower values were obtained for
the 30µM and 75µM incubations (meanr1obs) ca. 6.3, 15.2,
7.9), where higher intracellular CA concentrations were achieved.
Such a reduction of relaxivity (quenching) with increasing CA
concentration has been described by Terreno et al.36 and
others.14,40 The effect can be explained by the sequestering of
CA in a compartment with a small volume fraction, e.g., in
endosomes due to uptake via pinocytosis, where the resulting
high local relaxation rate in comparison to a slower exchange
rate (slow-exchange condition) essentially decouples this com-
partment from the cytosol compartment. Therefore, the observ-
able relaxation enhancement saturates with increasing CA
concentration, and relaxivity decreases. Such an effect may be
operating for our polyamine-substituted CAs, since Figure 2C
indicates that a substantial fraction of the CA is taken up into
organelles such as endosomes, mitochondria, and the nucleus.

Contrast Enhancement in Vivo.The Gd-DTPA-polyamine
complexes proved to be nontoxic for cultured MH3924A cells
at concentrations up to 100µM, exhibited favorable relaxivity
characteristics, and were considered safe for initial imaging
experiments. MRI contrast enhancement at bolus doses of 100
µmol/kg was expected for tumor vs muscle, for example, and
was confirmed by the results in Figure 3. The retention of
detectable levels of the polyamine contrast agents in Morris
hepatoma even after 24 h was demonstrated by MRI and the
biodistribution data, and such performance could not be achieved
with conventional extracellular agents such as Gd(DTPA) or
Gd(DO3A-butrol). The in vivo results indicate that the three
CAs tested are approximately equivalent in their contrast
enhancement behavior, in agreement with the roughly equal
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relaxation enhancements (R1obsin Table 2) observed for cultured
hepatoma cells, despite the significantly lower uptake ofGd-5.
Although the three polyamine-substituted DTPA complexes
exhibited somewhat higher affinity for the Morris hepatoma
cells, uptake into B16 melanoma cells was also substantial
(Figure 1B) and should be sufficient for contrast enhancement
in MRI applications.

Summary. This study illustrates the potential of utilizing
polyamine transporters for facilitated uptake of MRI contrast
agents into tumors in general. The Gd-DTPA-polyamine
complexes tested exhibited suitable relaxivities in solution, high
intracellular relaxivities, and highT1-weighted contrast for s.c.
tumors vs muscle. However, the detection of tumors within
organs with naturally high polyamine uptake may prove to be
difficult. Work is in progress with alternative chelators such as
DOTA, and additional studies with other tumor types and host
tissues are needed. We hope that this research will stimulate
the development of new and clinically applicable intracellular
MRI imaging agents for tumor diagnosis.

Experimental Section

General Information. All chemicals were purchased from
Sigma-Aldrich (Taufkirchen, Germany). Spectroscopic analysis for
structure confirmation was performed by electrospray mass spec-
trometry (ESI-MS, Finnigan TSQ 7000; Thermo Electron Corp,
Bremen, Germany) and 250 MHz NMR spectroscopy (AC-250;
Bruker BioSpin GmbH, Rheinstetten, Germany). In general, ligand
purifications were accomplished by preparative HPLC with a
Lichrosorb 60 RP Select B column (250× 10 mm, 10µm; Merck
KGaA, Darmstadt, Germany) with an eluent flow rate of 3.7 mL/
min and ultraviolet detection at 206 nm (SPD-10A VP; Shimadzu,
Duisburg, Germany). The eluent comprised 0.1% trifluoroacetic
acid (TFA) in water (solvent A) and 0.1% TFA in acetonitrile
(solvent B) with a linear gradient of 0% to 100% B in A applied
over 30 min. The purity of ligands and Gd complexes was
confirmed by two different analytical HPLC procedures, the details
of which are summarized along with the spectroscopic data for the
synthesized compounds (NMR, MS) in the Supporting Information.

Chemistry. DTPA Bisamide of Procainamide (1).A mixture
of DTPA-dianhydride (357 mg, 1 mmol) and procainamide (544
mg, 2 mmol) was stirred in anhydrous DMF for 24 h. Solvent
evaporation under reduced pressure gave an oily residue which was
purified by preparative HPLC to give 109 mg of1 (yield: 13.2%).

DTPA Bisamide of 2-(Diethylamino)ethylamine (2).A mixture
of DTPA-dianhydride (357 mg, 1 mmol) and 2-(diethylamino)-
ethylamine (232 mg, 2 mmol) was stirred in anhydrous DMF for
24 h. Solvent evaporation under reduced pressure gave an oily
residue which was purified by preparative TLC on silica, using
CH3OH/Et3N (95/5) as the eluent and ninhydrin as detection reagent,
yielding 78 mg of2 (yield: 13.2%).

Mixed DTPA Amide of 2-(Diethylamino)ethylamine and Bis-
(2-aminoethyl)amine (3). The primary amino groups of bis(2-
aminoethyl)amine (2.5 g, 8.25 mmol) were Boc protected (Boc)
t-butyloxycarbonyl) using a method of Rannard and Davis33 to give
1.58 g of N1,N3-bis(t-butyloxycarbonyl)-bis(2-aminoethyl)amine
(yield: 63%). A mixture of this Boc-protected amine (303 mg, 1
mmol) and 2-(diethylamino)ethylamine (116 mg, 1 mmol) was
reacted with DTPA-dianhydride (714 mg, 2 mmol) in anhydrous
DMF for 24 h. Purification was accomplished by preparative HPLC.
The product-containing fractions were lyophilized to give 37 mg
of Boc2-protected3 (yield: 4.8%). Deprotection was performed at
ambient temperature for 24 h with a mixture of trifluoroacetic acid,
water, and triisopropylsilane (90/9/1). Precipitation from methanolic
solution with diethylether resulted in 25 mg of3 (yield: 4.3%).

Mixed DTPA Amide of 2-(Diethylamino)ethylamine and
Nonylamine (4).DTPA-dianhydride (2 mmol) was reacted with a
mixture of 2-(diethylamino)ethylamine (116 mg, 1 mmol) and
nonylamine (143 mg, 1 mmol) as above. Workup was performed
as described for ligand2 to give 54 mg of4 (yield: 8.8%).

DTPA Bisamide of Bis(2-aminoethyl)amine (5).Two equiva-
lents ofN1,N3-bis(Boc)-bis(2-aminoethyl)amine (606 mg, 2 mmol)
were reacted with DTPA-dianhydride (1 mmol) as above. Purifica-
tion of the Boc4-protected product was accomplished by preparative
HPLC. Deprotection and workup was performed as described for
ligand 3 to give 104 mg of5 (yield: 18.4%).

DTPA Bisamide of Spermidine (6).The primary amino groups
of spermidine were selectively protected according to Rannard and
Davis33 to giveN1,N3-bis(Boc)-spermidine, two equivalents of which
(700 mg, 2 mmol) were reacted with DTPA-dianhydride (357 mg,
1 mmol) as above. The Boc4-protected product was purified by
preparative HPLC. Deprotection was performed as for ligand3 to
give 85 mg of6 (yield: 13%).

Gadolinium Complexes.The complexesGd-1 to Gd-6 were
formed at 90°C in aqueous solution using gadolinium(III)acetate
and equimolar amounts of the corresponding ligands1 to 6.
ComplexGd-1 was purified by preparative reverse-phase HPLC.
ComplexesGd-2 to Gd-6 were obtained from the reaction mixture
by solvent evaporation and subsequent crystallization from MeOH
and diethylether as white solids. The commercial agents Gd(DTPA)
and Gd(DO3A-butrol) were obtained from Schering (Berlin,
Germany).

Cell Culture. B16 melanoma cells (mouse) and MH3924A
Morris hepatoma cells (rat) were obtained from the German Cancer
Research Center (DKFZ) tumor bank and grown at 37°C as stock
cultures in RPMI 1640 supplemented with 10% fetal calf serum
and 1% glutamine as standard medium under a 5% CO2 atmosphere
(all components: Pan Biotech GmbH, Aidenbach, Germany). For
contrast agent uptake studies 106 cells were inoculated into 25 cm2

culture flasks (BD Biosciences, Bedford, USA) and grown for 24
h in 10 mL of the standard culture medium. Cells were then
incubated for an additional 24 h (1 h for temperature dependence
studies) with fresh medium containing 0, 1, 2.5, 5, or 10µM of
the selected gadolinium complex. Afterward the medium was
removed, cells were trypsinated, washed twice, resuspended in
culture medium, and counted. Aliquots containing 2.5, 3.0, or 3.5
million cells in 100µL of PBS were submitted for Gd analysis by
ICP-MS (n ) 1 sample per incubation forGd-1, Gd-2, andGd-
4; n ) 2 for Gd-3, Gd-5, andGd-6) as described below.

For comparison with the results for B16, 250 000 human
melanocytes (Promo Cell, Heidelberg, Germany) were incubated
for 24 h with 0 or 10µM Gd-6 in melanocyte growth medium
(Promo Cell). Cells were harvested as above and submitted for
ICP-MS (n ) 1).

Cultured human hepatocytes (Cytonet GmbH, Weinheim, Ger-
many) embedded in a collagen matrix in a 12-well microtiter plate
(600 000 viable cells per well) were incubated for 24 h in hepatocyte
growth medium (Cytonet) with various concentrations ofGd-5 or
Gd-6. Control incubations were performed under identical condi-
tions with equal portions of cell-free collagen matrix to account
for the substantial binding of contrast agent to the matrix alone.
After incubation the medium was removed, wells were washed
twice with PBS, and cells+ matrix were dissolved with nitric acid
and transferred completely to an Eppendorf vial for the subsequent
extraction steps and ICP-MS (n ) 1). Results are reported for
cell + matrix samples minus collagen controls.

Polyamine Transport Inhibition. Aliquots of 106 MH3924A
cells were inoculated into 25 cm2 culture flasks and grown for
24 h in 10 mL of the standard culture medium. Cells were then
incubated for an additional 24 h with fresh medium containing 1
µM of Gd-5 or Gd-6 and 0, 1, 10, 25, 50, or 100µM of the
polyamine uptake inhibitor benzyl viologen.41,42 Cells were har-
vested as above and gadolinium content was determined by ICP-
MS (n ) 2).

Subcellular Distribution. Aliquots of 5× 106 MH3924A cells
were grown in 25 cm2 culture flasks as above and incubated for
24 h with 100µM Gd-5. The Subcellular Proteome Extraction
Kit ProteoExtract (Merck, Darmstadt, Germany) was used
according to the instructions of the manufacturer to isolate four
cellular fractions: (1) cytosol and plasma membranes, (2) mito-
chondria, (3) nucleus, (4) cytoskeleton, endosomes, and lysosomes.
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The gadolinium content for each fraction was determined by ICP-
MS (n ) 2 samples for fractions 1, 3, and 4;n ) 1 sample for
fraction 2).

Cytotoxicity Studies.B16 or MH3924A cells were cultured for
24 h in a 96-well plate under our standard conditions and then
incubated for 48 h with fresh medium containing the chosen CA
at various concentrations from 0 to 100µM. The number of
surviving cells was measured by the MTS viability assay (Cell Titer
96 Aqueous; Promega, Madison, WI). Formazan dye formation was
determined by optical absorption at 490 nm with a microplate reader
(model 3350-UV, Biorad Laboratories GmbH, Munich, Germany).
Cell survival was expressed as percent of controls forn ) 4
determinations.

Serum Albumin Binding. Solutions containing 20µM Gd-3,
Gd-5, or Gd-6 and 40 g/L human serum albumin (Behring, Bern,
Switzerland) were incubated at 37°C for 30 or 90 min. The
solutions were subjected to ultrafiltration (filter cutoff 20 kD;
Sartorius, Go¨ttingen, Germany), and the amount of unbound
complex in the ultrafiltrate was determined with ICP-MS
(n ) 2).

Animal Models. For in vivo tumor studies 2× 106 MH3924A
tumor cells were injected subcutaneously into the right thigh of
male ACI rats (Charles River, Sulzfeld, Germany) weighing 220-
260 g. All animal experiments were performed in compliance with
the German Animal Protection Laws (Permit 35-9185.81/G-7-03,
Reg.-Praesidium, Karlsruhe, Germany).

Biodistribution and Excretion Data. At 14 days after inocula-
tion (tumor diameter 5-6 mm), each animal was given an i.v.
injection (tail) of the chosen CA (Gd(DTPA),Gd-5, or Gd-6; dose
range 50-300 µmol/kg) and placed in a metabolic cage for the
collection of urine and faeces. At 1 h or 24 hpostinjection the
animals were weighed, sacrificed by cervical dislocation, and
dissected. Blood (ca. 6 mL) was extracted from the aorta with a
syringe. Organs or tissues were blotted dry and weighed. For the 1
h experiments urine was extracted from the bladder via syringe,
when possible. Samples containing a maximum of 500 mg of
individual tissues were homogenized in glass tubes, digested with
1 mL of 50% concentrated HNO3 (Superselect; Merck, Darmstadt,
Germany) and 1 mL of 30% H2O2 and made up to 10 mL by
addition of 50% nitric acid. Blood (max. 380µL), urine (max. 1
mL), and faeces samples were made up in the same manner. These
samples (n ) 1 for each treatment) were submitted for ICP-MS.
The original Gd content data (µg/L) were recalculated as nmol/g
tissue or biofluid, without correction for remaining blood, and then
scaled proportionally to correspond to a common CA dose of 100
µmol/kg for each animal. For kidney a correction for urine content
was not attempted.

ICP-MS. Samples of harvested cells or tissues were digested
with 50% concentrated HNO3 under microwave heating with a Mars
5 apparatus (CEM GmbH, Kamp-Lintfort, Germany). To each
sample was added 100µL of an aqueous solution of rhodium
chloride (1µg/mL) so that Rh-103 could be used as an internal
quantification standard. Gd-157 or Gd-160 to Rh-103 ratio mea-
surements were performed by ion-coupled plasma (ICP) mass
spectrometry (Finnigan Element 2; Thermo Electron Corp., Bremen,
Germany). Over the course of the study, two different instruments
were used: instrument 1 for studies withGd-1, Gd-2, andGd-4
and instrument 2 for all studies withGd-3, Gd-5, andGd-6. The
gadolinium concentrations inµg/L for the original sample volume
were reported as mean and SD of three determinations for each
sample using standard curves created prior to the analyses. For
instrument 1 the detection threshold was ca. 1µg/L; instrument 2
provided lower SDs for repeated measures (<3%) and a detection
threshold of 0.1µg/L. For experiments withn ) 1 sample, SD
values represent the variance of the measurement; forn ) 2
samples, SD represents the sample variance.

Relaxivities of Gd-DTPA-Polyamine Complexes.Relaxation
ratesR1 for PBS and 1 mM solutions ofGd-3, Gd-5, andGd-6
were determined at 300.13 MHz and 25°C using a Bruker AM-
300 “super-wide-bore” spectrometer (15-cm vertical magnet bore,
7.05 T) equipped with MR imaging hardware, including a micro-

imaging probe with 10 mm rf insert and an actively shielded XYZ
field gradient system. The solutions were placed in glass capillaries
(1.57 mm i.d.) which were taped to a cardboard holder in a 2× 2
array and inserted into an empty 10 mm NMR sample tube.
Relaxation data for all four solutions were obtained simultaneously
with a saturation-recovery spin-echo imaging sequence (4 mm
transverse slice thickness, 16 values of the recovery time). Central
regions of interest (ROI, 0.66 mm square) were assigned to each
capillary image, the mean ROI signal intensities were corrected
for the small contribution from noise in the magnitude-mode image
presentation,43,44 and the corrected data vs recovery time were
analyzed by nonlinear least-squares fitting to a three-parameter
monoexponential function, as described in detail in the Supporting
Information. In a separate experiment under identical conditions,
the relaxation rate for a capillary containing 5 mM Gd(DTPA) was
determined by a spectroscopic inversion-recovery measurement
of signal integrals for 12 recovery times.

Intracellular Relaxivities. MH3924A tumor cells were cultured
under the standard conditions described above and incubated at
37 °C for 24 h with the selected CA (Gd-3, Gd-5, or Gd-6) at 0,
10, 30, or 75µM (n ) 1 for all incubations). Cells were harvested
by trypsination (to remove externally bound CA) and washed three
times in ice-cold PBS. Cell pellets containing 4× 106 cells were
taken up in ca. 40µL of PBS (pH 7.4) and transferred to glass
capillaries (1.57 mm i.d.). For each incubation an aliquot of 1.5×
106 cells was frozen for later determination of the intracellular Gd
concentration by ICP-MS. The four capillaries corresponding to
different concentrations of a given CA were centrifuged at 800g
for 2 min to create compact pellets (Heraeus Biofuge 13). The
capillaries were placed together in a 2× 2 array in an empty 10
mm NMR tube using a cardboard holder. Relaxation ratesR1 at
300.13 MHz and 25°C were determined by saturation-recovery
spin-echo MRI (2 or 3 mm transverse slice through the center of
each pellet, 16 values of the recovery time) as described above. A
separate series of measurements was performed for each CA.
Excellent fits to a monoexponential function were obtained,
indicating that intra- and extracellular water were in the fast-
exchange limit relative to the difference in their individual relaxation
rates. Therefore, the observed relaxation rate can be written as

Relaxation ratesR1in for intracellular water were calculated assuming
two-site fast exchange,R1ex ) 0.337 (the value for PBS), and a
mole fraction for intracellular water,fin ) 0.32, as determined by
Terreno et al.36 for rat hepatocarcinoma cell pellets. Finally, the
molar relaxivitiesr1obsandr1in were calculated from the differences
R1obs- R0

1obsandR1in - R0
1in, whereR0

1 refers to a relaxation rate
in the absence of CA, divided by the intracellular Gd concentrations
determined by ICP-MS. Complete details of the measurement and
analysis techniques are presented in the Supporting Information.

MRI. At 25 days after inoculation with MH3924A cells, tumor
diameters were 10-15 mm, and rats were anesthetized by intra-
venous injection of ketamin (Ketanest, 0.1 mg/g body wt; Parke-
Davis, Berlin, Germany). A dose of 100µmol/kg Gd(DTPA) or
Gd(DO3A-butrol) or one of the synthesized agentsGd-3, Gd-5,
or Gd-6 was injected intravenously into a lateral tail vein. For one
experiment a higher dose (360µmol/kg) of Gd(DTPA) was used.
Individual rats were examined by MRI at 1 and 24 h post Gd, in
the case of Gd(DTPA) also at ca. 15 min post Gd. Proton imaging
studies were performed at 2.35 T (100.3 MHz) with a Biospec 24/
40 instrument (Bruker BioSpin MRI, Ettlingen, Germany) using
T2-weighted spin-echo andT1-weighted gradient-echo techniques.
For details, see the Supporting Information.
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R1obs) finR1in + (1 - fin)R1ex (1)
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Supporting Information Available: Detailed analytical data
(NMR, MS, HPLC) for the synthesized compounds and a complete
description of the MRI techniques and the analysis of relaxation
data. This material is available free of charge via the Internet at
http://pubs.acs.org.
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